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Hippocampal insulin resistance and the Sirtuin 1
signaling pathway in diabetes-induced cognitive
dysfunction
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Abstract

In the peripheral nervous system, the activation of Sirtuin 1 can improve insulin resistance; however, the role played by Sirtuin 1 in the central
nervous system remains unknown. In this study, rat models of diabetes mellitus were generated by a single injection of streptozotocin. At 8
weeks after streptozotocin injection, the Morris water maze test and western blot assays confirmed that the diabetic model rats had learning
and memory deficits, insulin resistance, and Sirtuin 1 expression could be detected in the hippocampus. Insulin and the insulin receptor
inhibitor S961 were intranasally administered to investigate the regulatory effects of insulin signaling on Sirtuin 1. The results showed that
insulin administration improved the impaired cognitive function of diabetic model rats and increased the expression levels of phosphorylated
insulin receptor, phosphorylated insulin receptor substrate 1, and Sirtuin 1 in the hippocampus. Conversely, S961 administration resulted in
more severe cognitive dysfunction and reduced the expression levels of phosphorylated insulin receptor, phosphorylated insulin receptor
substrate 1, and Sirtuin 1. The Sirtuin 1 activator SRT2104 and the inhibitor Sirtinol were injected into the lateral ventricle, which revealed
that the activation of Sirtuin 1 increased the expression levels of target of rapamycin complex 1, phosphorylated cAMP-response element-
binding protein, and brain-derived neurotrophic factor. Hippocampal dendritic length and spine density also increased in response to Sirtuin
1 activation. In contrast, Sirtinol decreased the expression levels of target of rapamycin complex 1, phosphorylated cAMP-response element-
binding protein, and brain-derived neurotrophic factor and damaged the dendritic structure. These findings suggest that the Sirtuin 1
signaling pathway plays an important role in the development of insulin resistance-related cognitive deficits in diabetic rats. This study was
approved by the Animal Ethics Welfare Committee of the First Affiliated Hospital of Hunan University of Chinese Medicine (approval No.
ZYFY201811207) in November 2018.
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cognitive behavior has resulted in the definition of another
type of diabetes, referred to as type 3 diabetes (Leszek et al.,
2017; Candasamy et al., 2020). Peripheral insulin resistance

Introduction

Diabetes is a serious, chronic disease that can lead to
complications throughout the body, including the peripheral

tissues and central nervous system. Type 1 and type 2
diabetes mellitus can be clinically differentiated based on the
lack of insulin production and insulin resistance, respectively.
The discovery of central insulin resistance and its influence on

may trigger insulin resistance in the brain, contributing to
neurodegenerative diseases, such as Alzheimer’s disease
(Rorbach-Dolata and Piwowar, 2019). Diverse pathways,
including excitotoxicity, apoptosis, amyloid-beta accumulation,
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and tau phosphorylation, have been shown to be involved
in the development of type 3 diabetes. However, the
underlying pathological mechanism of type 3 diabetes
remains unclear. Insulin in the brain is responsible not only for
energy metabolism (Kleinridders et al., 2014) but also for the
maintenance of synaptic plasticity and differentiation (Chiu
et al., 2008). Therefore, insulin signaling in the brain may
play an important role in the pathophysiology of diabetes-
related cognitive declines (Hamer et al., 2019). However, the
molecular mechanism underlying brain insulin resistance
associated with cognitive dysfunction remains to be fully
determined.

Sirtuin 1 (SIRT1) is a deacetylase protein that has been found
to be expressed in the liver, skeletal muscle, pancreas, adipose
tissues, and brain. A wealth of data has suggested that SIRT1
might play an important role in insulin resistance and type 2
diabetes (Cao et al., 2016; Zhang, 2020). For example, activated
SIRT1 may prevent high-fat diet-induced hepatic triglyceride
accumulation and oxidative liver damage, which have been
implicated in the pathophysiology of insulin resistance and type
2 diabetes (Valdecantos et al., 2012). In addition, the activation
of SIRT1 in B-cells may increase glucose sensing and insulin
secretion (Luu et al., 2013). However, whether the central
insulin resistance-mediated cognitive dysfunction associated
with diabetes involves SIRT1 remains unclear.

