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Abstract
The American Diabetes Association guidelines (2021) confirmed the importance of raising public awareness of diabetes-
induced cognitive impairment, highlighting the links between poor glycemic control and cognitive impairment. The char-
acteristic brain lesions of cognitive dysfunction are neurofibrillary tangles (NFT) and senile plaques formed of amyloid-β 
deposition, glycogen synthase kinase 3 beta (GSK3β), and highly homologous kinase tau tubulin kinase 1 (TTBK1) can 
phosphorylate Tau proteins at different sites, overexpression of these enzymes produces extensive phosphorylation of Tau 
proteins making them insoluble and enhance NFT formation, which impairs cognitive functions. The current study aimed to 
investigate the potential contribution of liraglutide and pramlintide in the prevention of diabetes-induced cognitive dysfunc-
tion and their effect on the PI3K/AKT/GSK-3β/TTBK1 pathway in type 2 diabetic (T2D) rat model. T2D was induced by 
administration of a high-fat diet for 10 weeks, then injection of a single dose of streptozotocin (STZ); treatment was started 
with either pramlintide (200 μg/kg/day sc) or liraglutide (0.6 mg/kg/day sc) for 6 weeks in addition to the HFD. At the end 
of the study, cognitive functions were assessed by novel object recognition and T-maze tests. Then, rats were sacrificed for 
biochemical and histological assessment of the hippocampal tissue. Both pramlintide and liraglutide treatment revealed 
equally adequate control of diabetes, prevented the decline in memory function, and increased PI3K/AKT expression while 
decreasing GSK-3β/TTBK1 expression; however, liraglutide significantly decreased the number of Tau positive cells better 
than pramlintide did. This study confirmed that pramlintide and liraglutide are promising antidiabetic medications that could 
prevent associated cognitive disorders in different mechanisms.
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Introduction

DM has become the world’s fifth leading cause of death, 
and the International Diabetes Mellitus Federation estimated 
that 592 million people will suffer from diabetes mellitus 
worldwide by 2035 [34].

Cognitive dysfunction (CD) is a form of dementia caused 
by disrupting the metabolic functions of neurons and glial 
cells, promoted by the formation of vascular lesions, and 
sustaining chronic inflammation. Preserving the physiologi-
cal level of glycemia enhances cognitive functioning, but 
untreated or improperly managed diabetes increases the risk 
of dementia. For these reasons, it is crucial to restore ade-
quate glucose metabolism with carefully chosen medication 
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[7]. The American Diabetes Association (ADA) guidelines 
(2021) place a strong emphasis on the significance of raising 
public awareness of diabetes-induced cognitive dysfunction, 
highlighting the links between poor glycemic control and 
cognitive decline as well as the tendency of chronic diabetes 
to worsen cognitive function [3].

The characteristic brain lesions of CD are the neurofi-
brillary tangles (NFTs) and the senile plaques formed of 
amyloid-β deposition (Aβ), which are features of progressive 
neurodegenerative disorders [1]. A known risk factor for CD 
is insulin resistance, which is a common finding in people 
with T2DM. Abnormal insulin metabolism can hasten cog-
nitive decline by influencing the production and breakdown 
of Aβ [17]. In general, it is believed that the aggregation of 
Aβ and hyperphosphorylation of Tau proteins are crucial 
initiators in the pathogenesis of CD, which results in NFT 
deposition, neuronal dysfunction, and dementia [10]. The 
aggregated Aβ activates the proinflammatory response of the 
microglia, which initiates a neuroinflammatory response in 
the form of production of the tumor necrotic factor (TNFα), 
and interleukines like IL1 and IL6 which leads to further 
damage of neurons, that is why the number of microglia 
increases in the areas of degeneration and amyloid deposi-
tion in brain [21].

Normal insulin signalling is initiated when insulin binds 
to its receptors with successive activation of the PI3K/AKT 
pathway, which improves glucose transport and energy 
metabolism in most tissues of the body including the brain 
[22]. On the other hand, activation of this pathway leads to 
inhibition of the glycogen synthase kinase 3 beta (GSK-3), a 
Tau kinase that promotes deposition of the amyloid-β protein 
and formation of the NFTs in the neurons.

Insulin resistance is characterized by less sensitive insu-
lin receptors, reduced activity of the PI3K/AKT pathway, 
and enhanced activity of the GSK-3β, which is in charge 
of increased tau phosphorylation and augmented amyloid 
plaque formation, which are the main pathogenic features 
of CD [2]. As a result, GSK-3b has received most of the 
attention as an upstream pathogenic promoter for tau hyper-
phosphorylation and CD [64].

Tau proteins belong to the family of microtubule-asso-
ciated proteins (MAPs), which are present mainly in the 
axons of the neurons. Their normal function is to regulate 
the microtubule assembly, which helps axonal transport, 
neuronal outgrowth, and polarity [26, 43, 53]. Tau proteins 
are present in six isoforms inside the neurons and undergo 
phosphorylation at multiple amino acid residues with dif-
ferent types of kinase enzymes [43]. This is balanced by 
dephosphorylation by protein phosphatases [20]. Extensive 
or aberrant tau phosphorylation converts soluble tau proteins 
into paired helical filaments leading to the development of 
NFTs, which cause tau pathologies in cognitive dysfunction, 
Alzheimer’s disease, and other tauopathies.

The highly homologous Tau tubulin kinase 1 (TTBK1) is 
one of the serine/threonine tyrosine kinases family, It is an 
important Tau kinase which phosphorylates Tau at certain 
amino acid residues and has the potential to induce NFTs 
when overstimulated [53]. TTBK1 is expressed and acts 
specifically in neurons [58]. Its inhibition could relieve dis-
orders like Alzheimer’s disease [65].

The hippocampus is the most important brain structure 
involved in learning and memory-associated cognitive func-
tions [8]. Unfortunately, the hippocampus is vulnerable to 
the effects of diabetes [38]. Because all aspects of hip-
pocampal plasticity (i.e., functional and structural synaptic 
plasticity, and adult neurogenesis) are strongly sensitive to 
the modulation of insulin signalling in the brain, so changes 
in the insulin cascade in the hippocampus markedly affect 
cognitive functions [49].

The incretin hormone glucagon-like peptide-1 (GLP-1) and 
its synthetic analogue (liraglutide) can decrease blood glucose 
levels, enhance glucose transport across cell membranes, and 
decrease insulin resistance.GLP-1, like insulin, acts primarily 
as a growth factor in the brain that promotes cell growth, pro-
liferation, and repair while inhibiting apoptosis. Liraglutide, a 
long-acting analogue, can cross the blood–brain barrier (BBB). 
By boosting long-term potentiation in the hippocampus, facili-
tating learning, lowering plaque formation and inflammation 
in the brain, and even boosting neurogenesis, it exhibits physi-
ological effects in the brain [14]. Liraglutide may successfully 
counteract the negative effects of insulin resistance, making it 
a potential therapy for CD [24].

The pancreatic peptide hormone; amylin works in con-
junction with insulin to reduce blood glucose by slow-
ing gastric and intestinal emptying, inhibiting glucagon 
secretion, and reducing food intake. The amylin analogue 
(pramlintide) was approved as a hypoglycemic drug and 
has recently drawn the attention of researchers studying 
CD. It easily crosses the BBB and mediates brain pro-
cesses like increasing neuronal regeneration and boost-
ing glucose metabolism. It is known that amylin interacts 
with the insulin signalling cascade and stimulates many 
of insulin’s downstream targets [11]. An amylin analogue 
called pramlintide was created and is currently being used 
in clinical settings to treat diabetes. There is currently 
no information on the impact of pramlintide use on CD 
induced by type 2 diabetes mellitus (T2DM), even though 
it is a nontoxic version of amylin that stimulates many 
metabolic pathways and does not aggregate as amylin also 
[45].

Whether the GLP-1 or amylin analogues could alleviate 
diabetes mellitus-induced cognitive dysfunction at cellular 
and molecular levels is rarely studied in the literature. So this 
study focused on the preventive effect of these hormone ana-
logues on the expression levels of the GSK-3β, TTBKI, and 
neurodegeneration and their role in enhancing spacial and 
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long-term memory in a high-fat diet-streptozotocin-induced 
diabetic rat model.

Materials and methods

The present study was conducted in the Physiology Depart-
ment, Faculty of Medicine, Sohag University, and was 
approved by the Research Ethics Committee considering 
the care and use of laboratory animals (approval number 
Sohag- IACUC 5,17,2023,03).

Male Wistar rats (n = 60), 7 weeks old and weighing 
around 85 g, were procured from the Laboratory Animal 
Center of Sohag University, Faculty of Medicine. Before 
the experiment began, all rats had a week of acclimatiza-
tion. Animals have free access to food and water from the 
tap. At normal ambient temperature and with a typical 
light/dark cycle, rats were housed in groups in polycar-
bonate cages (20 × 40 × 20 cm, five rats in each cage). 
Rats were randomly subdivided into four groups (n = 15 
in each group).

