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Abstract

Background: Streptozotocin (STZ) and Aluminum Chloride (AICls) are recognized neurotoxins implicated in models of
cognitive decline and neurodegeneration. This study investigated the comparative effects of STZ, AlCls, and their
combination on cognitive performance and brain structural integrity. Methods: Cognitive function was assessed using the
T-maze test, and structural damage was evaluated through histopathological examination of brain tissue across four groups:
Control, STZ-treated, AlCls-treated, and Combination-treated. Results: All three treatment groups showed significant
cognitive impairment and histopathological changes compared to the Control group. In the T-maze test, the Combination
group exhibited the maximum degree of cognitive impairment, showing a significantly greater deficit than either the STZ
or AICIs groups alone. In contrast, histopathological assessment revealed that the magnitude of cellular and structural
impairment was comparable across the STZ, AICls, and Combination groups, though all were significantly different from
the Control. Conclusion: Co-exposure to STZ and AlCls leads to a marked synergistic or additive effect on behavioral
neurotoxicity, resulting in maximal cognitive deficits. However, the histopathological evidence suggests that the individual
agents (STZ or AICls) may already induce a comparable level of maximal structural damage, indicating a dissociation

between the severity of morphological and functional impairment under these experimental conditions.
Keywords: Steptozotocin, Aluminum chloride, cognitive impairment

Introduction

Type 2 diabetes (T2D) is a chronic metabolic disorder
characterized by high blood sugar levels resulting from
the body’s ineffective use of insulin (insulin resistance)
or insufficient insulin production by the pancreas [1].
The prevalence of T2D has reached epidemic proportions
globally, posing a significant public health challenge [2].
The long-term consequences of T2D extend to its
profound impact on brain health and cognitive function
[3]. Alzheimer’s disease (AD) is the most common cause
of dementia [4]. It is characterized by the accumulation
of abnormal protein deposits in the brain: amyloid
plaques and neurofibrillary tangles. These pathological
hallmarks lead to neuronal dysfunction and loss, brain
atrophy, and a decline in cognitive abilities [5]. The exact
cause of AD is not fully understood, but it is believed to
involve a complex interplay of genetic, environmental,
and lifestyle factors [6].

Recent epidemiological and scientific research has
increasingly highlighted a significant and complex
correlation between Type 2 Diabetes and Alzheimer’s
Disease, leading some researchers to even refer to AD as
“Type 3 Diabetes” [7]. This designation underscores the
growing understanding that metabolic dysregulation,
particularly insulin resistance, plays a crucial role not
only in the development of T2D but also in the
pathogenesis of AD [8,9].

One of the primary links between T2D and AD is insulin
resistance. Emerging evidence suggests that a similar
phenomenon occurs in the brain, where neurons become
insulin resistant, impairing their ability to utilize glucose
for energy and disrupting vital cellular processes (9).
This energy deficit can compromise neuronal function,
synaptic plasticity, and overall brain health, contributing
to cognitive decline. Elevated glucose levels can lead to
the formation of advanced glycation end products
(AGEs), which are harmful compounds that can
accumulate in the brain, promoting oxidative stress,
inflammation, and the formation of amyloid plaques and
neurofibrillary tangles, the pathological hallmarks of AD
[10]. Additionally, chronic inflammation, a common
feature of both T2D and AD, acts as a bridge between the
two conditions. Systemic inflammation associated with
T2D can cross the blood-brain barrier, triggering
neuroinflammation that exacerbates neuronal damage
and contributes to the progression of AD [11]. The
intricate relationship between T2D and AD highlights the
importance of a holistic approach to health, emphasizing
metabolic control not only for managing diabetes but
also for preserving cognitive function and reducing the
risk of neurodegenerative disorders.

Based on evidence that STZ disrupts central insulin
signaling and induces cognitive impairment, and that
AICls promotes neurotoxicity through oxidative stress,
inflammation, and cholinergic dysfunction, the present
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study aims to investigate whether concurrent exposure to
these compounds produces a greater detrimental effect
on memory than either agent alone. Accordingly, we
hypothesize that combined STZ and AlCls use will result
in additive cognitive impairment.

