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Abstract

Type 2 diabetes mellitus (T2DM) has been associated with cognitive impairment and an
increased risk of dementia in women. This study examined the effects of subchronic
metformin treatment on recognition memory and brain pathology in female diabetic
mice. T2DM was induced by streptozotocin and nicotinamide injections. Then, the mice
received metformin (50, 150, or 250 mg/kg) orally for 28 days. Recognition memory
was assessed using the Novel Object Recognition Test (n = 72). Biochemical analyses of
whole-brain homogenates evaluated insulin, tau, and insoluble Aβ42 (n = 4). Histological
analyses evaluated neuronal damage and amyloid-like deposits in the hippocampal Cornu
Ammonis 1 (CA1) region, cerebral cortex, and cerebellum (n = 4). The diabetic mice
exhibited hyperglycemia, hyperinsulinemia, dyslipidemia, impaired recognition memory,
and neuronal damage. Metformin reduced blood glucose levels and improved recognition
memory. Metformin also normalized serum and brain insulin levels and reduced neuronal
damage in the CA1 region, cortex, and cerebellum. Metformin reduced cerebellar Congo
red-positive amyloid-like deposits and decreased insoluble Aβ42 levels in whole-brain
homogenates. However, at 250 mg/kg, metformin increased total and phosphorylated
tau levels. These results suggest that metformin mitigates recognition memory deficits,
attenuates neuronal damage, and reduces cerebellar amyloid-like deposits in female mice.

Keywords: diabetes; female mice; recognition memory; metformin; amyloid-like deposits;
cerebellum; insulin

1. Introduction
Type 2 diabetes mellitus (T2DM) is one of the most significant public health challenges

of the 21st century. Its global prevalence continues to rise, and it is associated with various
systemic complications [1]. Beyond the well-established metabolic consequences such as
cardiovascular disease, nephropathy, and retinopathy [2], a growing body of evidence
links T2DM to impaired cognitive function and an increased risk of dementia, including
Alzheimer’s disease (AD) [3–5]. Diabetes-associated cognitive impairment (DACI) com-
monly manifests as memory impairment, slowed processing speed, and impaired executive
function. These symptoms can severely impact patients’ quality of life. The pathophysio-
logical mechanism underlying DACI is multifactorial and complex. It involves an intricate
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network of dysfunctions, including cerebral insulin resistance, oxidative stress, chronic
inflammation, dyslipidemia, and alterations in amyloid protein homeostasis [6–8].

Insulin resistance, a hallmark of T2DM, affects more than just peripheral tissues. The
brain is an insulin-sensitive organ where insulin plays a vital role in synaptic plasticity,
neuronal energy metabolism regulation, and cell survival [5]. Impaired insulin signaling
in the central nervous system (CNS) disrupts these processes and creates an environment
conducive to neurodegeneration. Meanwhile, T2DM promotes dyslipidemia, which is
characterized by elevated circulating cholesterol levels [9]. Although the brain synthesizes
its own cholesterol, evidence suggests that peripheral hypercholesterolemia can affect the
integrity of the blood–brain barrier (BBB) [10]. This can contribute to brain pathology,
including the accumulation of β-amyloid (Aβ) peptides. The aggregation and deposi-
tion of Aβ in the form of senile plaques is a fundamental neuropathological feature of
AD [11–13]. Most studies examining neurodegeneration related to diabetes have focused
on the hippocampus and cerebral cortex [14–16]. The Cornu Ammonis 1 (CA1) region of
the hippocampus is particularly susceptible to metabolic and oxidative stress. Structural
alterations in this area are closely associated with memory impairment [17]. However,
comparatively little attention has been given to other brain regions that may also contribute
to cognitive dysfunction. In this context, the cerebellum has emerged as a structure that
may be involved in cognitive and affective processes, in addition to its traditional role in
motor control. Anatomically, the cerebellum is organized into three distinct layers: the
molecular layer, the Purkinje cell layer, and the granular layer. Each layer has a unique
cellular composition and functional role. Changes to these layers, particularly those af-
fecting Purkinje neurons and granular cells, can impact motor coordination and cognitive
function [18,19].

Interestingly, AD and T2DM share several characteristics. In fact, some researchers
have coined the term “type 3 diabetes” to describe AD as a form of cerebral dia-
betes [4–6,20,21]. Metformin, a biguanide commonly prescribed as the primary treatment
for T2DM, has been shown to have pleiotropic effects beyond its hypoglycemic action. It
activates AMP-activated protein kinase (AMPK), which modulates energy metabolism and
reduces hepatic glucose production [22,23]. Recently, considerable attention has been given
to the potential neuroprotective effects of metformin. Importantly, metformin can cross
the BBB, making its potential effects on the central nervous system particularly relevant
to the study of diabetes-associated cognitive impairment. Preclinical studies suggest that
metformin may improve cognitive function in animal models of T2DM, reduce oxidative
stress, and attenuate tau pathology [24–26]. However, evidence regarding its impact on
amyloid plaque accumulation is scarce and contradictory [27–29].

Furthermore, sex differences may influence the pathophysiology and clinical mani-
festations of T2DM and its complications. Epidemiological and clinical studies suggest
that women with T2DM are at a higher risk of cognitive impairment and dementia than
men with the disease [30,31]. Several factors have been proposed as contributors to this
difference. These factors include sex hormones, the apolipoprotein E4 allele (a genetic
factor), pregnancy-related complications, and disturbances in mood, sleep, and stress re-
sponses [32,33]. However, the mechanisms underlying this increased vulnerability are
not fully understood. Thus, the present study focused on characterizing the metabolic,
behavioral, and neuropathological effects of metformin in a female mouse model of T2DM.
It is important to note that this study was not designed to determine sex-specific responses
to metformin or to make direct comparisons with male diabetic mice.

Accordingly, the study examined the effects of metformin on recognition memory and
region-specific neuropathological changes in the CA1 region of the hippocampus, the cere-
bral cortex, and the cerebellum. Additionally, we assessed whether metformin modulates
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key biomarkers associated with diabetes-related cognitive impairment. These biomarkers
include amyloid and tau proteins, as well as cholesterol and insulin levels in serum and
brain tissue. These analyses aimed to provide a more comprehensive characterization of the
metabolic, behavioral, and neuropathological effects of metformin in female diabetic mice.

2. Materials and Methods
2.1. Chemical Reagents and Materials

Table 1 lists the chemicals and materials that were used in this study. Metformin
was dissolved in a physiological saline solution, and the listed doses refer to its free base
form. Streptozotocin (STZ) was dissolved in a citrate buffer solution. All compounds were
prepared on the day of use.