Animal groups

The rats were divided into four groups (15 rats each); 
the control group was fed normal commercial chow con-
taining 49% carbohydrates, 3% fat, and 21% protein all 

over the study (16 weeks); the other groups (2–4) are the 
type 2 diabetic model groups that received HFD chow 
containing 43% carbohydrates, 40% fat, and 17% protein 
for 10 weeks, and then type 2 diabetes was induced by a 
single dose of streptozotocin, STZ (35 mg/kg i.p.) dis-
solved in 0.1 M citrate buffer (PH 4.5), purchased from 
Sigma-Aldrich Company (cat. no: 0130). Three days later, 
blood glucose was measured to confirm the diagnosis of 
diabetes (fasting glucose level greater than 200 mg/dL 
is diagnostic) [31]. By the start of the 11th week, rats 
in G II; Diabetic G (D G), received (0.6 mg/kg/day) of 
normal saline subcutaneous (SC) injection for 6 weeks. 
G III (D\ PRAM G) rats received pramlintide (200 µg/
kg/day SC) for 6 weeks [36]. It was dissolved in 1 ml of 
DMSO (as a manufactural structure); further dilution of 
the stock solution was made using 99 ml isotonic saline 
(PRAM was Purchased from Sigma–Aldrich company cat. 
No: SML 2523). G IV (D LIRA\ G): rats received liraglu-
tide (0.6 mg/kg/day SC), dissolved in distilled water for 
6 weeks [61]. Victoza® (liraglutide) injection was pur-
chased from Novo Nordisk A/S. These groups, G2–4, con-
tinued on HFD to the end of the study. Figure 1 explains 
the experimental design and the animal groups. All rats’ 
body weight and fasting blood glucose levels (8 h of fast-
ing) were checked every week. Blood glucose is measured 
by a monitoring device (Bionime GM 300) using a blood 
drop withdrawn from the rat tail vein.

Fig. 1  Experimental timeline and animal groups. HFD, high fat diet; STZ, streptozotocin; PRAM, pramlintide; LIRA, liraglutide
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Cognitive function evaluation tests

In the 16th week of the experiment, rats were tested for their 
cognitive functions using the novel object recognition and 
the T-maze tests.

T‑maze test spontaneous alternation

The spontaneous alternation T-maze is an efficient test for the 
evaluation of spatial working memory as it relies on the natural 
behavior of the rodent to explore a new field. T-maze is a poly-
methylmethacrylate (PMMA) device, formed of a start and two 
lateral goals (each arm is 50 cm long and 10 cm wide) central 
choice zone is a square area (10 cm × 10 cm) area. The T-maze 
is mounted 60 cm above the floor. The procedure steps were 
done according to [12, 56]. Each rat is tested for five trials. In 
each trial, the rat is put in the start arm of the T-maze and let 
to explore the field. When it enters a goal arm whether right 
or left, the experimenter closes the door of the visited arm for 
30 s, then takes out the rat, and puts it in the start arm again, 
and then if the rat chooses the other arm, this indicates a correct 
trial, but if it chooses the same visited arm, this is an error trial. 
The test field is cleaned from any urine or fecal material and 
then disinfected with 70% ethanol before and between each trial 
to prevent intra-maze visual and odor cues that could interfere 
with test reliability. The spontaneous alternation % is calculated 
as the number of correct choices/5 trial × 100 [12].

Novel object recognition test

A novel object recognition test (NOR) is a quick and effec-
tive method for evaluating memory and learning. The test 
relies on three sessions: habituation session (T0), training 
session (T1), and test session (T2). The test had been car-
ried out as described by [6, 30] in an open-field apparatus 
(50 * 50 *30  cm3). At the training session, two identical 
items (A, A) had been positioned at a constant distance 
within the apparatus. The contact time with each object 
was monitored using a stopwatch for 5 min. Twenty-four 
hours later, the rats were put back in the same field, where 
the familiar object (A) and a novel object (B) were posi-
tioned. Object recognition ability was measured by calcu-
lating the discrimination index (DI) which is the time spent 
exploring—in contact to—the novel object (b) minus the 
time spent exploring the familiar object (a) divided by total 
exploration time (DI = B-A/total time), which is unaffected 
by variations in exploration duration. Also, calculate the 
recognition index or long-term memory (LTM) as the time 
of exploration of the new object divided by total explora-
tion time, (LTM = B/total*100).

Collection of samples

At the end of the experiment, all rats were fasting for 8 h, then 
anesthetized by 1% inhaled chloroform (0.05 ml/l of con-
tainer volume [16]. Intra-cardiac blood samples were taken 
from the heart and then centrifuged at 3000 rpm; serum was 
preserved at − 20 c until the time of biochemical analysis. 
After anesthesia, five rats of each group were trans-cardiac 
perfused with 0.9% saline and then 4% paraformaldehyde in 
phosphate buffer [55]. The brain was dissected and divided 
into two parts; the right hippocampus was collected for histo-
pathological evaluation. The other ten rats were decapitated 
then the brain was dissected and divided into two parts, The 
right hippocampus was immediately placed in liquid nitrogen 
and stored at − 80 °C for real-time PCR assay of the genetic 
expression. In addition, the visceral fat ( mesenteric, epididy-
mal, and retroperitoneal fat pad) was dissected and weighed.

Biochemical analysis

An ELISA kit was used to determine the serum insulin 
levels (cat. No: MBS724709, purchased from BioSource 
company). The following formula was used to estimate 
insulin resistance using the homeostasis model assessment 
approach, or HOMA-IR: fasting insulin (IU mg/L) multi-
plied by fasting glucose (mg/dL) then divided by 405. A 
commercial ELISA kit was used to quantify serum IL6 to 
assess the course of the inflammatory response (cat. NO.: 
EI1006-1, purchased from Assay Pro company).

Total RNA extraction and real‑time PCR

The hippocampus tissue preserved in liquid nitrogen was 
homogenized. Then the total RNA was extracted, and gene-
specific primers were used to detect the PI3K, AKT, GSK-3 
β, TTBK-1 protein, and TNF-α activation, with β-actin 
serving as a housekeeping gene. Thermo-Scientific’s RNA 
extraction kit (#K0731,0732), Revert aid first strand cDNA 
synthesis kits (#K1622), and Maxima SYBR Green qPCR 
master mix (#K0251) were all used according to the manu-
facturer instructions. Fold expression  (2∆∆CT) was calculated 
according to the relative expression of housekeeping gene 
b-actin. Table 1 shows forward and reverse primer sequences 
for genes investigated in this study.

Histological staining

Light microscopy

Specimens of the hippocampus after dissection were 
rinsed in physiological saline and fixed in 10% formalin 
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saline for 24 h. Paraffin wax blocks were sectioned at 5 µm 
thickness using a microtome (Leica RM 2125) and stained 
with:

(1) Hematoxylin and eosin: for general histological study.
(2) Congo red stain: for detection of congophilic amyloid 

plaque in the hippocampus.
(3) Immunohistochemistry staining: for detection of 

Phospho-Tau-T217 aggregation in the hippocampus 
(anti-Phospho-Tau-T217 antibody, ABclonal com-
pany, China, dilution 1/100, catalog no.: AP1233). 
Preparation of stained anti-Phospho-Tau-T217 paraf-
fin sections of the hippocampus was done as described 
by (28). Negative control was done with the omission 
of primary antibody. Positive control was taken from 
Alzheimer’s brain tissue (rat cortex and hippocampus). 
The immunologically positive cells in the hippocampus 
showed brown cytoplasmic deposits [40].

(4) Transmission electron microscopy: Specimens were 
fixed in 2.5% phosphate-buffered glutaraldehyde and 
processed by routine protocol. Ultrathin Sects. (75 nm) 
were stained with 4% uranyl acetate for 20 min and 
with 0.5% lead citrate for 5 min to be examined by an 
electron microscope at the Electron Microscopic Unit 
of Sohag University.

Morphometry and statistical analysis

The light microscope Leica ICC50 Wetzlar, Germany at 
the Histology Department, Faculty of Medicine, Sohag 
University, was used. Ten nonoverlapping high power 
fields (×400) for each section in all animals in each 
group were taken and analyzed using ImageJ 1.51n soft-
ware (National Institutes of Health USA Java 1.8.0_66 
(32-bit) by counting positive cells [23].

Statistical package for the Social Science (SPSS) ver-
sion 25 was used to analyze the data. Data was expressed as 
mean ± standard deviation. Multiple comparisons between the 

experimental groups using one-way ANOVA (Tukey’s test). 
Statistical significance was considered at a level of p < 0.05.

Results

Pramlintide and liraglutide significantly decreased 
body weight and visceral fat in comparison 
to the diabetic group

By the tenth week of the study, all rats which received HFD had 
a significant increase in their body weight (p < 0.001) in com-
parison to the CG. During the next 6 weeks of treatment, rats 
which received PRAM and LIRA showed significantly lower 
body weight than the DG (0.001). No significant difference in 
weight was noticed between the PRAM ( 225 ± 15) and LIRA 
G (227.3 ± 13 p = 0.82). In addition, there was no significant 
difference in weight between the diabetic group and the con-
trol group by the end of the study, as we noted a slower rate of 
growth in the diabetic group than in the control group (as indi-
cated by the flattening in the curve of the diabetic group at the 
last 3 weeks of the study) which may be related to the catabolic 
state of the DG due to persistently rising blood sugar (Fig. 2A).