A recent study suggested that SIRT1 might play important
roles in diabetes-induced cognitive impairment through
the regulation of diverse cellular processes, including
deacetylation, neurite outgrowth, and mitochondrial
function (Cao et al., 2017). Changes in dendritic spines can
have significant effects on the connection patterns between
neuronal circuits and cognitive behavior. Lee et al. (2011)
demonstrated that insulin signaling promotes hippocampal
synaptic plasticity through the activation of the downstream
signaling pathways. Liu et al. (2013) found that insulin
promotes neurite outgrowth by regulating SIRT1 expression
in SH-SY5Y cells. However, the mechanism underlying SIRT1
signaling pathway-associated damage to dendritic structures
in diabetic model rats with cognitive deficits remains to be
fully determined.

In this study, we investigated the role played by SIRT1 in
brain insulin resistance-mediated, diabetes-induced cognitive
dysfunction. We first tested the learning and memory functions
of diabetic model rats and analyzed the expression patterns of
SIRT1 and proteins associated with insulin signaling. Then, we
examined the effects of activating or inhibiting hippocampal
insulin signaling on cognitive impairments and SIRT1
expression. Finally, we explored the molecular mechanisms
through which the SIRT1 signaling pathway affects the
hippocampal dendritic spines of diabetic rats with cognitive
impairments.

Materials and Methods

Animals

A total of 118 male Sprague Dawley rats (six weeks old,
weighing 180-220 g) were purchased from Hunan Slack Scene
of Laboratory Animal Company (Changsha, China; certificate
No. SCXK (Xiang) 2016-0002) and maintained in a specific
pathogen-free Laboratory Animal Center at the First Affiliated
Hospital of Hunan University of Chinese Medicine. All rats were
maintained on a 12-hour light/dark cycle in an air-conditioned
room with constant temperature (23 + 1°C) and free access
to food and water. All procedures performed on animals were
approved by the Animal Ethics Welfare Committee of the
First Affiliated Hospital of the Hunan University of Chinese
Medicine (approval No. ZYFY201811207) in November 2018.
All experiments were designed and reported according to the
Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines.
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Experimental design

The Sprague-Dawley rats were randomized into diabetes and
control groups. Type 1 diabetic model rats were generated by
performing a single tail vein injection of streptozotocin (STZ;
Solarbio, Beijing, China), as described in a previous study
(Kamal et al., 1999). Briefly, STZ (40 mg/kg) was dissolved
in citric acid buffer (pH 4.9), chilled to 4°C, and then slowly
injected into the rats (n = 20). The control group rats (n = 15)
were injected with the citric acid buffer (2 mL/kg). Three days
after the STZ injection, blood glucose levels were determined
using tail tip blood. Rats with blood glucose levels > 16 mM
were considered to be successfully modeled diabetic rats (Yang
et al., 2018). Fifteen diabetic rats were fed a normal diet for
8 weeks, and their blood glucose levels were measured using
a blood glucose sensor (Sinocare, Changsha, China) at weeks
2,4, 6, and 8. At 8 weeks after the rats developed diabetes,
the cognitive functions of the diabetic model rats were
measured using the Morris water maze (MWM) test (Figure
1). The hippocampal dendritic structures were examined by
Golgi staining, and insulin signaling-related proteins and SIRT1
protein expression were detected by western blot assay.

Then the effects of hippocampal insulin signaling on
cognitive behaviors and the expression of SIRT1 protein were
investigated in diabetic model rats. Sixty-six STZ-induced
diabetic model rats were fed a normal diet for 8 weeks, and
six normal rats received a citric acid buffer injection and
were fed a normal diet. The expression of insulin signaling-
related proteins and SIRT1 protein were detected by western
blot assay in the hippocampus of 6 diabetic model rats and
all normal rats. Intranasal insulin (1 U/25 uL; Novo Nordisk,
Copenhagen, Denmark) was administered to 15 diabetic
model rats once daily for 6 weeks. The same number of
diabetic rats received intranasal saline (20 pl) as a vehicle
treatment. S961 (1 pg/20 pL; MedChemeExpress, Monmouth
Junction, NJ, USA), an insulin receptor inhibitor, was
administered to another 15 diabetic model rats once daily for
7 days, and the same number of diabetic model rats received
intranasal saline (20 wL). For intranasal delivery, each rat was
held in the manner of “over the shoulder grip” with one hand,
stabilized against the handler (Machholz et al., 2012). The
material was placed at the nares of the rat using a syringe.
The rat was restrained until the material disappeared into the
nares. After administration, the cognitive behaviors of the
rats were measured, and related protein measurements were
performed (Figure 2).