Table 1. Reagents and materials used.

Reagents/Materials Catalog Number Supplier

Metformin hydrochloride 13118
Cayman Chemical, Ann

Arbor, MI, USA
Streptozotocin 13104
Nicotinamide 11127

Citric acid 251275 Sigma Chemical Co., St.
Louis, MO, USASodium citrate dihydrate SX0445

Phosphorylated (S199) tau KMB7041
Fisher Scientific, Waltham,

MA, USA
Total tau protein KMB7011
Amyloid Aβ42 KMB3441

Total cholesterol EEA026

Insulin MBS2708295 MyBioSource, San Diego,
CA, USA.

Hematoxylin and eosin
stain 64298 Hycel, Zapopan, JAL,

Mexico.

Saline solution (0.9%) Q-7833-009 PISA Pharmaceuticals,
Guadalajara, JAL, MexicoIsoflurane Q-7833-222

Congo red stain 2321-5 Fragalab, Guamuchil, SIN,
Mexico

Accu-Chek glucometer 1996E2017 Roche, Miguel Hidalgo,
CDMX, MexicoGlucose test strips 0679R2017

2.2. Animals

Eight-week-old BALB/c mice, with an average weight of 22.66 ± 0.47 g, were pur-
chased from the Morelos vivarium (Cuernavaca, MOR, MX). The mice were allowed to
acclimate for one week before the start of the study. During this time, they were housed in
groups of ten in cages measuring 37 × 47 × 20 cm under a reversed light/dark cycle, which
is described below. Their food and water intake was monitored to confirm normal feeding
and drinking habits. The animals were regularly handled to habituate them to human
contact. This period also allowed for the identification and exclusion of animals showing
signs of illness. Subsequently, the healthy mice were randomly housed in groups of three in
acrylic rodent cages measuring 19 × 29 × 12 cm. These cages contained wood shavings but
no additional enrichment. The light/dark cycle was reversed at 20:00 h, and the tempera-
ture was maintained at 23 ± 2 ◦C with 50–70% relative humidity. The mice had ad libitum
access to tap water and SAFE® A30 food (SAFE, Augy, Yonne, France). To induce type 2
diabetes with STZ plus nicotinamide and measure blood glucose levels, the animals were
fasted for four hours beforehand. The mice were also fasted overnight before euthanasia
to prevent interference with the biochemical measurements. However, they always had
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access to water. For behavioral studies, the animals were not fasted. To minimize fear and
discomfort, all handling procedures were performed by trained personnel. Injections and
sampling were carried out gently and consistently to prevent tissue damage and pain. All
research protocols were approved by the Ethics Committee of our institution, and the study
adhered to the ARRIVE guidelines for the care and use of animals in research.

A total of 72 animals were randomly divided into six experimental groups. Group 1
consisted of non-diabetic female mice that received citrate buffer and a 0.9% saline solution
via intraperitoneal injections (i.p.) (n = 12). Group 2 received STZ and nicotinamide via
i.p. injections (the diabetic control group; n = 12). Group 3 consisted of diabetic mice that
were treated with a 0.9% saline solution. Groups 4, 5, and 6 consisted of diabetic mice
treated with metformin at doses of 50, 150, and 250 mg/kg, respectively. Groups 3, 4, 5,
and 6 received their respective treatments daily by oral gavage for 28 days (Figure 1). Each
treatment was administered at a volume of 100 µL.

Figure 1. Schematic representation of the experimental protocol. STZ: streptozotocin; Nic: nicoti-
namide; NORT: Novel object recognition test. Metformin was administered orally (mg/kg).

2.3. Rationale for the Metformin Dosing Used in the Present Study

The metformin doses used in this study were based on the therapeutic range for
treating diabetes, which is 500 to 3000 mg/60 kg [34]. We selected one dose below this
range (243 mg/60 kg) and two within the range (730 and 1216 mg/60 kg). First, we
converted each dose to milligrams per kilogram. Thus, the doses corresponded to 4.05,
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12.17, and 20.27 mg/kg, respectively. Next, we calculated the animal equivalent dose (AED)
based on body surface area using the following formula [35] (Equation (1)):

Animal Equivalent Dose =

(︃
Human dose

mg
kg

)︃
×

(︃
Human Km
Mouse Km

)︃
(1)

Km is the correction factor, where the human Km value is 37, and the mouse Km value
is 3.

According to this conversion, the doses of 243, 730, and 1216 mg/60 kg are equivalent
to 50, 150, and 250 mg/kg, respectively, in mice. Previous studies have demonstrated
that acute (150 mg/kg) or subchronic (300 mg/kg for three weeks) oral administration of
metformin reaches various regions of the brain, including the hippocampus, cerebellum,
and cortex [36].

2.4. Diabetes Induction

On day 1, 60 mice received an intraperitoneal (i.p.) injection of STZ at a dose of
100 mg/kg. Fifteen minutes later, the mice received a 30 mg/kg dose of nicotinamide via
i.p. injection. On days 2 and 3, the mice received an 80 mg/kg dose of STZ daily (Figure 1).
In total, the mice received 260 mg/kg of STZ. The STZ was dissolved in a citrate buffer
solution containing sodium citrate dihydrate and citric acid at a concentration of 0.1 M
and a pH of 4.5. The nicotinamide was dissolved in a 0.9% saline solution. The mice were
considered diabetic if their fasting glucose level was 200 mg/dL or higher by day 4, as
measured with a glucometer (considered day 1 in the experimental protocol). Glucose
levels, food intake, and weight gain were measured at the beginning of the experiment and
again on days 1, 7, 14, 21, and 28.

2.5. Novel Object Recognition Test (NORT)

As previously reported [37], the motor function of all the diabetic animals was assessed
using the rotarod test prior to the behavioral evaluation. Only those with a comparable
latency to fall to that of the non-diabetic control group were included in the study. This
ensured that any differences observed in the NORT would reflect cognitive effects rather
than motor impairments.