As regards the visceral body fat, there was a significant 
decrease (p-value < 0.001) in the fat pads of the PRAM- 
(5.9 ± 1.1) and LIRA- (3.8 ± 1.3) treated groups in compari-
son to both CG (7.8 ± 1.01) and diabetic G.(9.5 ± 1.6), with a 
significantly lower fat pad in the LIRA G than the PRAM G 
(p-value < 0.01) (Fig. 2B).

STZ increased BG and insulin levels and HOMA‑IR, 
while pramlintide and liraglutide restored their 
normal values

Blood glucose level was measured every week during the 
experiment. A significant increase in BG level at the end 
of the tenth week in all groups was observed as compared 
to CG (p = 0.001) due to induction of DM. at the end of the 
study, the DG showed still very high blood glucose level 
(450 ± 46.2) in comparison to the CG (92 ± 11.1, p < 0.001). 
Treatment with either PRAM or LIRA immediately restored 

Table 1  Forward primer and 
reverse primer for PCR analysis

PI3K, phosphatidylinositol 3 kinase; AKT, protein kinase B; GSK3β, glycogen synthase kinase 3 beta; 
TNFα, tumor necrosis factor α; TTBK1, highly homologous kinase tau tubulin kinase 1

Gene name Forward primer Reverse primer

β actin ACG GTC AGG TCA TCA CTA TCG GGC ATA GAG GTC TTT ACG GATC 
PI3K GCT TCA GGA GGG CCT CGA TA TTT CTT TCA GGG GTC CTA TCAGC 
AKT CGC CTG CCC TTC ACA ACC A GCC TCT GCT TAG GGT CCT TCTTG 
GSK3 β CTT GGA CAA AGG TCT TCC GGCC GTT GGC AGG CGG TGA AGC AG
TNFα GTC GTA GCA AAC CAC CAA GC TGT GGG TGA GGA GCA CAT AG
TTBK 1 ACT GAG TAC CAC ACT GCG TC CGT CCC CAG TGG TGT TAG TG
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normal BG levels as detected by no significant differences 
between the PRAM and LIRA groups in comparison to the 
CG (p = 0.749, 0.950 respectively), with no significant dif-
ference between the PRAM and LIRA groups when com-
pared to each other (p = 0.966) (Fig. 2C).

Similarly, the DG showed a significantly increased 
insulin level in comparison to the CG (p < 0.001), 
while treatment with either PRAM or LIRA normal-
ized the serum insulin level as no significant difference 
between either group compared to the CG (p = 0.830, 

Fig. 2  A Mean body weight, 
B visceral fat, C mean blood 
glucose level (mg/dl). Data 
were represented as mean ± SD. 
Data were analyzed by one-
way ANOVA test and post 
hoc Tukey test (N = 15 rats 
per group). ap < 0.05 was 
significant when compared to 
CG; bp < 0.05 was significant 
when compared to diabetic G; 
cp < 0.05 was significant when 
compared to PRAM\D G

0

2

4

6

8

10

12

CG Diabetic G PRAM\D G LIRA\D G

CG

Diabetic G

PRAM\D G

LIRA\D G

(B) visceral fat
vi

sc
er

al
 f

at
 (

g
m

)

groups

a, b a, b, c



785Pflügers Archiv - European Journal of Physiology (2024) 476:779–795 

0.853 respectively). There was no significant difference 
between the PRAM- and LIRA-treated groups compared 
to each other (p = 0.363) (Table 2).

As expected, the HOMA-IR was significantly elevated 
in the DG (p < 0.001 in comparison to CG) but also 
returned to normal values after PRAM and LIRA treat-
ment (p = 0.955, 1.000 respectively in comparison to 
CG). Again, there is no significant difference between 
the PRAM and LIRA groups compared to each other 
(p = 0.953) (Table 2).

STZ increased the serum IL‑6 level, while PRAM 
and LIRA restored its normal level

There was a dramatic decrease in the level of the inflamma-
tory marker, IL-6 level after PRAM and LIRA treatment. 
PRAM and LIRA groups revealed no significant difference 
either when compared to CG (p = 0.523, 0.973 respectively), 
or when compared to each other (p = 0.782) (Table 2).

PRAM and LIRA prevented the decline in cognitive 
function in diabetic rats

Assessment of spatial and long-term memory gave the fol-
lowing results:

Spontaneous alternation% in T‑maze test

The diabetic rats showed impaired spatial memory as shown 
by significantly decreased alternation % (26 ± 9,6) in the 
T-maze test when compared to the normal group (98 ± 6.9, 
p < 0.001). However, PRAM and LIRA prevented this severe 
decline in alternation % and recorded (90 ± 14.1, 91 ± 13.1, 
p < 0.001 compared to the DG). Again, no significant differ-
ence between the two drugs (p = 1) (Fig. 3A).

Novel object recognition (long‑term memory)

Again, diabetes significantly decreased long-term memory 
(54.1 ± 5.4) as compared to the normal group (72.5 ± 1.96, 
p < 0.001). However, PRAM and LIRA prevented the decline in 
the long-term memory results (69.9 ± 4.7, 69.2 ± 4.1, p < 0.001 
compared to the DG). Noticeably, the LIRA group and PRAM 

group revealed no significance as compared to each other 
(p = 0.997) (Fig. 3B).

Novel object recognition (discrimination index)

The discrimination index decreased significantly in the DG 
(0.08 ± 0.03 vs 0.45 ± 0.01 for the CG, p < 0.001). This index 
was increased to 0.44 ± 0.03 and 0.4 ± 0.02 by PRAM and 
LIRA treatment respectively. No significant difference was 
noticed between the PRAM and LIRA when compared to the 
CG (p = 0.507, 0.829 respectively), nor when compared to each 
other (p = 0.9) (Fig. 3C).

Quantitative real‑time PCR (qRT‑PCR) analysis

The expression level of PI3K and AKT

The diabetic rats showed significantly decreased expression 
of both PI3K and AKT genes, which reflects decreased tis-
sue sensitivity to insulin, in comparison to the control group 
p < 0.001 for both genes. 

A noticed overexpression of PI3K gene in both LIRA 
group (1.3 ± 0.15) and PRAM group (1.25 ± 0.16) as com-
pared to the diabetic group (p < 0.0001), with no significant 
difference between the PRAM group and LIRA group com-
pared to each other (p = 0.791) (Fig. 4A).

An overexpression of the AKT gene was noticed 
in both the LIRA group (1.28 ± 0.12) and PRAM 
group (1.29 ± 0.13), as compared to the diabetic group 
(0.83 ± 0.04) (p < 0.001). LIRA and PRAM groups 
revealed no significant difference in gene expression when 
compared to each other (p = 0.999) (Fig. 4B).

The expression level of GSK3 β

There was a noticed overexpression of the GSK3 β gene 
in the diabetic group (1.6 ± 0.26) as compared to CG 
(p < 0.001). A significant downregulation of the GSK3 β 
gene in the PRAM group (0.97 ± 0.03) and LIRA group 
(0.96 ± 0.03) as compared to the DG (p < 0.0001). Also, 
the LIRA group showed no significant difference in 
gene expression compared to the PRAM group (p = 1) 
(Fig. 4C).

Table 2  Mean insulin level 
(mg/dl), mean HOMA-IR in 
different experimental groups

Data were represented as mean ± SD (standard deviation). Data were analyzed by ANOVA test, post hoc, 
and Tukey test (N = 15 rats per group). p value was considered significant when p < 0.05; ap < 0.05 vs. NG; 
bp < 0.05 vs diabetic G; cp < 0.05 vs PRAM. G

Normal G (NG)
N = 15

Diabetic G
N = 15

PRAM\D G
N = 15

LIRA\D G
N = 15

p-value

Insulin level (IU mg/L) 10.2 ± 1.8 31.2 ± 3.2a 11.04 ± 2.1b 9.33 ± 1.9b 0.0001
HOMA-IR 2.3 ± 0.33 38.4 ± 4.8a 2.8 ± 0.6b 2.3 ± 0.5b 0.0001
IL 6 level (pg/ml) 2.43 ± 1.9 42.9 ± 12.4a 6.6 ± 2.98b 3.7 ± 3.5b 0.0001
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The expression level of TNFα

There was a significant increase in TNF-α expression in the 
diabetic group (2.3 ± 0.65) as compared to CG (p < 0.001). 
Noticeably, both LIRA (0.9 ± 0.05) and PRAM (0.85 ± 0.07) 
groups showed a significant decrease in gene expres-
sion compared to the DG (p < 0.001), with no significant 

difference when compared to each other (p = 0.991). 
(Fig. 4D).

The expression level of TTBK 1

There was a noticeable increase in TTBK1 expression in the 
diabetic group (2.5 ± 0.6) as compared to CG (p < 0.001). 

Fig. 3  Mean T-maze (A) and 
LTM (B) and discrimination 
index (C) results in different 
groups. Data were represented 
as mean ± SD. Data were ana-
lyzed by one-way ANOVA test 
and post hoc Tukey test (N = 15 
rats per group). ap < 0.05 was 
significant when compared to 
CG; bp < 0.05 was significant 
when compared to diabetic G; 
cp < 0.05 was significant when 
compared to PRAM\D. G; 
dp < 0.05 was significant when 
compared to LIRA\DG
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LIRA group (0.85 ± 0.05) and PRAM group (0.84 ± 0.06) 
showed a significant decrease in TTBK 1 gene expression 
as compared to the DG (p < 0.001). Moreover, LIRA and 
PRAM groups showed no significant change in gene expres-
sion when compared to each other (p = 1) (Fig. 4E).