Finally, the involvement of SIRT1 in the regulation of
hippocampal structure was assessed, and the downstream
molecules of SIRT1 were investigated. Twenty-eight STZ-
induced diabetic model rats and four normal rats were
used for this experiment. After feeding for 8 weeks, the
hippocampal dendritic structures of four diabetic model
rats and all normal rats were examined by Golgi staining.
SRT2104 (10 pM, MedChemExpress), a SIRT1 activator, was
intracerebroventricularly injected into six diabetic model
rats for 16 days. One rat died during this experiment (Abe-
Higuchi et al., 2016). The vehicle-treated diabetic model rats
received phosphate-buffered saline (10 ul) for the same
time. Sirtinol (10 uM, MedChemExpress), a SIRT1 inhibitor,
was intracerebroventricularly injected into six diabetic model
rats for 14 days, and one rat died (Abe-Higuchi et al., 2016).
The vehicle-treated diabetic model rats received phosphate-
buffered saline (10 uL) for the same time, and one rat died.
After administration, the hippocampal dendritic structures
were detected by Golgi staining, and potential downstream
molecules were tested by western blot assay (Figure 3).

Morris water maze test

The MWM test was used to analyze the learning and memory
functions of rats (Morris, 1981). The test apparatus (Panlab
Smart 3.0; Panlab, Barcelona, Spain) was a circular black tank
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(200 cm in diameter) filled with clear water (25 + 1°C). The
pool was then divided into four equal quadrants, labeled A, B,
C, and D. A clear plexiglass platform was used and submerged
into the water such that it was invisible from the surface of the
water (Bromley-Brits et al., 2011). The platform was placed in
quadrant A for the first 4 days and was removed on the fifth
day. During the hidden platform test, the time required for
rats to climb onto the submerged platform was recorded as
the escape latency to assess the learning abilities of the rats.
The rats were placed on the platform and allowed to remain
there for 10 seconds if they failed to reach the platform within
60 seconds. The platform was removed on the 5th day for the
probe test. The time spent in the target quadrant, the number
of times crossing the previous platform location, the average
speed, and the percentage of total swimming distance in
the target quadrant were recorded to assess the memory
functions of rats.

Golgi staining

Golgi staining was performed to investigate neuronal
morphology (Abe-Higuchi et al., 2016). After the behavior
tests, the rats were anesthetized by pentobarbital sodium
(Merck, Darmstadt, Germany) and euthanized. The brains
were cut into approximately 3 mm-thick coronal original
sections using a scalpel, and then the original sections
containing hippocampus tissue were immersed in Golgi
solution (Servicebio, Beijing, China). After immersion for 48
hours, the original solution was replaced with fresh solution.
The solution was refreshed every 3 days for 14 days of
immersion, and then the brain tissue was placed into 15% and
30% sucrose solution and incubated at 4°C for dehydration for
1 day and 2 days, respectively. The tissue was then transferred
to concentrated ammonia for 45 minutes. After washing for 1
minute, the tissue was treated with an acid-hardening fixative
for 45 minutes. After washing for 1 minute, the tissue was
dehydrated in 30% sucrose solution at 4°C protected from
light for 2 days. The tissue was embedded in OCT (Sakura,
Torrance, CA, USA) and placed in a freezing microtome
(Thermo, Waltham, MA, USA) for freezing, and microtome
blades (Leica, Wetzlar, Germany) were used to cut 100-pm-
thick brain sections, which were placed on gelatin slides. Each
section was stored in a slide box at room temperature in the
dark overnight. The slices were immersed in pure water for 20
seconds. After blotting excess water from around the tissues
with filter paper, the slides were sealed with glycerin gelatin.
Finally, the dendritic structures were imaged using a Nikon
Eclipse E100 microscope (Nikon, Tokyo, Japan) and analyzed
using Imagel) 1.52p software (National Institutes of Health,
Bethesda, MD, USA).