The NORT was performed in a transparent plastic box measuring 40 × 40 × 40 cm
over the course of three consecutive days and repeated weekly [37]. The test consisted of
three phases: habituation (days −1, 5, 12, 19, and 26; five minutes), training (days 0, 6, 13,
20, and 27; ten minutes), and testing (days 1, 7, 14, 21, and 28; ten minutes) (Figure 1). All
trials took place in a dark procedure room lit by a red light. On the first day, each mouse
was acclimated to the arena without any objects present. The next day, two identical objects
were placed in the arena during the training phase. During the testing phase, one of the
objects was replaced with a novel object that differed in material, shape, and color. Each
week, the novel object was replaced with a new one of a similar size, but with a different
shape and color (Figure 1). The box and objects were cleaned with 70% ethanol and dried
between each mouse to avoid olfactory cues. The exploratory behavior of each mouse was
recorded using an infrared video camera. Object exploration was defined as sniffing or
touching an object with the nose or paws, or pointing the nose at an object from less than
one centimeter away. Sitting on or around objects was not considered exploratory behavior.
The study only included animals that explored objects for at least 15 s. A researcher who
was unaware of the treatments analyzed the recordings and manually recorded how long
each mouse spent exploring the objects at each stage. Then, discrimination (Equation (2))
and preference (Equation (3)) indices were calculated using the following equations based
on the recorded exploration times [38]:
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Discrimination index =
T2 − T1
T2 + T1

(2)

Preference index =
T2

T2 + T1
× 100 (3)

where T1 is the time spent exploring the known object, and T2 is the time spent exploring
the new object. Both times are measured in seconds.

2.6. Quantification of Biochemical Markers

On day 28, after the behavioral evaluations were complete, the mice were euthanized
while under deep anesthesia with 4% isoflurane. The adequacy of the anesthesia was
confirmed by the absence of pedal and corneal reflexes before intracardiac exsanguination.
This method ensured a humane and irreversible death in accordance with ethical standards.
Blood samples (n = 12 per experimental group) were collected in 1.5 mL Eppendorf tubes
for serum separation. Next, an incision was made in the thoracic cavity, and a catheter
was inserted into the left ventricle. Then, the right atrium was incised, and the mice
were perfused with phosphate-buffered saline (PBS) until all the remaining blood was
completely removed. The brains (n = 12; 0.44 ± 0.02 g) and pancreases (n = 12; 0.14 ± 0.03 g)
of each mouse were dissected, frozen at −80 ◦C, and stored until use. The brains of each
experimental group were divided to perform analyses of cholesterol, insulin, and tau
protein (n = 4), and insoluble amyloid peptide Aβ42 (n = 4). For the biochemical analysis,
the brain was cut into smaller pieces using a manual homogenizer. The pieces were then
transferred to 50 mL conical tubes containing a lysis buffer solution (PBS, 50 mM Tris-HCl
at pH 7.4, 150 mM NaCl, 1% Triton X-100, and a protease inhibitor cocktail) at a mass-to-
volume ratio of 1:10. The tubes were shaken on ice at 300 rpm for 30 min. The resulting
mixture was then centrifuged at 15,000 g for 20 min at 4 ◦C [37].

2.6.1. Cholesterol Quantification

Serum cholesterol levels were measured using a microplate assay. First, 2.5 µL of the
sample was added, followed by 250 µL of the enzyme working solution. After incubating
the sample for 10 min at 37 ◦C, the absorbance was measured at 510 nm.

2.6.2. Insulin Quantification

Prior to the assay, the serum and brain homogenate samples were diluted tenfold
in 0.01 M PBS (pH 7.0–7.2). Then, 25 µL of each sample was added to each well of
the microplate. Immediately afterward, 25 µL of detection reagent A was added. After
incubating for one hour at 37 ◦C and performing three washes, 50 µL of detection reagent B
was added. The plate was then incubated for 30 min at 37 ◦C and underwent five additional
washes. Next, 50 µL of TMB substrate solution was added, and the plate was incubated in
the dark at 37 ◦C for 10–20 min. The reaction was stopped with 25 µL of stop solution, and
the absorbance was read at 450 nm.

2.6.3. Quantification of Total and Phosphorylated Tau Protein

The brain homogenate samples were diluted 1:6400 for total tau and 1:200 for phos-
phorylated tau at site S199 (pS199) in a standard buffer solution. The assay was performed
by adding 100 µL of each sample to the wells of an antibody-coated plate. After incubating
the plate on an orbital shaker at 500 rpm for two hours at room temperature, the plate was
washed four times with 1x wash buffer. Then, 100 µL of biotin conjugate was added and
incubated for one hour. Next, 100 µL of streptavidin-HRP was added, and the plate was
incubated for 30 min. Finally, 100 µL of TMB substrate solution was added, and the plate
was incubated in the dark for 30 min. Four washes were performed between each addition.
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The reaction was stopped with 100 µL of stop solution, and the absorbance was measured
at 450 nm.

2.6.4. Quantification of Insoluble Amyloid Peptide Aβ42

The insoluble fraction of the Aβ42 peptide was obtained using a sequential extraction
protocol. Briefly, 0.1 g of brain tissue was homogenized in nine volumes of cold PBS (0.01 M,
pH 7.4), supplemented with 1 mM AEBSF, a serine protease inhibitor. The mixture was then
centrifuged at 14,000 g for 45 min at 4 ◦C. The resulting supernatant (the soluble fraction)
was discarded, and the pellet was retained for extraction of the insoluble fraction. The pellet
was resuspended in eight volumes of cold 5 M guanidine HCl/50 mM Tris-HCl (pH 8.0),
added in 50–100 µL aliquots with homogenization performed after each addition. The
mixture was rotated at room temperature for four hours. Then, the mixture was centrifuged
at 16,000 g for 20 min at 4 ◦C. The resulting supernatant constituted the insoluble Aβ42

fraction. Prior to the ELISA analysis, the Aβ42 fraction was diluted 1:10 with the kit’s
standard diluent buffer to reduce the guanidine concentration to levels compatible with
the assay (≤0.5 M). Additionally, AEBSF was added to all dilutions at a final concentration
of 1 mM to prevent proteolytic degradation of the peptide. Then, 100 µL of the samples
were added to the antibody-coated wells and incubated for two hours at room temperature.
This was followed by four washes with 1x wash buffer. Subsequently, 100 µL of the Aβ42

detection antibody was added, and the plate was incubated for one hour. After four
additional washes, 100 µL of the antibody detection reagent was added, and the plate was
incubated for 30 min. The plate was then washed four more times. Finally, 100 µL of TMB
solution was added, and the plate was incubated in the dark for 30 min. The reaction was
stopped by adding 100 µL of stop solution. Absorbance was read at 450 nm.