Histological assessment

H&E and electron microscopic examination

In CG, histological examination revealed multiple compact 
layers of small pyramidal cells of the CA2 region. They were 

uniform in size and evenly arranged with a thin neuropil 
in between. They had a rounded central vesicular nucleus 
with prominent nucleolus and basophilic stippling in the 
cytoplasm. The molecular layer had glial cells among the 
neuronal processes. The inset showed large pyramidal cells 
in the CA3 region (Fig. 5a). Electron microscopic examina-
tion of the ultrathin sections of the CA3 area obtained from 
the control animals revealed its normal electron microscopic 
picture (Fig. 6a); the microglia shows an indented nucleus 
and electron-dense cytoplasm (Fig. 6b). In diabetic G, the 
analysis revealed disorganization with a decreased thick-
ness of small pyramidal cells up to three layers in some 

Fig. 4  A Mean expression level of PI3K, B AKT, C GSK3β, D 
TNFα, E TTBK1. Data were represented as mean ± SD. Data were 
analyzed by one-way ANOVA test and post hoc Tukey test (N = 10 

rats per group). ap < 0.05 was significant when compared to NG; 
bp < 0.05 was significant when compared to diabetic G; cp < 0.05 was 
significant when compared to PRAM. G
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areas. Many apoptotic pyramidal cells with pyknotic nuclei 
and dark acidophilic cytoplasm were frequently seen. The 
molecular layer contained some apoptotic cells. The inset 
showed shrinkage of large pyramidal cells with hyperchro-
matic nuclei (Fig. 5b). On electron microscopic examination 
of the diabetic group, most pyramidal cells showed signs of 
apoptosis: shrunken cells with an irregular heterochromatic 
nucleus and electron-dense cytoplasm. The inset showed an 
apoptotic body in (Fig. 6c). Moreover, the diabetic group 
shows a microglial cell with an indented nucleus and multi-
vesicular bodies (Fig. 6d). Upon examination of PRAM\D G, 
an improvement was noticed compared to the diabetic group 
with the preservation of the small pyramidal layer thick-
ness with some empty areas seen. The neurons had vesicular 
nuclei with prominent nucleoli. Also, a few cells have pyk-
notic nuclei. The molecular layer was seen as more or less 
normal. The inset square showed many large pyramidal cells 
had vesicular nuclei in CA3 (Fig. 5c). In LIRA\D G, exami-
nation revealed the preservation of small pyramidal layers. 
The neurons were heavily crowded with thin neuropil in 

between. The inset showed that most of the cells were more 
or less like the CN (Fig. 5d). Electron microscopic examina-
tion of both PRAM group and LIRA group pyramidal cells 
appeared more or less similar to the control. Microglia had 
heterochromatic indented nuclei (Fig. 6e, f).

Congo red staining (amyloid β plaques examination)

CG showed no amyloid β plaques deposition between the 
neuronal cells (Fig. 7a). Upon examination of the diabetic 
G, the hippocampus showed a large, multifocal deposition 
of amyloid β plaques (Fig. 7b). In PRAM\D G, hippocam-
pus showed no amyloid β plaques (Fig. 7c). Moreover, the 
hippocampus showed no amyloid β plaques in the LIRA\D 
G (Fig. 7d).

Immunohistochemistry examination phospho‑tau (t‑217)

In control (CG), faint positive brown cytoplasmic staining was 
observed in a few pyramidal cells (Fig. 8a). In the diabetic 

Fig. 5  Photomicrographs of the hippocampus in albino rat: a con-
trol group showing 5 to 6 compact layers of small pyramidal cells 
(arrow) in the CA2 region, with uniform size and evenly arranged 
with thin neuropil in between. Each neuron has a rounded central 
vesicular nucleus with prominent nucleolus and basophilic cytoplas-
mic stippling. The inset shows a few layers of large pyramidal cells 
(arrow) in the CA3 region. b Diabetic group showing decreased 
thickness of small pyramidal. Many have pyknotic nuclei and aci-
dophilic cytoplasm (arrow). The inset shows layers of large pyrami-

dal cells showing shrinkage of many cells mainly in the outer layer 
having hyperchromatic nuclei (arrow). c The PRAM-treated group 
showing preservation of the thickness of small pyramidal layers. The 
inset shows large pyramidal cells that have basophilic cytoplasm and 
vesicular nuclei with less apoptotic cells (arrow). d The LIRA-treated 
group was more or less similar to the control group normal. The inset 
shows a few apoptotic large pyramidal cells with pyknotic nuclei and 
acidophilic cytoplasm (arrow). Molecular layer (M). (H&E × 400, 
bar = 50)
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group, there were numerous positive immunostaining cells 
with a significant increase in the number of phospho-tau 
positive pyramidal cells in CA3 as compared to the control 
group (Fig. 8b). However, in PRAM and LIRA groups, there 
was marked attenuation of phospho-tau expression compared 
with the diabetic group (Fig. 8c, d). A significant increase in 
phospho-tau immune expression was seen in the LIRA group 
and PRAM group when compared to CG (p = 0.001). Moreo-
ver, there was a significant difference between groups PRAM 
group and LIRA group (p value = 0.03). Both treated groups, 

the LIRA group and the PRAM group, showed a significant 
decrease in phospho-tau immune expression compared to the 
diabetic group (p = 0.001) (Fig. 9).

Discussion

Several studies found an obvious link between T2DM and 
the development of cognitive dysfunction [42]; they might 
share some pathophysiological features, such as abnormal 

Fig. 6  Electro-micrographs 
of the ultrathin section in the 
hippocampus albino rat: a 
the control group showing 
pyramidal cells with a large 
rounded euchromatic nucleus 
(N). b The control group 
showing microglial cells (MC) 
with indented nucleus and 
dense cytoplasm c The diabetic 
group showing pyramidal cells 
with apoptotic changes with 
irregular dense nucleus (P). The 
inset shows an apoptotic body 
(AP). d The diabetic group 
shows a microglial cell (MC) 
with an indented nucleus and 
multivesicular bodies (MV). e 
The PRAM group and f LIRA 
group showing pyramidal cells 
with rounded euchromatic 
nucleus (N) and microglial cell 
(MC) with an indented nucleus 
and dense cytoplasm (a, c, e, 
f 3600 × , b, d 5800 × , inset 
10,000 × bar = 2 µm)
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insulin signalling [7] and inflammatory reactions [5]. This 
work provides a molecular perspective on the potential 
mechanisms of action of the liraglutide and pramlintide on 
cognition and insulin sensitivity in an HFD/STZ-induced 
T2DM male rat model (see Fig. 10 for the pathophysiology 
of CD in T2D).

In the current study, T2DM was induced by admin-
istration of HFD for 10 weeks followed by a single dose, 
I.P. injection of STZ (35 mg/kg). This model was chosen 
because HFD led to marked obesity, In addition, low-dose 
STZ injection caused mild dysfunction in β-cells of the 
pancreatic islets without completely compromising insulin 
secretion. This model was done by many researchers who 
found that this combination of HFD and low-dose STZ 

injection mimics the chronic onset of T2DM with high 
hyperinsulinemia [13, 18, 56].

This work demonstrated that HFD/STZ produced sig-
nificantly high levels of blood glucose and serum insulin 
with elevated HOMA-IR results compared to the CG. These 
results are in line with [13, 18]. On the other hand, either 
PRAM- or LIRA-treated groups showed normal blood, glu-
cose, insulin, and decreased HOMA-IR levels. These results 
are in line with many researchers who declared that both 
LIRA and PRAM are new effective treatments for T2DM 
[11, 36, 59].

This HFD/STZ model produced significant deterioration 
in cognitive functions as manifested by impaired spontane-
ous alternation % and recognition index versus those in CG. 

Fig. 7  Photomicrographs of 
Congo red stained hippocampus 
tissue showing a control group: 
Hippocampus: no amyloid β 
plaques. b Diabetic group: 
showing large, multifocal 
deposition of amyloid β plaques 
(arrow). c Pramlintide group: 
showing no amyloid β plaques. 
d Liraglutide group: showing 
no amyloid β plaques. (400 × , 
bar = 50µm)

Fig. 8  Photomicrographs of rat 
hippocampus sections in differ-
ent groups. a control, b diabetic 
group, c pramlintide group, d 
liraglutide group. In the control, 
faint cytoplasmic staining was 
observed in a few pyramidal 
cells (a). Group II: numerous 
positive pyramidal cells for 
phospho-tau than the control 
group (b). The pramlintide and 
liraglutide groups: positive 
pyramidal cells decreased as 
compared to control (c, d). 
Positive cells (arrow) (Phos-
pho-tau 217 antibody 400 × , 
bar = 50µm)
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This was in agreement with the study of Wang et al., who 
postulated that old diabetic rats displayed reduced spatial 
learning and short- and long-term memory [52]. Treatment 
with either liraglutide [47] or pramlintide [9] resulted in 
more or less normal results of spontaneous T maze as well 
as NOR test in both treated groups as compared to the dia-
betic group.