Western blot analysis

Western blot analysis was performed as described in our
previous study (Yang et al., 2018). Briefly, proteins from
the hippocampus were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to
polyvinylidene fluoride membranes (Millipore Corporation,
Billerica, MA, USA), and blocked in Tris-buffered saline
containing 0.05% Tween-20 and 1% non-fat dry milk for 60
minutes. Polyvinylidene fluoride membranes were incubated
primary antibodies at 4°C overnight, including anti-insulin
receptor (IR; rabbit anti-rat; 1:1000; Cat# AF6099; Affinity
Biosciences, Cincinnati, OH, USA), anti-p-IR (rabbit anti-
rat; 1:1000; Cat# AF3099; Affinity Biosciences), anti-p-IR
substrate-1 (IRS-1; rabbit anti-rat; 1:1000; Cat# AF4424;
Affinity Biosciences), anti-IRS-1 (rabbit anti-rat; 1:1000; Cat#
2382; Cell Signaling, Danvers, MA, USA), anti-SIRT1 (rabbit
anti-rat; 1:1000; Cat# BF0189; Affinity Biosciences), anti-
target of rapamycin complex 1 (TORC1; rabbit anti-rat; 1:1000;
Cat# 10441-1-AP; Proteintech, Chicago, IL, USA), anti-p-cAMP-
response element-binding protein (p-CREB; rabbit anti-rat;
1:1000; Cat# 9197; Cell Signaling), anti- CREB (rabbit anti-

rat; 1:1000; Cat# 9198; Cell Signaling), anti-brain-derived
neurotrophic factor (BDNF; rabbit anti-rat; 1:2000; Cat#
47808; Cell Signaling), and anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (rabbit anti-rat; 1:2000; Cat# 7074;
Cell Signaling). The membranes were washed with Tris-
buffered saline plus 0.05% Tween-20 and incubated with
horseradish peroxidase secondary antibody (goat anti-rabbit;
1:3000; Cat#t 7074; Cell Signaling). Finally, the polyvinylidene
fluoride membranes were developed using Enhanced
Chemiluminescence Reagents (New Cell & Molecular Biotech,
Nanjing, China), according to the manufacturer’s instructions.
The optical densities of the bands were calculated by Image
Lab (Bio-Rad, Hercules, CA, USA).

Statistical analysis

The effects of diabetes duration on blood glucose levels were
analyzed by one-way repeated-measures analysis of variance.
The learning efficacy during the MWM was analyzed using
a general linear model (GLM). The other indicators were all
analyzed by one-way analysis of variance. The least significant
difference (LSD) test was used when the variances were
homogenous (P < 0.05), and the Dunnett test was used when
the variances were not homogenous (P < 0.05). Statistical
analysis of all data was performed using SPSS 16.0 software
(SPSS Inc., Chicago, IL, USA). Differences were considered
significant at a P-value of < 0.05.

Results

Cognitive dysfunction in STZ-induced diabetic model rats
STZ is a commonly used drug to induce diabetes in animal
models (Lenzen, 2008). We used the method of a single
intravenous tail vein STZ injection of STZ to establish a rat
model of diabetes and measured the cognitive functions after
the diabetic model rats were fed a normal diet for 8 weeks.
First, we monitored the effects of diabetes duration on blood
glucose levels (Figure 4A). As shown in Figure 4B, after 3 days
of the STZ injection, the blood glucose levels of rats increased
significantly compared with before STZ injection (P < 0.01).
However, no significant differences in blood glucose levels
were observed 2, 4, 6, and 8 weeks after the rats developed
diabetes. In addition, we compared the blood glucose levels
between diabetic model rats and age-matched control
rats prior to STZ injection and 4 and 8 weeks after the rats
developed diabetes. Before the STZ injection, no difference
was observed in the blood glucose levels between diabetic
model rats and control rats (Figure 4C). At weeks 4 and 8, the
blood glucose levels of diabetic model rats were significantly
higher than those in the age-matched control rats (both P <
0.01; Figure 4D and E).

We used the MWM test to evaluate the learning and memory
functions of diabetic model rats 8 weeks after STZ injection.
First, in the hidden platform test, the learning abilities of the
diabetic model rats were evaluated. As shown in Figure 4F,
we used the slope of the learning curve to evaluate the rats
learning functions. The learning function of diabetic model
rats was significantly worse than that of age-matched control
rats (P < 0.01), with diabetic model rats spending longer times
to find the underwater platform on days 2 (P < 0.05), 3 (P <
0.01), and 4 (P < 0.01; Figure 4G-l), indicating a significant
decrease in learning function after 8 weeks of diabetes
modeling.