2.7. Histological Analyses of the Pancreas and Brain of Diabetic Female Mice

Twelve samples were used for the pancreas and four for the brain. The tissues were
fixed in a solution of 4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 24 or 72 h at 4 ◦C,
respectively. Transverse sections of the splenic region of the pancreas were manually
obtained. The brains were bisected with a stainless-steel rodent brain matrix (Stoelting Co.,
Wood Dale, IL, USA) at 1 mm intervals to obtain parasagittal sections. The samples were
then dehydrated in ethanol gradients (70%, 80%, 96%, and 100%) and embedded in paraffin.
Next, we used a rotary microtome to obtain 5- and 10 µm thick slides of the pancreas and
brain, respectively. We mounted these sections on positively charged slides. The slides
were deparaffinized in xylene and rehydrated in a series of ethanol solutions of decreasing
concentration (100%, 96%, and 80%), followed by distilled water. The slides were stained
with Harris’s hematoxylin for eight minutes. Then, they were rinsed in running water and
differentiated in acid alcohol. After further washing in water, we counterstained the slides
with a 0.5% aqueous solution of eosin Y for three minutes. Finally, we dehydrated the slides
using successive ethanol baths (96% and 100%), rinsed them in xylene, and mounted them
with synthetic resin.

Five randomly selected fields from the total surface area of each pancreas slide were
analyzed. Anatomical landmarks were used to identify brain regions in all animals. First,
the cerebellum was located, followed by the CA1 region of the hippocampus. Then, a
neocortical field, located immediately adjacent to the hippocampus, was taken from the
cerebral cortex. This field included the pial surface and cortical layers I-VI. Five fields per
sample were analyzed within these regions. A blind analyst performed field selection and
scoring. The following variables were considered: edema, inflammation, vacuolization,
and necrosis. Depending on the extent of the damage, scores for these variables ranged
from 0 to 4 for pancreatic tissue [39,40] and the molecular, Purkinje, and granular layers
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of the cerebellum [41,42], and from 1 to 4 for the cerebral cortex [43]. Overall scores
corresponding to these parameters were obtained. Neuronal damage in the CA1 region
of the hippocampus was assessed based on the degree of damage. Grade 0 indicates an
absence of damage, grade 1 scattered damaged neurons, grade 2 a moderate number of
damaged neurons (less than 50% affected), and grade 3 severe damage to CA1 pyramidal
cells (more than 50% affected) [44].

To perform Congo red staining, which identifies amyloid deposits, the 10 µm thick
slides were deparaffinized and rehydrated. Then, they were incubated in a solution of 0.5%
Congo red in 50% alcohol for 20 min. The sections were rapidly differentiated in an alkaline
alcohol solution (50% ethanol and 0.1% sodium hydroxide) for one minute. After washing
with water, the sections were counterstained with Harris’s hematoxylin for 30 s. Finally,
the sections were dehydrated and cleared with xylene before mounting. All preparations
were analyzed and photographed under an optical microscope. The intensity of Congo
red staining was quantified using ImageJ software 1.54g (National Institutes of Health,
Bethesda, MD, USA).

2.8. Statistical Analysis

All data are expressed as the mean ± standard error. The Shapiro–Wilk test revealed
that all behavioral and biochemical datasets followed a normal distribution. To analyze
the effects of metformin on blood glucose, weight, food intake, and memory over time,
we performed a repeated-measures ANOVA, followed by pairwise comparisons with a
Bonferroni correction. To analyze biochemical markers and amyloid-like deposits in the
brains of female mice, we performed a one-way ANOVA followed by a Tukey post hoc test.
We analyzed histological scores from the pancreas, the CA1 region of the hippocampus, the
cerebral cortex, and the cerebellum using the nonparametric Kruskal–Wallis test followed by
Dunn’s multiple comparisons test. A p-value of less than 0.05 was considered statistically
significant in all cases. All statistical analyses were performed using GraphPad Prism
version 8.0 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effect of Metformin on Glucose, Body Weight, and Food Intake in Female Type 2 Diabetic Mice

Non-diabetic animals that received citrate buffer plus saline maintained stable glucose
levels (77 ± 11 mg/dL) throughout the study. In contrast, animals that received STZ
plus nicotinamide had high glucose levels on day 1 (210 ± 32 mg/dL), which gradually
increased to 533 ± 21 mg/dL by day 21. By day 28, blood glucose levels decreased slightly
to 432 ± 14 mg/dL (Figure 2A). Notably, the STZ + nicotinamide regimen resulted in an
87% survival rate up to day 28.

As expected, orally administering saline solution to diabetic animals did not lower
their blood glucose levels. In contrast, administering metformin at doses of 50–250 mg/kg
significantly reduced blood glucose levels at the evaluated time points. However, after
14 days, the 50- and 150 mg/kg doses produced a more pronounced hypoglycemic effect
(Figure 2A).

The weight of the non-diabetic mice remained stable throughout the evaluation period.
The diabetic mice lost significant weight between days 7 and 21. However, by day 28, the
diabetic mice had gained weight significantly compared to the non-diabetic female mice.
The same response profile was observed in diabetic mice treated with saline. Diabetic mice
treated with metformin lost significant weight compared to non-diabetic mice on days
7, 14, and 21, similar to the response observed in the diabetic mice. However, by day 28,
their weight was not statistically different from that of the non-diabetic mice, though it was
significantly lower than that of the diabetic mice (Figure 2B).

https://doi.org/10.3390/scipharm94040100

https://doi.org/10.3390/scipharm94040100


Sci. Pharm. 2026, 94, 100 9 of 23

Figure 2. Evaluation of the effect of metformin administration (50, 150, and 250 mg/kg) for 28 days
on levels of (A) blood glucose, (B) body weight, and (C) food intake in female diabetic mice. ND:
Non-diabetic mice (n = 12); D: Diabetic mice (n = 12); Saline solution (0.9%) (n = 12); Met: Metformin
(mg/kg) (n = 12). a: p < 0.05 vs. non-diabetic female mice; b: p < 0.05 vs. diabetic female mice.

The food consumption of the non-diabetic female mice remained consistent through-
out the evaluation period. However, the diabetic mice and the mice treated with saline
consumed significantly more food. Mice treated with metformin increased their food
consumption until day 21. By day 28, however, food consumption decreased significantly
in diabetic mice treated with all doses of metformin compared to untreated diabetic mice.
Notably, the food consumption of the mice treated with 150 mg/kg of metformin was
similar to that of non-diabetic mice (Figure 2C).