The functional cognitive abnormalities noticed in the 
diabetic group in this work were confirmed by structural 
hippocampal histopathological aberrations in the form of 

neurodegeneration seen mainly in CA2 and CA3, with a 
decrease in the thickness of the pyramidal cells in CA3, and 
multivesicular bodies were observed in activated microglia 
as examined by H&E. This came in agreement with previ-
ous studies that showed hippocampal neurodegeneration [4, 
57] and multivesicular bodies in activated microglia [4] in 
diabetic rats. We further confirmed these results by the elec-
tron microscopic (EM) findings that showed many apoptotic 
bodies and shrunk cells with irregular hyperchromatic nuclei 
with dense cytoplasm. Our ultrastructure findings were con-
sistent with other studies [15, 44, 60].

The PRAM- and LIRA-treated diabetic groups showed 
improved histological pictures of the hippocampus by the 
light and EM examination. The thickness of the small 
pyramidal layers was preserved. Most of the pyramidal cells 
were more or less normal. The microglial cells showed no 
histological signs of activity. Other studies discussed how 
PRAM might improve cognitive function considering the 
importance of the native role of amylin in the regulation of 
oxidative processes and neuronal function [39]. Anti-apop-
totic properties and oxidative stress reduction of PRAM and 
LIRA therapy seem to contribute to neurological recovery 
[11, 28, 47, 62]. A similar finding was observed by Patrick 
et al., who stated that amylin treatment revealed restored lost 
mitochondrial membrane potential [39].

Insulin signalling markers in this study significantly 
deteriorated in the diabetic group versus CG. There was a 
significant decrease in PI3K/AKT expression, with a sig-
nificant GSK-3 β and TTBK1 overexpression in the hip-
pocampus. This was supported by the results of Akhtar et al., 
which showed that there were decreased gene expressions 

Fig. 9  Mean of number of P-tau positive cells. Data are represented 
as mean ± SD (standard deviation). Data were analyzed by ANOVA 
test, post hoc, and Tukey test (N = 5 rats per group). p value was con-
sidered significant when p < 0.05. ap < 0.05 vs. NG; bp < 0.05 vs dia-
betic G; cp < 0.05 vs PRAM. G

Fig. 10  Mechanism of 
T2DM cognitive dysfunc-
tion; unhealthy high-fat diet 
food associated with increased 
inflammatory mediators (IL-6) 
in the circulation with increased 
TNF-α brain expression. 
This mainly led to abnormal 
brain insulin signalling with 
decreased activity of PI3K/AKT 
and increasing the activity of 
TTBK-1 and GSK-3β, which 
leads to increased amyloid 
aggregation and increased tau 
phosphorylation. This potenti-
ates the cognitive disorder 
associated with T2DM
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of insulin signalling molecules such as IRS-1, PI3K, and 
AKT and increased gene expression of GSK-3β in liver 
cells of diabetic patients [2]. Further studies supported that 
the kinase TTBK1 had been associated with neurological 
disorders and is primarily expressed in the central nervous 
system [33, 37].

On the other hand, both PRAM- or LIRA-treated groups 
showed an improvement in the brain insulin signalling markers 
in the form of increased expression of PI3K/Akt and decreased 
expression of GSK-3 β and TTBK1 in both treated groups versus 
the diabetic group. To our knowledge, this research is one of 
the few articles that discussed the relation between the amylin 
analogue pramlintide and brain GSK-3β expression in cogni-
tive disorders associated with T2DM. Yao et al. demonstrated 
that liraglutide exerted a neuroprotective effect by activating the 
PI3K/Akt/GSK3β signalling pathway [59]. Also, Jantrapirom 
et al. supposed that liraglutide could rescue tau hyperphospho-
rylation, by sensitizing neuronal insulin signalling [24].

In the present work, Congo red staining examination 
revealed multifocal deposition of amyloid β plaques in the 
hippocampus of the diabetic group. Further, immunohis-
tochemical examination of the hippocampus in this study 
revealed overexpression of Phospho-Tau-T217 in the diabetic 
group versus the CG. Khalil et. and Setti et al. declared that 
compromised insulin signalling causes amyloid β peptide 
accumulation in the brain [25, 46]. Interestingly, treatment 
with either liraglutide or pramlintide in our study showed 
a reduction in Aβ plaque burden in the hippocampus with 
Congo red stain and attenuation of p-tau217 expression 
with immunohistochemical examination as compared to the 
diabetic group. These findings support that improvement in 
neuronal insulin signalling pathways leads to a decrease in 
tau hyperphosphorylation [54] Our results follow studies 
done by other researchers which confirmed that treatment 
with oral amylin lessens amyloid pathology aggregated p-tau 
and neuroinflammation seen in the CD brain [27, 35].

The present study provides evidence supporting the idea 
that hyperinsulinemic condition causes neuronal insulin 
resistance, as indicated by the downregulation of insu-
lin signalling molecules, including PI3K/AKT, with the 
upregulation of GSK-3β and TTBK1. AKT usually acts 
as an inhibitor of GSK by inducing the phosphorylation of 
N-terminal serine 21 of GSK-3α and serine 9 of GSK-3β, 
thus diminishing prime-substrate phosphorylation by GSK-3 
[19]. GSK-3β, a major tau kinase, has been shown to induce 
abnormal tau hyperphosphorylation [32]. Moreover, TTBK1 
might be involved in the initial stages of tau phosphorylation 
and pre-tangle formation in cognitive disorders pathology 
[50]. Tau hyperphosphorylation results in an instability of 
microtubules, which causes the formation of neurofibrillary 
tangles (NFTs), one of the histopathological hallmarks of 
cognitive disorders [54]. Also, Toral-Rios et al. reported that 

normal insulin signalling could reduce tau phosphorylation 
by inhibiting GSK-3β function through activating the PI3K/
Akt pathway. Insulin gene knockout mice were found to 
show an increase in GSK-3β activity and tau hyperphos-
phorylation, with excessive deposition of amyloid plaques 
in hippocampal neurons [4].

Furthermore, several studies have reported that insulin resist-
ance can promote the onset of cognitive disorders by enhanc-
ing pro-inflammatory cytokines [49]. Our study supported this 
hypothesis. This was represented by the significant increase in 
the serum level of IL-6 and hippocampal tissue expression of 
TNF-α in the diabetic group as compared to the CG. Akhtar 
et al. stated that neuroinflammation was the core feature of 
neurodegeneration [2]. Moreover, TNF-α disrupted neuronal 
mitophagy, increased oxidative stress, triggered inflammation, 
dysregulated GSK-3 β activity, and promoted p-Tau accumula-
tion [63]. Further, other studies stated that neurodegeneration in 
patients with T2DM could be considerably lowered by targeting 
cytokines, cytokine receptors, and nuclear transcription factors 
linked to inflammation, like IL-6 and TNF- α, alone or in com-
bination [48]. In this work, pramlintide and liraglutide exhibited 
anti-inflammatory effects through significantly decreasing the 
inflammation markers: serum IL-6 and hippocampal TNFα 
expression when compared to the diabetic group. Consistently, 
Liao et al. [29] reported that liraglutide attenuated excessive 
microglial activation in diabetic mice brains, which decreased 
proinflammatory cytokine secretion and inflammatory pheno-
type differentiation. Further, several studies have also demon-
strated that an increase in GLP-1 levels decreases the expression 
of the proinflammatory cytokines: TNF and IL-6, which in turn 
reduces the severity of inflammation [51, 52]. Other research 
reported that GLP-1 might be a promising therapeutic target for 
many neurological disorders [41].

Our research was one of the few articles to discuss the 
relationship between amylin and brain GSK-3β in improving 
cognitive disorders associated with T2DM. Also, the effect 
of either PRAM or LIRA on the expression of TTBK1 was 
not studied before. The outcomes of this research supported 
the neuroprotective effects of both pramlintide and liraglu-
tide by working through several mechanisms to prevent cog-
nitive disorders associated with DM effectively.

In conclusion, the current study supported the hypoth-
esis that both pramlintide and liraglutide have neuroprotec-
tive effects. They were effective in protecting against HFD/
STZ-induced impairment of insulin resistance markers: PI3/
AKT/GSK-3β/TTBK1, also preventing the occurrence of CD. 
However, the LIRA group showed a slightly better significant 
decrease in Aβ plaque burden in the hippocampus as well as 
phospho-Tau-T217 expression than the PRAM group. Over-
all, both pramlintide and liraglutide are considered promising 
antidiabetic medications that may work through several mecha-
nisms to prevent cognitive disorders associated with T2DM.



793Pflügers Archiv - European Journal of Physiology (2024) 476:779–795 

Author contribution H. M. M. and A. H. chose the point and designed 
the study, A. A. shared them in the practical work of the research as 
regards measurement of cognitive functions, biochemical and PCR 
analysis, and the three authors equally contributed in data analysis and 
writing the manuscript. N G. A. and S. A. M. were concerned with the 
practical work and writing the histological part of the research with 
final revision and submission by A. A. The authors declare that all data 
were generated in-house and that no paper mill was used.