Materials and Methods

Animals and Experimental Design

Twenty-four male Wistar rats, weighing approximately
180-220 g, were obtained from the animal facility of
Zagazig University. Animals were housed under
standard laboratory conditions with a 12-hour light/dark
cycle, controlled temperature (22 + 2°C), and humidity
(50 + 5%). All rats had free access to food and water,
except during specific experimental procedures. The
experimental protocol was approved by the Institutional
Animal Ethics Committee of Benghazi University and
conducted under the guidelines for the care and use of
laboratory animals. After a one-week acclimatization
period, rats were randomly divided into four groups (n=6
rats per group):

Control Group (Control): Received a normal chow diet
and vehicle treatments.

Type 2 Diabetes Mellitus Group (STZ): Fed a high-fat
diet and received low-dose streptozotocin by
intraperitoneal (IP) injections (35 mg/kg).

Alzheimer’s Disease Group (AICI3): Received
aluminum chloride by oral route (PO) (100 mg/kg).
Mixed Group (STZ- AICI3): Fed a high-fat diet, received
low-dose streptozotocin injections (35 mg/kg, IP), and
aluminum chloride administration (100 mg/kg, PO).
Induction of Type 2 Diabetes Mellitus (T2DM)

Type 2 Diabetes Mellitus was induced in the DM and
Mix groups using a combination of a high-fat diet (HFD)
and low-dose streptozotocin (STZ) injections, a well-
established method to mimic human T2DM [12,13]. Rats
in these groups were fed a 60% HFD (60% kcal from fat,
20% from protein, 20% from carbohydrates) for a period
of 2 weeks to induce insulin resistance. Following the
HFD feeding period, a single low dose of STZ (35 mg/kg
body weight) was administered intraperitoneally (i.p.) to
overnight-fasted rats. Fasting blood glucose (FBQG)
levels were measured Iweek post-STZ injection. Rats
with FBG levels consistently above 126 mg/dL were
considered diabetic and included in the study [14].
Induction of Alzheimer’s Disease (AD)

Alzheimer’s Disease was induced in the AICI3 and Mix
groups by oral administration of aluminum chloride
(AICI3). Rats in these groups received AICI3 at a dose of
100 mg/kg body weight dissolved in distilled water daily
for 28 days [15]. Control and DM groups received an
equivalent volume of distilled water orally. The AICI3
administration aims to induce neurotoxicity and AD-like
pathology, including cognitive deficits and changes in
brain biochemistry and histopathology.

Biochemical Analysis

Fasting blood glucose (FBG) levels were measured from
tail vein blood after an overnight fast (12-16 hours) using
a portable glucometer (e.g., Accu-Chek Performa, Roche
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Diagnostics, Germany). FBG measurements were
performed at the end of the experiment for all groups

Behavioral Testing: T-Maze Test

Cognitive function was assessed using the T-maze
spontaneous alternation test, which evaluates spatial
working memory. The T-maze apparatus consists of a
start arm and two goal arms (left and right) forming a ‘T’
shape. Rats were placed at the start arm and allowed to
explore the maze for 5 minutes. Spontaneous alternation
behavior was recorded, defined as entry into the arm
opposite to the one entered on the previous trial. A higher
percentage of spontaneous alternations indicates better
spatial working memory. The test was performed at the
end of the experiment for all groups [16].

Histopathology Study

At the end of the experimental period, rats were
humanely euthanized, and their brains were rapidly
excised. Brain tissues were immediately fixed in 10%
neutral buffered formalin for at least 48 hours, followed
by routine tissue processing and paraffin embedding.
Coronal sections of the brain (5 pm thickness) were cut
using a microtome and mounted on glass slides. Sections
were then stained with Hematoxylin and Eosin (H&E)
for general morphological examination and for amyloid
plaques to assess neuropathological changes. Stained
sections were observed under a light microscope by a
blinded observer, and images were captured for further
analysis [17]. Data were presented as mean + SE.
Statistical analysis was performed using one-way
ANOVA followed by Tukey post-hoc test using SPSS
software version 25 (IBM Corp, USA).