3.2. Effect of Metformin on Recognition Memory of Female Type 2 Diabetic Mice

No significant differences in discrimination or preference indices were observed among
the groups on day 1 (Figure 3A,B). However, all groups exhibited negative discrimina-
tion index values. From day 7 onward, the diabetic and saline-treated diabetic groups
continued to show negative discrimination index values and preference indices below
50%. This indicates a sustained deterioration in recognition memory performance due to
diabetes. Although a negative discrimination index alone does not indicate a recognition
memory deficit, the persistence of negative discrimination index values and preference
index values below 50% in the diabetic groups was consistent with impaired recognition
memory performance. Metformin treatment progressively improved both the discrimi-
nation and preference indices over time. On day 7, only the 250 mg/kg dose produced a
positive discrimination index (Figure 3A). Starting on day 14, all metformin doses signifi-
cantly increased the discrimination index compared to the diabetic group. By day 28, all
three metformin doses produced similar discrimination index values of approximately 0.5
(Figure 3A), while the preference index reached approximately 70% (Figure 3B). Thus, the
improvement in recognition memory performance appears to be more closely related to
treatment duration than to metformin dosage.

3.3. Effect of Metformin on the Cholesterol, Tau Protein and Insulin Levels in Female Type 2
Diabetic Mice

Serum cholesterol levels increased 20- to 22-fold in both untreated and saline-treated
female diabetic mice compared to non-diabetic mice (an increase from 80 mg/dL to
1610–1767 mg/dL). A low dose of metformin (50 mg/kg) did not reverse the increase in
serum cholesterol levels in diabetic mice. However, metformin doses of 150 and 250 mg/kg
significantly reduced serum cholesterol levels to 320–330 mg/dL (Figure 4A).

Serum insulin concentrations were significantly higher in diabetic female mice than in
non-diabetic female mice (Figure 4B). In contrast, the insulin concentration in the brains of
diabetic female mice was significantly lower (Figure 4C). Administering metformin at any
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dose reversed the increase in serum insulin and prevented the decrease in brain insulin in
diabetic female mice.

Figure 3. Evaluation of recognition memory in female mice using the Novel Object Recognition
Test (NORT). (A) Discrimination and (B) preference indices were calculated to compare recognition
memory performance. ND: Non-diabetic female mice (n = 12); D: Diabetic female mice (n = 12); Saline
solution (0.9%) (n = 12); Met: Metformin (mg/kg) (n = 12). a: p < 0.05 vs. non-diabetic female mice;
b: p < 0.05 vs. diabetic female mice; c: p < 0.05 vs. basal discrimination index (day 1); d: p < 0.05 vs.
discrimination index on day 7.

Figure 4. Evaluation of the effect of metformin administration (50, 150, and 250 mg/kg) for 28 days
on levels of (A) cholesterol in serum (n = 12), (B,C) insulin in serum (n = 12) and brain (n = 4), and
(D) phosphorylated tau (pS199) (n = 4) and (E) total tau protein (n = 4) and its ratio (F) in brain
homogenates of diabetic mice (n = 4). ND: Non-diabetic mice; D: Diabetic mice; S: Saline solution
(0.9%); a: p < 0.05 vs. non-diabetic female mice; b: p < 0.05 vs. diabetic female mice.
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Treatment with up to 150 mg/kg of metformin did not affect tau protein levels
(Figure 4D,E). However, treatment with 250 mg/kg significantly increased the levels of both
phosphorylated and total tau proteins in the brains of female diabetic mice (Figure 4D,E).
The ratio of phosphorylated tau protein to total tau protein exhibited a similar pattern
(Figure 4F). These results suggest that the highest dose of metformin may have unfavorable
effects on tau-related markers.

3.4. Effect of Metformin on the Morphology of the Pancreas, CA1 Region of the Hippocampus,
and the Cerebral Cortex and Cerebellum of Female Type 2 Diabetic Mice

In non-diabetic mice, the islets of Langerhans exhibited distinct borders and an appro-
priate cellular density. The pancreatic acini exhibited organized architecture with a uniform
arrangement and a characteristic eosinophilic cytoplasm (Figure 5A). In contrast, the islets
in the untreated diabetic group showed marked morphological alterations, including loss
of definition, reduced size, and decreased cellularity. In some areas, the islets were difficult
to distinguish from the surrounding tissue (Figure 5B). The acini showed structural disorga-
nization and acquired a more diffuse appearance, losing their typical pattern. The presence
of an inflammatory infiltrate was evidenced by small, scattered basophilic cells, which are
consistent with lymphocytic infiltration. A pattern similar to that of the untreated diabetic
group was observed in the diabetic group treated with saline solution (Figure 5C).

Figure 5. Representative micrographs (40×) of hematoxylin and eosin staining in the pancreas of
female mice. (A) Non-diabetic mice (n = 12), (B) diabetic mice (n = 12), (C) diabetic mice treated
with saline solution (0.9%) (n = 12), and diabetic mice treated with metformin (D) 50 (n = 12), (E) 150
(n = 12), and (F) 250 mg/kg (n = 12), respectively. The white arrow indicates the islets of Langerhans,
the yellow arrow indicates the pancreatic acini, and the orange arrow indicates lymphocyte infiltration.
The white scale bar represents 10 µm.

Metformin administration failed to fully restore the morphology of the islets of Langer-
hans (Figure 5D–F). These islets were smaller and had lower cellular density than those
of the non-diabetic control group. There was a slight improvement in exocrine tissue
organization, but the pancreatic acini did not achieve a morphology comparable to that of
a non-diabetic pancreas (Figure 5A). One of the most evident effects of the treatment was
the reduction in lymphocytic infiltration. This reduction may indicate a decrease in the
inflammatory response associated with pancreatic damage, despite the absence of structural
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recovery of the islets in diabetic mice. Accordingly, the cytostructural score of this tissue
showed that metformin provides a certain degree of protection against pancreatic damage
caused by experimental diabetes in a dose-dependent manner. However, metformin did
not prevent chemical damage to the pancreas induced by streptozotocin (Figure 6A).

Figure 6. Histological score obtained with micrographs of hematoxylin and eosin staining in the
(A) pancreas and cerebral regions such as (B) CA1, (C) cerebral cortex, and (D) cerebellum of female
mice. ND: Non-diabetic mice; D: Diabetic mice; S: Saline solution (0.9%); Metformin (50, 150, and
250 mg/kg); a: p < 0.05 vs. non-diabetic female mice; b: p < 0.05 vs. diabetic female mice.