Funding Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB). The authors received funding from the 
Project Management Unit Of Sohag University under project number 
201925.

Data Availability  Data are available upon request with the correspond-
ing author.

Declarations 

Competing interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. 2021 Alzheimer’s disease facts and figures (2021) Alzheimers 
Dement 17:327–406 https:// doi. org/ 10. 1002/ alz. 12328

 2. Akhtar A, Dhaliwal J, Saroj P, Uniyal A, Bishnoi M, Sah SP 
(2020) Chromium picolinate attenuates cognitive deficit in ICV-
STZ rat paradigm of sporadic Alzheimer’s-like dementia via 
targeting neuroinflammatory and IRS-1/PI3K/AKT/GSK-3beta 
pathway. Inflammopharmacology 28:385–400. https:// doi. org/ 10. 
1007/ s10787- 019- 00681-7

 3. American Diabetes A (2021) Standards of medical care in dia-
betes-2021 abridged for primary care providers. Clin Diabetes 
39:14–43. https:// doi. org/ 10. 2337/ cd21- as01

 4. Amin SN, Younan SM, Youssef MF, Rashed LA, Mohamady I 
(2013) A histological and functional study on hippocampal forma-
tion of normal and diabetic rats. F1000Res 2:151 https:// doi. org/ 
10. 12688/ f1000 resea rch.2- 151. v1

 5. Anita NZ, Zebarth J, Chan B, Wu C-Y, Syed T, Shahrul D, Nguyen 
MM, Pakosh M, Herrmann N, Lanctot KL (2022) Inflammatory 
markers in type 2 diabetes with vs. without cognitive impair-
ment; a systematic review and meta-analysis. Brain Behav Immun 
100:55–69

 6. Bayraktar G, Hojgaard K, Nijssen L, Takeuchi T (2021) A within-
subject experimental design using an object location task in rats. 
J Vis Exp. https:// doi. org/ 10. 3791/ 62458

 7. Bednarz K, Siuda J (2021) Alzheimer’s disease and type 2 diabe-
tes mellitus: similarities in pathomechanisms lead to therapeutic 

opportunities. Neurol Neurochir Pol. https:// doi. org/ 10. 5603/ 
PJNNS. a2021. 0056

 8. Clark IA, Hotchin V, Monk A, Pizzamiglio G, Liefgreen A, Magu-
ire EA (2019) Identifying the cognitive processes underpinning 
hippocampal-dependent tasks. J Exp Psychol Gen 148:1861

 9. Corrigan RR, Labrador L, Grizzanti J, Mey M, Piontkivska H, 
Casadesus-Smith G (2023) Neuroprotective mechanisms of 
amylin receptor activation, not antagonism, in the APP/PS1 mouse 
model of Alzheimer’s disease. J Alzheimer's Dis:1495–1514.

 10. d’Errico P, Meyer-Luehmann M (2020) Mechanisms of patho-
genic Tau and abeta protein spreading in Alzheimer’s Disease. 
Front Aging Neurosci 12:265. https:// doi. org/ 10. 3389/ fnagi. 2020. 
00265

 11. Despa F, Goldstein LB, Biessels GJ (2020) Amylin as a potential 
link between type 2 diabetes and Alzheimer disease. Ann Neurol 
87:486. https:// doi. org/ 10. 1002/ ana. 25668

 12. d’Isa R, Comi G, Leocani L (2021) Apparatus design and behav-
ioural testing protocol for the evaluation of spatial working mem-
ory in mice through the spontaneous alternation T-maze. Sci Rep 
11:21177. https:// doi. org/ 10. 1038/ s41598- 021- 00402-7

 13. Fang J-Y, Lin C-H, Huang T-H, Chuang S-Y (2019) In vivo rodent 
models of type 2 diabetes and their usefulness for evaluating fla-
vonoid bioactivity. Nutrients 11:530

 14. Femminella GD, Frangou E, Love SB, Busza G, Holmes C, 
Ritchie C, Lawrence R, McFarlane B, Tadros G, Ridha BH, 
Bannister C, Walker Z, Archer H, Coulthard E, Underwood BR, 
Prasanna A, Koranteng P, Karim S, Junaid K, McGuinness B, 
Nilforooshan R, Macharouthu A, Donaldson A, Thacker S, Rus-
sell G, Malik N, Mate V, Knight L, Kshemendran S, Harrison 
J, Holscher C, Brooks DJ, Passmore AP, Ballard C, Edison P 
(2019) Evaluating the effects of the novel GLP-1 analogue lira-
glutide in Alzheimer’s disease: study protocol for a randomised 
controlled trial (ELAD study). Trials 20:191. https:// doi. org/ 10. 
1186/ s13063- 019- 3259-x

 15. Gao C, Liu Y, Jiang Y, Ding J, Li L (2014) Geniposide ame-
liorates learning memory deficits, reduces tau phosphorylation 
and decreases apoptosis via GSK3β pathway in streptozotocin-
induced alzheimer rat model. Brain Pathol (Zurich, Switzerland) 
24:261–269. https:// doi. org/ 10. 1111/ bpa. 12116

 16. Greenfield EA (2019) Administering anesthesia to mice, rats, and 
hamsters. Cold Spring Harb Protoc 2019.  https:// doi. org/ 10. 1101/ 
pdb. prot1 00198

 17. Guo M, Jia J, Zhang J, Zhou M, Wang A, Chen S, Zhao X (2022) 
Association of beta-cell function and cognitive impairment in 
patients with abnormal glucose metabolism. BMC Neurol 22:232. 
https:// doi. org/ 10. 1186/ s12883- 022- 02755-6

 18. Guo X-x, Wang Y, Wang K, Ji B-p, Zhou F (2018) Stability of a 
type 2 diabetes rat model induced by high-fat diet feeding with 
low-dose streptozotocin injection. J Zhejiang Univ Sci B 19:559–
569. https:// doi. org/ 10. 1631/ jzus. B1700 254

 19. Gupta A, Bisht B, Dey CS (2011) Peripheral insulin-sensitizer 
drug metformin ameliorates neuronal insulin resistance and Alz-
heimer’s-like changes. Neuropharmacology 60:910–920

 20. Hanger DP, Seereeram A, Noble W (2009) Mediators of tau phos-
phorylation in the pathogenesis of Alzheimer’s disease. Expert 
Rev Neurother 9:1647–1666. https:// doi. org/ 10. 1586/ ern. 09. 104

 21. Hickman S, Izzy S, Sen P, Morsett L, El Khoury J (2018) Micro-
glia in neurodegeneration. Nat Neurosci 21:1359–1369. https:// 
doi. org/ 10. 1038/ s41593- 018- 0242-x

 22. Hopkins BD, Goncalves MD, Cantley LC (2020) Insulin-PI3K 
signalling: an evolutionarily insulated metabolic driver of can-
cer. Nat Rev Endocrinol 16:276–283. https:// doi. org/ 10. 1038/ 
s41574- 020- 0329-9

 23. Jahanshahi M, Nikmahzar E, Sayyahi A (2020) Vitamin E ther-
apy prevents the accumulation of congophilic amyloid plaques 
and neurofibrillary tangles in the hippocampus in a rat model of 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/alz.12328
https://doi.org/10.1007/s10787-019-00681-7
https://doi.org/10.1007/s10787-019-00681-7
https://doi.org/10.2337/cd21-as01
https://doi.org/10.12688/f1000research.2-151.v1
https://doi.org/10.12688/f1000research.2-151.v1
https://doi.org/10.3791/62458
https://doi.org/10.5603/PJNNS.a2021.0056
https://doi.org/10.5603/PJNNS.a2021.0056
https://doi.org/10.3389/fnagi.2020.00265
https://doi.org/10.3389/fnagi.2020.00265
https://doi.org/10.1002/ana.25668
https://doi.org/10.1038/s41598-021-00402-7
https://doi.org/10.1186/s13063-019-3259-x
https://doi.org/10.1186/s13063-019-3259-x
https://doi.org/10.1111/bpa.12116
https://doi.org/10.1101/pdb.prot100198
https://doi.org/10.1101/pdb.prot100198
https://doi.org/10.1186/s12883-022-02755-6
https://doi.org/10.1631/jzus.B1700254
https://doi.org/10.1586/ern.09.104
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41574-020-0329-9
https://doi.org/10.1038/s41574-020-0329-9


794 Pflügers Archiv - European Journal of Physiology (2024) 476:779–795

Alzheimer’s disease Iran J Basic. Med Sci 23:86–92. https:// doi. 
org/ 10. 22038/ IJBMS. 2019. 38165. 9067

 24. Jantrapirom S, Nimlamool W, Chattipakorn N, Chattipakorn S, 
Temviriyanukul P, Inthachat W, Govitrapong P, Potikanond S 
(2020) Liraglutide suppresses tau hyperphosphorylation, amyloid 
beta accumulation through regulating neuronal insulin signaling 
and BACE-1 activity. Int J Mol Sci 21. https:// doi. org/ 10. 3390/ 
ijms2 10517 25