Results

The effect on blood glucose

The blood glucose levels were significantly elevated
following a single low dose of STZ. In the STZ group,
glucose levels increased to 199.4mg/dL. The AICIs
group also showed an increase, reaching 157.51 mg/dL.
Notably, the STZ-AICIls group, which received both
AICls and STZ, exhibited the highest glucose levels at
214.69 mg/dL. One-way ANOVA revealed a significant
difference in glucose levels among the studied groups (F
(3,20) =259.1, P < 0.0001). All three experimental
groups exhibited significantly elevated glucose levels
compared to the control group (P < 0.0001). While the
AICIs group demonstrated increased glucose levels, they
were significantly lower than those observed in the STZ
and STZ-AICL: groups (P=0.0046 and P=0.0003,
respectively). Although both the STZ and STZ -AlCls
groups showed markedly elevated glucose levels, the
increase in the STZ -AlCls group was only slightly higher
compared to the STZ group, but was not statistically
significant (P =0.36), Figure 1.

The effect on the T-maze test

The investigation of the effect of STZ, AICI3, and their
combination on the spontaneous alteration demonstrates
a significant difference in the number of right entries and
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latency among the STZ, AICI3, and STZ-AICI3 groups
Figur 2 A and B (F (3,20)=12.73 (P = 0.0032) and F
(3,20)=39.6 (P =0.0002)), respectively. The control
group showed a large number of correct alternations, and
the lowest time in deciding to enter the chosen
alternation. As compared to the control group, the AICI3
and STZ-AICI3 groups showed a significant reduction in
the number of right entries (P = 0.009, P = 0.0035,
respectively), and the latencies were significantly
prolonged (P = 0.002, P = 0.0003, respectively). While
the AICls group demonstrated a decreased number of the
right entry and prolongation in the time of deciding to
enter the choice, they were significantly better than those
observed in the STZ-AICl; groups (P=0.0093 Vs
P=0.0035, and P=0.002 Vs P=0.0003, respectively).
Although the number of right entries decreased and the
latency was minimally prolonged in the STZ group, these
differences were not statistically significant compared to
the control group (P = 0.165, P = 0.85, respectively).
Interestingly, this group demonstrated a non-significant
change in the corrected number of entries as compared to
the AICI3 and STZ-AICI3 groups (P = 0.16, P = 0.37,
respectively), while the changes in the time in deciding
to enter the chosen alternation were significant (P =
0.010, P =0.0014, respectively). This suggests a minimal
defect.