In non-diabetic female mice, the pyramidal layer of the Cornu Ammonis 1 (CA1)
region of the hippocampus contained pyramidal neurons with large, rounded, or ovoid cell
bodies arranged in an orderly and compact manner (Figure 7A). Diabetes induced degener-
ative changes in the CA1 pyramidal neurons of female mice (Figure 7B). These changes
included decreased cell density, neuronal loss, pyknotic cells with irregular contours, and
disorganized pyramidal layers (Figure 7B,C).

In contrast, diabetic animals treated with 50 mg/kg of metformin showed partial recov-
ery of neuronal architecture (Figure 7D). These neurons exhibited less pyknosis than those
in the untreated diabetic groups, though residual degenerative signs persisted. Groups
treated with 150 or 250 mg/kg of metformin exhibited the greatest histological recovery
(Figure 7E,F). These groups had a CA1 region organized similarly to the control group
(Figure 7A), with neurons that had preserved morphology and were arranged in an orderly
fashion. These neurons showed minimal evidence of pyknosis. Metformin protected the
CA1 region of the hippocampus from diabetes-induced damage. This protection occurred
at the 150- and 250 mg/kg doses, as indicated by morphological change scores (Figure 6B).

The cortical cells of the non-diabetic female mice showed an eosinophilic cytoplasm
and large, round, pale nuclei. The neuropil appeared uniform, with no empty spaces or
vacuolization (Figure 8A). In contrast, mild disorganization of the cortical layers, accompa-
nied by a loss of layer definition, was observed in diabetic mice. There was also a reduction
in neuronal density. Many neurons exhibited nuclear pyknosis, characterized by small,
hyperchromatic, dark purple nuclei, indicating apoptosis or cellular stress (Figure 8B).
Additionally, vacuolization and edema were present, indicating tissue damage and in-
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flammation. The same morphology was observed in diabetic animals treated with saline
(Figure 8C) or metformin at 50 mg/kg (Figure 8D) and 250 mg/kg (Figure 8F). However,
the cortical layers were more clearly defined in the cerebral cortex of diabetic mice treated
with 150 mg/kg of metformin (Figure 8E). The tissue architecture of this group more closely
resembled that of the non-diabetic control group (Figure 8A). This improvement was not
evident in the 250 mg/kg group (Figure 8F), which is consistent with the histological scores
(Figure 6C).

Figure 7. Representative micrographs (40×) of hematoxylin and eosin staining in the Cornu Ammonis
1 (CA1) region of the hippocampus of female mice. (A) Non-diabetic mice (n = 4), (B) diabetic mice
(n = 4), (C) diabetic mice treated with saline solution (0.9%) (n = 4), and diabetic mice treated with
metformin (D) 50 (n = 4), (E) 150 (n = 4), and (F) 250 mg/kg (n = 4), respectively. The white arrow
indicates the presence of pyknosis. The white scale bar represents 50 µm.

Figure 8. Representative micrographs (4×) of hematoxylin and eosin staining in the cerebral cortex
of female mice. (A) Non-diabetic mice (n = 4), (B) diabetic mice (n = 4), (C) diabetic mice treated with
saline solution (0.9%) (n = 4), and diabetic mice treated with metformin (D) 50 (n = 4), (E) 150 (n = 4),
and (F) 250 mg/kg (n = 4), respectively. The black arrow indicates the presence of pyknosis. The
black scale bar represents 200 µm. (I) Molecular layer; (II) Outer granular layer; (III) Outer pyramidal
layer; (IV) Inner granular layer; (V) Inner pyramidal layer; (VI) Multiform layer.
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The cerebellum of non-diabetic female mice had three clearly distinguishable layers.
The external molecular layer had a low cell density. The Purkinje cell layer contained single
cells with large cell bodies and abundant cytoplasm. The granular layer had a high density
of small, uniformly distributed nuclei. No signs of damage or inflammation were observed
in this group (Figure 9A).

Figure 9. Representative micrographs (40×) of hematoxylin and eosin staining in the cerebellum
of female mice (n = 4). (A) Non-diabetic mice (n = 4), (B) diabetic mice (n = 4), (C) diabetic mice
treated with saline solution (0.9%) (n = 4), and diabetic mice treated with metformin (D) 50 (n = 4),
(E) 150 (n = 4), and (F) 250 mg/kg (n = 4), respectively. The black arrow indicates the Purkinje layer,
and the white arrow indicates the presence of pyknosis. The black scale bar represents 30 µm. (ML)
Molecular layer; (PL) Purkinje layer; (GR) Granular layer.

Decreased cell density in the granular layer and nuclear pyknosis were observed in
diabetic female mice (Figure 9B). Additionally, loss and degeneration of Purkinje cells
were evident. Treatment with a saline solution (Figure 9C) did not prevent these mor-
phological alterations. In the brains of animals treated with 50 mg/kg of metformin
(Figure 9D), the Purkinje layer was identifiable but still contained pyknotic cells. The
granular layer showed slight improvement in density, evidenced by fewer pyknotic cells.
However, this improvement was not statistically significant (Figure 6D). With the adminis-
tration of 150 mg/kg of metformin, nearly complete recovery of the cerebellar architecture
was observed (Figure 9E). Animals treated with 250 mg/kg of metformin showed im-
proved granular layer density, suggesting partial prevention of damage in this brain region
(Figures 6D and 9F). However, some Purkinje cells showed signs of pyknosis (Figure 9F).
Notably, no damage was observed in the molecular layer of the cerebellum of diabetic
animals, as demonstrated by the histological score (Figure 6D).

3.5. Effect of Metformin on Amyloid-like Deposits in the CA1 Region of the Hippocampus, Cerebral
Cortex, and Cerebellum of Female Type 2 Diabetic Mice

Staining of the CA1 region of the hippocampus and the cerebral cortex of non-diabetic
female mice revealed minimal Congo red-positive deposits (Figure 10A,B). Congo red-
positive deposits were observed in the cerebellum, specifically in the Purkinje and granular
layers (Figure 10). Groups treated with metformin exhibited reduced Congo red staining in
a dose-dependent manner. The 250 mg/kg dose completely prevented the appearance of
Congo red-positive deposits (Figure 10C).
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Figure 10. Representative micrographs of Congo red staining in the Cornu Ammonis 1 of the
hippocampus (CA1, 40×), cerebral cortex (CC, 40×), and cerebellum (CB, 4×) of female mice, n = 4
for each experimental group. The corresponding quantification of Congo red staining is shown in
(A) CA1, (B) cerebral cortex, and (C) cerebellum. (D) Quantification of insoluble Aβ42 fraction in
whole brain homogenates. ND: Non-diabetic mice (n = 4); D: Diabetic mice (n = 4); D + S: Diabetic
mice treated with saline (n = 4). a: p < 0.05 vs. non-diabetic female mice; b: p < 0.05 vs. diabetic
female mice.