 25. Khalil MNA, Choucry MA, El Senousy AS, Hassan A, El-Marasy 
SA, El Awdan SA, Omar FA (2019) Ambrosin, a potent NF-kap-
pabeta inhibitor, ameliorates lipopolysaccharide induced memory 
impairment, comparison to curcumin. PLoS One 14:e0219378. 
https:// doi. org/ 10. 1371/ journ al. pone. 02193 78

 26. Kolarova M, García-Sierra F, Bartos A, Ricny J, Ripova D (2012) 
Structure and pathology of tau protein in Alzheimer disease. Int 
J Alzheimers Dis 2012:731526. https:// doi. org/ 10. 1155/ 2012/ 
731526

 27. Lauretti E, Dincer O, Pratico D (2020) Glycogen synthase 
kinase-3 signaling in Alzheimer’s disease. Biochim Biophys Acta 
Mol Cell Res 1867:118664. https:// doi. org/ 10. 1016/j. bbamcr. 
2020. 118664

 28. Leibold N, Bain JR, Despa F (2023) Type-2 diabetes, pancreatic 
amylin, and neuronal metabolic remodeling in Alzheimer’s dis-
ease. Mol Nutr Food Res e2200405. https:// doi. org/ 10. 1002/ mnfr. 
20220 0405

 29. Liao T, Zhang S-L, Yuan X, Mo W-Q, Wei F, Zhao S-N, Yang W, 
Liu H, Rong X (2020) Liraglutide lowers body weight set point in 
DIO rats and its relationship with hypothalamic microglia activa-
tion. Obesity 28:122–131. https:// doi. org/ 10. 1002/ oby. 22666

 30. Lueptow LM (2017) Novel object recognition test for the investi-
gation of learning and memory in mice. J Vis Exp https:// doi. org/ 
10. 3791/ 55718

 31. Magalhaes DA, Kume WT, Correia FS, Queiroz TS, Allebrandt 
Neto EW, Santos MPD, Kawashita NH, Franca SA (2019) High-
fat diet and streptozotocin in the induction of type 2 diabetes mel-
litus: a new proposal. An Acad Bras Cienc 91:e20180314. https:// 
doi. org/ 10. 1590/ 0001- 37652 01920 180314

 32. McManus EJ, Sakamoto K, Armit LJ, Ronaldson L, Shpiro N, 
Marquez R, Alessi DR (2005) Role that phosphorylation of GSK3 
plays in insulin and Wnt signalling defined by knockin analysis. 
EMBO J 24:1571–1583

 33. McMillan P, Wheeler J, Gatlin RE, Taylor L, Strovas T, Baum 
M, Bird TD, Latimer C, Keene CD, Kraemer BC, Liachko NF 
(2020) Adult onset pan-neuronal human tau tubulin kinase 1 
expression causes severe cerebellar neurodegeneration in mice. 
Acta Neuropathol Commun 8:200. https:// doi. org/ 10. 1186/ 
s40478- 020- 01073-7

 34. Meng J-M, Cao S-Y, Wei X-L, Gan R-Y, Wang Y-F, Cai S-X, Xu 
X-Y, Zhang P-Z, Li H-B (2019) Effects and mechanisms of tea for 
the prevention and management of diabetes mellitus and diabetic 
complications: an updated review. Antioxidants 8:170

 35. Na H, Tian H, Zhang Z, Li Q, Yang JB, McParland L, Gan Q, 
Qiu WQ (2021) Oral amylin treatment reduces the pathological 
cascade of Alzheimer’s disease in a mouse model. Am J Alzhei-
mers Dis Other Demen 36:15333175211012868. https:// doi. org/ 
10. 1177/ 15333 17521 10128 67

 36. Nassar SZ, Badae NM, Issa YA (2020) Effect of amylin on mem-
ory and central insulin resistance in a rat model of Alzheimer’s 
disease. Arch Physiol Biochem 126:326–334. https:// doi. org/ 10. 
1080/ 13813 455. 2018. 15342 44

 37. Nozal V, Martinez A (2019) Tau tubulin kinase 1 (TTBK1), a new 
player in the fight against neurodegenerative diseases. Eur J Med 
Chem 161:39–47. https:// doi. org/ 10. 1016/j. ejmech. 2018. 10. 030

 38. Orumiyehei A, Khoramipour K, Rezaei MH, Madadizadeh E, 
Meymandi MS, Mohammadi F, Chamanara M, Bashiri H, Suzuki 
K (2022) High-intensity interval training-induced hippocampal 

molecular changes associated with improvement in anxiety-like 
behavior but not cognitive function in rats with type 2 diabetes. 
Brain Sci 12:1280

 39. Patrick S, Corrigan R, Grizzanti J, Mey M, Blair J, Pallas M, 
Camins A, Lee HG, Casadesus G (2019) Neuroprotective effects 
of the amylin analog, pramlintide, on Alzheimer’s disease are 
associated with oxidative stress regulation mechanisms. J Alz-
heimers Dis 69:157–168. https:// doi. org/ 10. 3233/ JAD- 180421

 40. Peng D, Pan X, Cui J, Ren Y, Zhang J (2013) Hyperphosphoryla-
tion of tau protein in hippocampus of central insulin-resistant rats 
is associated with cognitive impairment. Cell Physiol Biochem 
32:1417–1425. https:// doi. org/ 10. 1159/ 00035 6579

 41. Piatkowska-Chmiel I, Gawronska-Grzywacz M, Popiolek L, 
Herbet M, Dudka J (2022) The novel adamantane derivatives as 
potential mediators of inflammation and neural plasticity in dia-
betes mice with cognitive impairment. Sci Rep 12:6708. https:// 
doi. org/ 10. 1038/ s41598- 022- 10187-y

 42. Rojas M, Chavez-Castillo M, Bautista J, Ortega A, Nava M, Sala-
zar J, Diaz-Camargo E, Medina O, Rojas-Quintero J, Bermudez V 
(2021) Alzheimer’s disease and type 2 diabetes mellitus: patho-
physiologic and pharmacotherapeutics links. World J Diabetes 
12:745–766. https:// doi. org/ 10. 4239/ wjd. v12. i6. 745

 43. Roth A, Sander A, Oswald MS, Gärtner F, Knippschild U, 
Bischof J (2022) Comprehensive characterization of CK1δ-
mediated Tau phosphorylation in Alzheimer’s disease. Front Mol 
Biosci 9.  https:// doi. org/ 10. 3389/ fmolb. 2022. 872171

 44. Sadeghi A, Hami J, Razavi S, Esfandiary E, Hejazi Z (2016) The 
effect of diabetes mellitus on apoptosis in hippocampus: cellular 
and molecular aspects. Int J Prev Med 7:57. https:// doi. org/ 10. 
4103/ 2008- 7802. 178531

 45. Servizi S, Corrigan RR, Casadesus G (2020) The importance of 
understanding amylin signaling mechanisms for therapeutic devel-
opment in the treatment of Alzheimer’s disease. Curr Pharm Des 
26:1345–1355. https:// doi. org/ 10. 2174/ 13816 12826 66620 03181 
51146

 46. Setti SE, Raymick J, Hanig J, Sarkar S (2021) In vivo demonstra-
tion of Congo Red labeled amyloid plaques via perfusion in the 
Alzheimer disease rat model. J Neurosci Methods 353:109082. 
https:// doi. org/ 10. 1016/j. jneum eth. 2021. 109082

 47. Shawki SM, Saad MA, Rahmo RM, Wadie W, El-Abhar HS 
(2021) Liraglutide improves cognitive and neuronal function 
in 3-NP rat model of Huntington’s disease. Front Pharmacol 
12:731483. https:// doi. org/ 10. 3389/ fphar. 2021. 731483

 48. Shobeiri P, Seyedmirzaei H, Karimi N, Rashidi F, Teixeira 
AL, Brand S, Sadeghi-Bahmani D, Rezaei N (2022) IL-6 and 
TNF-alpha responses to acute and regular exercise in adult indi-
viduals with multiple sclerosis (MS): a systematic review and 
meta-analysis. Eur J Med Res 27:185. https:// doi. org/ 10. 1186/ 
s40001- 022- 00814-9

 49. Spinelli M, Fusco S, Grassi C (2019) Brain insulin resistance and 
hippocampal plasticity: mechanisms and biomarkers of cognitive 
decline. Front Neurosci 13:788

 50. Tian Y, Wang Y, Jablonski AM, Hu Y, Sugam JA, Koglin M, 
Stachel SJ, Zhou H, Uslaner JM, Parmentier-Batteur S (2021) 
Tau-tubulin kinase 1 phosphorylates TDP-43 at disease-rele-
vant sites and exacerbates TDP-43 pathology. Neurobiol Dis 
161:105548

 51. Varatharaj A, Galea I (2017) The blood-brain barrier in systemic 
inflammation. Brain Behav Immun 60:1–12. https:// doi. org/ 10. 
1016/j. bbi. 2016. 03. 010