Histopathological changes

Figure 3 (H&E, x100) shows the Dentate Gyrus (DG),
Cornu Ammonis (CA), and cerebral cortex across all
experimental groups. In the control group, the DG has 7—
8 layers of granular cells with well-preserved
morphology, featuring vesicular nuclei and a basal row
of immature cells with darker nuclei. The average cell
density is 170+1.4 cells/mm? (Panel A). The CA region
displays 56 layers of healthy pyramidal neurons with
vesicular nuclei, prominent nucleoli, and apical
dendrites, without signs of degeneration, with a cell
density of 6312.7 cells/mm? (Panel B). The cerebral
cortex contains upper-layer pyramidal cells and lower-
layer granular cells with vesicular nuclei, a thin-walled
blood vessel, and a cell density of 125+1.4 cells/mm?
(Panel C).
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In the STZ-AICI3 group, the DG shows only 4-5 layers
of granular cells, mostly with dark, irregular nuclei
indicating degeneration, and the cell density is reduced
to 7842.5 cells/mm? (Panel D). The CA region has 2-3
layers of pyramidal neurons, characterized by many dark,
irregular nuclei, a few intact cells, a congested blood
vessel, and an amyloid plaque. Notably, cell density
decreases to 15+0.9 cells/mm? (Panel E). The cerebral
cortex displays thickened nerve fibers, amyloid plaques
with reactive gliosis, and many degenerating cells with
dark nuclei and halos, with the cell density dropping to
50+1.8 cells/mm? (Panel F).
In the STZ group, the DG shows 4-5 layers with a mix
of intact granular cells (vesicular nuclei) and degenerated
cells with dark, irregular nuclei and halos, with a cell
density of 80+2.6 cells/mm? (Panel G). The CA region
contains 3—4 layers of pyramidal cells, including healthy
and degenerating ones, with a density of 18+1.4
cells/mm? (Panel H). The cerebral cortex exhibits some
preserved granular cells along with multiple
degenerating cells with dark nuclei and halos, plus
congested, thick-walled vessels, with a cell density of
55+1.8 cells/mm? (Panel I).
In the AICI3 group, the DG also has 4-5 layers of
granular cells, with both healthy vesicular nuclei and
degenerated cells with dark nuclei and halos, and a cell
density of 79+0.9 cells/mm? (Panel J). The CA region
features 3—4 layers of pyramidal neurons, some intact
and others degenerating, with a density of 16+1.4
cells/mm? (Panel K). The cerebral cortex shows amyloid
plaques with reactive gliosis, a few healthy granular
cells, and many degenerating cells with halos, with a cell
density of 51£0.9 cells/mm? (Panel L).
Statistical analysis of all groups reveals distinct effects
of treatments on mean cell numbers in brain regions: DG,
CA, and cortex (F (3,20)=20.16 (P <0.0001); F
(3,20)=1092 (P <0.0001); F (3,20) =3420 (P <0.0001),
respectively). As compared to the control group, the
three treated groups exhibit a significant reduction in the
cell count of all regions, with P <0.0001 in all groups
Figure 4, Table 1
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Figure 1: Effect of STZ, AICI3, and their combination on the blood glucose levels
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Figure 2: Effect of STZ, AICI3, and their combination on the T-maze test
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Figure 3 (H&E staining, x100) depicts histopathological changes in the Dentate
Gyrus (DG), Cornu Ammonis (CA), and cerebral cortex across experimental
groups. The Control group: DG (A) shows healthy granular cell layers (GC) with
normal vesicular nuclei (VN). CA (B) shows a healthy pyramidal cell (PC) layer
with VN. Cortex (C) shows healthy upper PC and lower GC with normal VN and
a thin-walled blood vessel (V). The STZ-AICls: DG (D) shows decreased GC
layers with dark, irregular nuclei (DN) (arrow). CA (E) shows marked decreased
PC with irregular DN (black arrows), a congested (V), and amyloid plaques (AP)
(asterisk). Cortex: (F) shows thickened nerve fibers (N), AP (asterisks), with
degenerating cells with DN (arrowheads). The STZ and AICls groups: DG (G) &
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Figure (4): A representative graph of the effect on different parts of the brain.
Results are presented as Mean + Std Error (n=6 rats).
Relative to control, values with superscript two-asterisks (**) are highly
significant (p<0.001)

Tabel 1: Mean number of cells in different regions of the brain in the tested groups

control control STZ-AICI13 STZ AICI3
DG 170 78 80 79
CA 63 15 18 16
Cortex 125 50 55 51

Discussion:

Streptozotocin (STZ) is well established for inducing
hyperglycemia through selective pancreatic f-cell
toxicity, resulting in insulin deficiency and elevated
blood glucose levels. This is supported by studies
showing significant increases in blood glucose and
following STZ administration in rats, linked to B-cell
apoptosis and disruption of glucose homeostasis[18,20].
Aluminum chloride (AICI3) alone has been shown to
produce a significant but less pronounced increase in
blood glucose levels, which may be related to its
oxidative damage effects on pancreatic tissue or
interference with glucose metabolism. Dose-dependent
elevations of blood glucose with AICI3 have been
reported, although the glucose rise is generally lower
than that with STZ [21,22] . The combination of STZ and
AICI3, leading to the highest blood glucose levels,
suggests a synergistic or additive effect, possibly due to
AICI3 exacerbating STZ-induced pancreatic damage or
metabolic disruption. Some research indicates AICI3
may affect insulin secretion and oxidative stress
pathways, which could worsen STZ-induced
hyperglycemia [22] .