The insoluble Aβ42 fraction was significantly higher in the brain homogenates of
diabetic mice than in the control group. Treatment with metformin reduced the levels of the
insoluble Aβ42 fraction in a dose-dependent manner (Figure 10D). This pattern is consistent
with the reduction in amyloid burden observed by Congo red staining in the cerebellum
(Figure 10C). However, it should be noted that regional quantification of Aβ42 levels in
specific areas such as the CA1 region, cerebral cortex, and cerebellum was not performed.

4. Discussion
4.1. Effectiveness of the Type 2 Diabetes Mellitus Model and Systemic Effects of Metformin

The diabetes induction protocol used in this study differs from the more commonly
cited ratios of 1:1.5 to 1:5 of STZ and nicotinamide in male rodents [45], since these ratios did
not produce sustained hyperglycemia in female mice during preliminary testing. BALB/c
mice exhibit greater resistance to β-cell toxicity [46–48]. This difference may be due to
varying susceptibility to STZ depending on the mouse strain or sex. Our protocol involves
a cumulative dose of 260 mg/kg of STZ and a 30 mg/kg dose of nicotinamide, yielding an
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STZ/nicotinamide ratio of approximately 8.6:1. Using this protocol, female mice achieved
sustained hyperglycemia for 28 days with a 13% mortality rate.

Importantly, the metabolic profile observed in the female diabetic mice is consistent
with type 2 diabetes rather than type 1. These mice exhibited hyperglycemia, hyperin-
sulinemia, and dyslipidemia, indicating preserved pancreatic insulin production and a
compensatory response that is consistent with insulin resistance. Additionally, histologi-
cal examination revealed a reduction in pancreatic islet size, though not complete β-cell
destruction. These findings suggest partial β-cell dysfunction as opposed to the absolute
insulin deficiency typically observed in type 1 diabetes models. Therefore, despite the
relatively high cumulative dose of STZ, the combination with nicotinamide produced a
phenotype characterized by severe metabolic dysregulation and residual insulin produc-
tion. This phenotype is consistent with those previously described in experimental models
of advanced type 2 diabetes. Furthermore, the diabetic mice displayed polyphagia and
changes in body weight, which are phenotypic characteristics of T2DM [49]. Thus, the
STZ-nicotinamide model replicates some of the key metabolic features of type 2 diabetes.

As previously reported, metformin reduces blood glucose levels in female diabetic
mice [50]. A 150 mg/kg dose of metformin achieved robust glycemic control without
causing hypoglycemia, and it restored food intake to control group levels by the end of
the treatment. This is significant because weight management and appetite control are
important considerations in T2DM treatment [49,51]. As previously reported in rodents,
diabetes induces a dramatic increase in total cholesterol levels (approximately 20-fold) [52].
Although metformin did not fully reverse this increase, the 150- and 250 mg/kg doses
significantly reduced it. Considering the role of dyslipidemia in BBB dysfunction and
Alzheimer’s disease pathogenesis [10], the ability of metformin to attenuate dyslipidemia
may contribute to its potential neuroprotective effects. Reducing peripheral cholesterol may
help maintain BBB integrity by limiting the entry of circulating factors that may promote
neuroinflammation and protein aggregation [53]. These changes, in turn, create a less
favorable environment for amyloid accumulation.

Our results support the effectiveness of the T2DM model. Diabetic mice exhibited
significant alterations in insulin homeostasis characterized by hyperinsulinemia in the
blood and significantly reduced insulin levels in brain tissue [24,54]. These alterations are
consistent with the development of systemic insulin resistance and impaired cerebral insulin
homeostasis, both of which have been reported in experimental models of T2DM [55].
Together with the hyperglycemia and metabolic alterations observed in the diabetic animals,
these findings suggest that the streptozotocin–nicotinamide protocol effectively mimics the
metabolic features of T2DM.

Treatment with metformin normalized serum insulin levels and prevented the re-
duction in brain insulin levels observed in diabetic mice at all doses tested. These results
suggest that metformin improves systemic and cerebral insulin homeostasis. However,
it is important to note that metformin did not restore normal pancreatic architecture at
any of the tested doses. Thus, the improvement in insulin homeostasis occurred despite
persistent structural alterations in the pancreas and was not accompanied by recovery of
pancreatic architecture. These effects may reflect metformin’s established metabolic actions,
including the suppression of hepatic gluconeogenesis and the improvement of insulin
sensitivity in peripheral tissues [56]. Overall, these findings suggest that metformin may
attenuate metabolic disturbances associated with diabetes without restoring the underlying
pancreatic structural abnormalities.
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4.2. The Neuroprotective Effects of Metformin in the Brains of Female Mice

T2DM has been associated with neuronal damage in the hippocampus, cerebral cortex,
and cerebellum [57]. In the present study, metformin reduced the extent of neuronal
damage observed in these brain regions. This finding is consistent with previous studies
in male rats and female mice with AD [58,59]. Of the tested doses, 150 mg/kg showed
a significant protective effect on structural integrity. Previous studies have also reported
increased Aβ accumulation in non-transgenic diabetic rodents [60–62]. However, murine
Aβ differs from human Aβ by three amino acid residues and has a lower propensity to
aggregate [63]. Therefore, increased insoluble Aβ42 in brain homogenates alone does
not prove Aβ aggregation or plaque formation [64,65]. Conversely, Congo red staining
provides evidence of cerebellar amyloid deposition, but it does not prove that the deposits
are exclusively composed of Aβ42 [66]. Accordingly, these findings are best interpreted
as evidence of amyloid-like pathology rather than as definitive evidence of Aβ42 plaque
formation. Metformin may reduce this amyloid-like pathology by mechanisms that create
a less favorable environment for protein aggregation and associated neurotoxicity. In this
regard, it has been reported that metformin reduces the accumulation of Aβ in the cortex
and hippocampus of male transgenic AD mice through mechanisms involving AMPK and
insulin-degrading enzyme (IDE) signaling [67]. Whether these mechanisms operate in the
cerebellum of diabetic female mice requires further investigation.