 52. Wang S, Lv W, Zhang H, Liu Y, Li L, Jefferson JR, Guo Y, Li 
M, Gao W, Fang X, Paul IA, Rajkowska G, Shaffery JP, Mosley 
TH, Hu X, Liu R, Wang Y, Yu H, Roman RJ, Fan F (2020) Aging 
exacerbates impairments of cerebral blood flow autoregulation 
and cognition in diabetic rats. Geroscience 42:1387–1410. https:// 
doi. org/ 10. 1007/ s11357- 020- 00233-w

https://doi.org/10.22038/IJBMS.2019.38165.9067
https://doi.org/10.22038/IJBMS.2019.38165.9067
https://doi.org/10.3390/ijms21051725
https://doi.org/10.3390/ijms21051725
https://doi.org/10.1371/journal.pone.0219378
https://doi.org/10.1155/2012/731526
https://doi.org/10.1155/2012/731526
https://doi.org/10.1016/j.bbamcr.2020.118664
https://doi.org/10.1016/j.bbamcr.2020.118664
https://doi.org/10.1002/mnfr.202200405
https://doi.org/10.1002/mnfr.202200405
https://doi.org/10.1002/oby.22666
https://doi.org/10.3791/55718
https://doi.org/10.3791/55718
https://doi.org/10.1590/0001-3765201920180314
https://doi.org/10.1590/0001-3765201920180314
https://doi.org/10.1186/s40478-020-01073-7
https://doi.org/10.1186/s40478-020-01073-7
https://doi.org/10.1177/15333175211012867
https://doi.org/10.1177/15333175211012867
https://doi.org/10.1080/13813455.2018.1534244
https://doi.org/10.1080/13813455.2018.1534244
https://doi.org/10.1016/j.ejmech.2018.10.030
https://doi.org/10.3233/JAD-180421
https://doi.org/10.1159/000356579
https://doi.org/10.1038/s41598-022-10187-y
https://doi.org/10.1038/s41598-022-10187-y
https://doi.org/10.4239/wjd.v12.i6.745
https://doi.org/10.3389/fmolb.2022.872171
https://doi.org/10.4103/2008-7802.178531
https://doi.org/10.4103/2008-7802.178531
https://doi.org/10.2174/1381612826666200318151146
https://doi.org/10.2174/1381612826666200318151146
https://doi.org/10.1016/j.jneumeth.2021.109082
https://doi.org/10.3389/fphar.2021.731483
https://doi.org/10.1186/s40001-022-00814-9
https://doi.org/10.1186/s40001-022-00814-9
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1007/s11357-020-00233-w
https://doi.org/10.1007/s11357-020-00233-w


795Pflügers Archiv - European Journal of Physiology (2024) 476:779–795 

 53. Wang Y, Mandelkow E (2016) Tau in physiology and pathology. 
Nat Rev Neurosci 17:22–35. https:// doi. org/ 10. 1038/ nrn. 2015.1

 54. Wang J-Z, Xia Y-Y, Grundke-Iqbal I, Iqbal K (2013) Abnormal 
hyperphosphorylation of tau: sites, regulation, and molecular 
mechanism of neurofibrillary degeneration. J Alzheimers Dis 
33:S123–S139

 55. Wu J, Cai Y, Wu X, Ying Y, Tai Y, He M (2021) Transcardiac 
perfusion of the mouse for brain tissue dissection and fixation. Bio 
Protoc 11:e3988. https:// doi. org/ 10. 21769/ BioPr otoc. 3988

 56. Wu CYC, Lerner FM, Couto ESA, Possoit HE, Hsieh TH, Neu-
mann JT, Minagar A, Lin HW, Lee RHC (2018) Utilizing the 
modified T-maze to assess functional memory outcomes after 
cardiac arrest. J Vis Exp. https:// doi. org/ 10. 3791/ 56694

 57. Xia L, Lei Z, Shi Z, Guo D, Su H, Ruan Y, Xu ZC (2016) 
Enhanced autophagy signaling in diabetic rats with ischemia-
induced seizures. Brain Res 1643:18–26. https:// doi. org/ 10. 1016/j. 
brain res. 2016. 04. 054

 58. Xu J, Sato S, Okuyama S, Swan RJ, Jacobsen MT, Strunk E, 
Ikezu T (2010) Tau-tubulin kinase 1 enhances prefibrillar tau 
aggregation and motor neuron degeneration in P301L FTDP-17 
tau-mutant mice. FASEB J 24:2904–2915

 59. Yao M, Zhang J, Li Z, Bai X, Ma J, Li Y (2021) Liraglutide pro-
tects nucleus pulposus cells against high-glucose induced apop-
tosis by activating PI3K/Akt/ mTOR/caspase-3 and PI3K/Akt/
GSK3beta/caspase-3 signaling pathways. Front Med (Lausanne) 
8:630962. https:// doi. org/ 10. 3389/ fmed. 2021. 630962

 60. Yonguc GN, Dodurga Y, Adiguzel E, Gundogdu G, Kucukatay 
V, Ozbal S, Yilmaz I, Cankurt U, Yilmaz Y, Akdogan I (2015) 
Grape seed extract has superior beneficial effects than vitamin E 
on oxidative stress and apoptosis in the hippocampus of strepto-
zotocin induced diabetic rats. Gene 555:119–126. https:// doi. org/ 
10. 1016/j. gene. 2014. 10. 052

 61. Yuan P, Ma D, Gao X, Wang J, Li R, Liu Z, Wang T, Wang S, 
Liu J, Liu X (2020) Liraglutide ameliorates erectile dysfunction 
via regulating oxidative stress, the RhoA/ROCK pathway and 
autophagy in diabetes mellitus. Front Pharmacol 11:1257. https:// 
doi. org/ 10. 3389/ fphar. 2020. 01257

 62. Zhang Q, Jiang Y, Zhang Y, Zhang J, Hu Y (2022) GLP-1 analog 
alleviated cognitive dysfunction in aged rats anaesthetized with 
sevoflurane. Biomed Res Int 2022:9339824. https:// doi. org/ 10. 
1155/ 2022/ 93398 24

 63. Zhang L, Song H, Ding J, Wang DJ, Zhu SP, Liu C, Jin X, 
Chen JW (2022) The mechanism of TNF-alpha-mediated accu-
mulation of phosphorylated tau protein and its modulation 
by propofol in primary mouse hippocampal neurons: role of 
mitophagy, NLRP3, and p62/Keap1/Nrf2 pathway. Oxid Med 
Cell Longev 2022:8661200. https:// doi. org/ 10. 1155/ 2022/ 
86612 00

 64. Zhou Q, Li S, Li M, Ke D, Wang Q, Yang Y, Liu GP, Wang 
XC, Liu E, Wang JZ (2022) Human tau accumulation promotes 
glycogen synthase kinase-3beta acetylation and thus upregulates 
the kinase: a vicious cycle in Alzheimer neurodegeneration. 
EBioMedicine 78:103970. https:// doi. org/ 10. 1016/j. ebiom. 2022. 
103970

 65. Zhou R, Zhang Q, Xu P (2020) TBK1, a central kinase in innate 
immune sensing of nucleic acids and beyond. Acta Biochim Bio-
phys Sin (Shanghai) 52:757–767. https:// doi. org/ 10. 1093/ abbs/ 
gmaa0 51

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.21769/BioProtoc.3988
https://doi.org/10.3791/56694
https://doi.org/10.1016/j.brainres.2016.04.054
https://doi.org/10.1016/j.brainres.2016.04.054
https://doi.org/10.3389/fmed.2021.630962
https://doi.org/10.1016/j.gene.2014.10.052
https://doi.org/10.1016/j.gene.2014.10.052
https://doi.org/10.3389/fphar.2020.01257
https://doi.org/10.3389/fphar.2020.01257
https://doi.org/10.1155/2022/9339824
https://doi.org/10.1155/2022/9339824
https://doi.org/10.1155/2022/8661200
https://doi.org/10.1155/2022/8661200
https://doi.org/10.1016/j.ebiom.2022.103970
https://doi.org/10.1016/j.ebiom.2022.103970
https://doi.org/10.1093/abbs/gmaa051
https://doi.org/10.1093/abbs/gmaa051

	Liraglutide versus pramlintide in protecting against cognitive function impairment through affecting PI3KAKTGSK-3βTTBK1 pathway and decreasing Tau hyperphosphorylation in high-fat diet- streptozocin rat model
	Abstract
	Introduction
	Materials and methods
	Animal groups
	Cognitive function evaluation tests
	T-maze test spontaneous alternation
	Novel object recognition test
	Collection of samples
	Biochemical analysis
	Total RNA extraction and real-time PCR
	Histological staining
	Light microscopy
	Morphometry and statistical analysis


	Results
	Pramlintide and liraglutide significantly decreased body weight and visceral fat in comparison to the diabetic group
	STZ increased BG and insulin levels and HOMA-IR, while pramlintide and liraglutide restored their normal values
	STZ increased the serum IL-6 level, while PRAM and LIRA restored its normal level
	PRAM and LIRA prevented the decline in cognitive function in diabetic rats
	Spontaneous alternation% in T-maze test
	Novel object recognition (long-term memory)
	Novel object recognition (discrimination index)
	Quantitative real-time PCR (qRT-PCR) analysis
	The expression level of PI3K and AKT

	The expression level of GSK3 β
	The expression level of TNFα
	The expression level of TTBK 1
	Histological assessment
	H&E and electron microscopic examination
	Congo red staining (amyloid β plaques examination)
	Immunohistochemistry examination phospho-tau (t-217)


	Discussion
	References