The control group exhibited the highest number of
correct trials and the shortest decision time on the T-
maze test, indicating intact spatial working memory and
rapid decision-making abilities. This performance aligns
with the expected baseline cognitive function seen in
healthy animals or subjects without induced impairments
[23]. Studies consistently report that untreated control
groups outperform experimental or disease model groups
in such behavioral tests that assess learning and memory,
as cognitive faculties remain unaltered, and exploratory
behavior is efficient. In contrast, the STZ-alone group
showed significantly reduced correct trials and increased
decision time compared to the controls, which
corresponds to previous findings that streptozotocin
(STZ) causes cognitive deficits, presumably through the
disruption of insulin and oxidative stress in brain areas
involved in memory, such as the hippocampus. The
moderate impairment seen in the STZ group aligns with
its established role in models of sporadic Alzheimer’s
disease and diabetes-related cognitive decline [23,24] .

The group exposed to aluminum chloride (AICI3) alone
demonstrated a more pronounced cognitive impairment,
with highly significant reductions in correct trials and
longer decision times than both the control and STZ
groups. This supports evidence that AICI3 neurotoxicity
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results in marked learning and memory deficits, likely
mediated by enhanced oxidative stress (25, 26),
neuroinflammation, and neurotransmitter imbalances in
cognition-related brain regions. The combined STZ +
AICI3 group exhibited the most severe cognitive deficits
with the lowest number of correct trials and the longest
decision time, significantly worse than either treatment
alone. This synergistic or additive effect might be
attributed to converging pathways of neurodegeneration
involving metabolic dysfunction from STZ and
neuroinflammatory and oxidative damage induced by
AICI3. Such combined treatment models simulate
multifactorial forms of neurodegenerative discases
better, reflecting complex pathological processes that
severely impair cognitive function as measured by tasks
like the T-maze[27]. Overall, the pattern of results
supports the progressive cognitive deterioration from
control to single toxin exposure, and most drastically in
their combination, consistent with current research.

The histopathological findings of this study align well
with existing literature on the neurodegenerative effects
induced by the combination of STZ (streptozotocin) and
AICI3 (aluminum chloride), which are often used to
model Alzheimer’s disease (AD) and related
neurodegeneration. Consistent with this study, others
report marked cell loss and degeneration in the dentate
gyrus (DG) and Cornu Ammonis (CA) regions,
characterized by reduced layers of granular and
pyramidal cells with dark, irregular nuclei indicative of
neurodegeneration. The sharply reduced cell densities in
these hippocampal areas documented in the STZ-AICI3
group align with previous findings where significant
neuronal loss was noted, especially in the CAl
subregion, with accompanying signs of amyloid plaque
deposition and reactive gliosis in the cortex[28,30]. The
presence of amyloid plaques and reactive gliosis in the
cortical samples supports prior reports linking AICI3
exposure to neuroinflammation and oxidative stress,
driving apoptosis and degeneration in cortical neurons
[29,31]. Furthermore, the intermediate changes seen in
the STZ or AICI3 alone groups in the present study are
consistent with other works showing that combined
exposure exacerbates neurodegenerative changes more
than either agent alone, emphasizing the synergistic
impact in AD  models  with  metabolic
dysfunction[30,32,33].

However, some discrepancies arise when comparing the
exact extent and pattern of pathology within different
brain regions. For instance, while the STZ and AICI3
alone groups showed mixed populations of healthy and
degenerative cells in the DG and CA areas, some studies
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