Interestingly, higher doses of metformin (150 and 250 mg/kg) reduced amyloid-like
deposits in the Purkinje and granular layers of the cerebellum of diabetic females. However,
the distribution of amyloid-like pathology in the present study differs from that reported in
previous studies, which have primarily described amyloid pathology in the cerebral cortex
and hippocampus of diabetic and AD mice. Several factors, including differences in age,
sex, and the experimental diabetes model, may explain these discrepancies [59,68]. These
factors may influence the extent, distribution, or detectability of amyloid-like pathology in
the brains of female diabetic mice.

4.3. Effect of Metformin on Brain Levels of Tau Protein

One of the most striking findings of the present study was the significant increase
in total tau (t-tau) and phosphorylated tau (p-tau) at serine 199 (pS199) with the highest
dose of metformin (250 mg/kg). The p-tau/t-tau ratio exhibited a similar pattern. Despite
the favorable behavioral outcomes observed at this dose, this finding cannot be dismissed.
Phosphorylation at serine 199 is a pathologically relevant tau epitope that appears in the
early stages of Alzheimer’s disease and other tauopathies. Hyperphosphorylated tau
loses its ability to bind to microtubules, mislocalizes to the somatodendritic compartment,
and adopts a β-sheet-rich conformation that promotes the formation of neurofibrillary
tangles [69–71]. Ultimately, this contributes to synaptic loss and neuronal death. These
changes correlate more strongly with cognitive decline than amyloid burden [72].

The pro-tauopathic effect observed at 250 mg/kg is consistent with the previously
reported paradoxical effects of metformin on tau biology. In the P301S transgenic tauopa-
thy model, chronic metformin administration increased insoluble tau species and β-sheet
aggregates, despite reducing tau phosphorylation. This suggests that metformin’s pro-
aggregation effects can override its dephosphorylating action [73]. Conversely, in a diabetic,
obese male mouse model, a 200 mg/kg i.p. dose of metformin reduced hyperphosphory-
lated tau through AMPK-dependent autophagic clearance [74]. Together, these findings
reinforce the possibility that metformin’s effects on tau are highly dose-dependent and may
vary according to the experimental model and treatment conditions.

The distinct biological responses observed across metformin doses may reflect dif-
ferences in metformin exposure in the brain. Pharmacokinetic evidence suggests that
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higher doses of metformin do not necessarily result in proportionally higher concentra-
tions in the brain. For example, the 150 mg/kg dose has been reported to produce a
higher concentration of metformin in the cerebellum (17.1 nmol/g) than the 300 mg/kg
dose (7.8 nmol/g) [36]. This finding suggests that the relationship between systemic
dose and regional brain exposure may be nonlinear and could contribute to the divergent
biological responses observed at different doses in the present study. Consistent with
this possibility, several studies have reported that doses above 200 mg/kg may produce
adverse neuronal or cognitive effects [73,75,76]. However, because tau was assessed in
whole-brain homogenates, this finding cannot be directly linked to regional differences in
metformin concentration.

4.4. Limitations of the Study

Several limitations of the present study should be considered. First, the estrous
cycles of the female mice were not synchronized, which may have introduced variability
into the behavioral and biochemical measurements. Second, although the streptozotocin-
nicotinamide protocol reliably induces hyperglycemia and reproduces some metabolic
features of T2DM, it does not fully capture the pathophysiological complexity of human
T2DM, including progressive insulin resistance and obesity. Future studies using genetic
and diet-induced models of diabetes may help determine whether these findings are also
observed in models that more closely reproduce these features.

For the neuropathological assessment, brain regions were identified using anatomical
landmarks instead of stereotaxic coordinates. The histological evaluation focused on
the CA1 region of the hippocampus, the cerebral cortex, and the cerebellum. However,
the evaluation was limited to hematoxylin and eosin and Congo red staining. Regions
potentially affected by diabetes, such as the amygdala and striatum, were not examined.
Consequently, the overall extent of neuronal damage and the potential effects of metformin
may have been underestimated. Additionally, since the histological and biochemical
assessments were performed only at the end of the 28-day treatment, temporal changes in
these parameters could not be evaluated. This limits the ability to draw conclusions about
their progression over time.

The lack of direct measurements of AMPK and IDE activity, as well as oxidative
stress and neuroinflammatory markers, limits the interpretation of the molecular pathways
underlying the effects of metformin. Additionally, the present study did not include male
diabetic mice. Therefore, these findings should not be interpreted as evidence of sex-
specific effects. Rather, the findings describe the metabolic and neurobehavioral effects of
metformin in a female model of impaired recognition memory associated with diabetes.
Direct comparisons between male and female diabetic animals are necessary to determine
whether sex-dependent differences exist in the response to metformin.

Finally, cognitive function was assessed exclusively using the NORT, which limits
the generalizability of the findings to other cognitive domains, such as spatial memory,
working memory, and executive function. The behavioral and histological findings provide
complementary evidence of the effects of diabetes and metformin treatment. However, the
present study does not allow us to determine how individual brain regions contribute to
recognition memory performance. Additionally, diabetes-associated visual impairment
may be a confounding factor in the NORT. Future studies that incorporate additional behav-
ioral paradigms (e.g., the Y-maze, Morris water maze, and fear conditioning) together with
appropriate visual assessments would clarify whether the observed effects of metformin
extend to other cognitive domains.
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5. Conclusions
Subchronic metformin treatment at doses of 50, 150, and 250 mg/kg reduced hyper-

glycemia and improved recognition memory in female diabetic mice. Metformin normal-
ized serum and brain insulin levels, reduced serum cholesterol at 150 and 250 mg/kg, and
mitigated neuronal damage in the CA1 region of the hippocampus, cerebral cortex, and cere-
bellum. Metformin also reduced cerebellar Congo red-positive amyloid-like deposits and
decreased insoluble Aβ42 levels in whole-brain homogenates. However, the highest dose
(250 mg/kg) increased total and phosphorylated tau protein levels in brain tissue, though
it improved recognition memory. These results suggest that metformin produces beneficial
metabolic, behavioral, and neuropathological changes in this female diabetic mouse model.
Nevertheless, the increase in tau-related markers at the highest dose underscores the need
for further research on metformin’s effects on the female diabetic brain.
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DACI Diabetes-associated cognitive impairment
CNS Central nervous system
BBB Blood–brain barrier
Aβ β-amyloid
AMPK AMP-activated protein kinase
STZ streptozotocin
NORT Novel Object Recognition Test
PBS Phosphate-buffered saline
ANOVA Analysis of variance
CA Cornu Ammonis
ELISA Enzyme-Linked Immunosorbent Assay
AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride
HRP Horseradish peroxidase
TMB 3,3′,5,5′-Tetramethylbenzidine
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