We used the probe test to evaluate the spatial memory
abilities of diabetic model rats, which spent significantly
decreased time in the target quadrant (P < 0.01; Figure 4J),
crossed the expected platform location fewer times (P < 0.01;
Figure 4K), and had a lower percentage of total swimming
distance in the target quadrant (P < 0.01; Figure 4M)
compared with rats in the control group. However, compared
with the control group, diabetic model rats did not show any
significant decrease in the average swimming speed (P > 0.05;
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Figure 4L). These results revealed disruptions in learning and
memory formation in rats after 8 weeks of diabetic modeling.

Brain insulin resistance and reduced SIRT1 expression
contribute to cognitive dysfunction in diabetic model rats

In the brain, insulin exerts biological effects by acting on the
IR and IRS, which are components of the insulin signaling
pathway. Brain insulin signaling has been suggested to play
an important role in cognitive function (Sukhov et al., 2020).
Therefore, we investigated the phosphorylation of the IR and
IRS-1 in the hippocampus of diabetic model rats with cognitive
dysfunction (Figure 5A). We found that the expression levels
of p-IR and p-IRS-1 in the hippocampus of diabetic model rats
were reduced at week 8 (P < 0.01, vs. control group; Figure
5B and C). In addition, the expression levels of SIRT1, which
is related to insulin resistance in the periphery, were also
decreased in the hippocampus (P < 0.01; Figure 5D). These
results suggested the potential contribution of brain insulin
resistance and reduced SIRT1 expression to the observed
cognitive deficits in diabetic model rats.

Insulin administration improves cognitive function, activates
insulin signaling, and increases the SIRT1 protein level in
diabetic model rats

To confirm whether brain insulin resistance is involved in
the cognitive functions of diabetic model rats, STZ-induced
diabetic model rats were maintained for 8 weeks and then
intranasally administered insulin for 6 weeks (Figure 6A), after
which the MWM test was performed. We found significantly
improved learning and memory functions in diabetic model
rats treated with insulin compared with normal saline-
managed diabetic model rats. In the hidden platform
test, insulin treatment significantly improved rat learning
impairments (P < 0.01; Figure 6B) and decreased the time
required to find the platform on days 2, 3, and 4 in diabetic
model rats (P < 0.01; Figure 6C—E). In the probe test, we
found a significantly longer swimming time and path length in
the target quadrant, and an increase in the number of times
crossing the expected platform location in rats that received
insulin compared with rats treated with vehicle (P < 0.01;
Figure 6F—H). Our data indicated that insulin administration
improved the cognitive functions of diabetic rats.

Using a western blot assay, we found that diabetic model rats
treated with insulin showed the increased expression levels
of p-IR (P < 0.01; Figure 6l and J), p-IRS1 (P < 0.01; Figure 6l
and K), and SIRT1 (P < 0.05; Figure 6l and L) compared with
those in the vehicle-treated rats. These results suggested
that the activation of insulin signaling in the hippocampus
increases the expression levels of SIRT1 protein. No significant
differences in protein expression levels were observed
between untreated diabetic model rats and vehicle-treated
rats, indicating that the intranasal administration method had
no specific effects on the examined proteins.

Pharmacologic inhibition of insulin receptor aggravates
cognitive dysfunction and decreases SIRT1 protein levels in
diabetic model rats

We next assessed the effects of S961, an insulin signaling
inhibitor (Sharma and Kumar, 2018), on the cognitive function
of diabetic rats (Figure 7). STZ-induced diabetic model
rats were maintained for 8 weeks and then intranasally
administered insulin for 7days (Figure 7A). As shown in
Figure 7B, diabetic model rats treated with S961 had similar
learning curves as vehicle-treated diabetic model rats (P >
0.05). However, on days 3 and 4 of the hidden platform test,
diabetic model rats treated with S961 showed significantly
longer times finding the platform (P < 0.05; Figure 7D and
E). In the probe test, S961 treatment significantly decreased
the number of times crossing the expected platform location
and significantly reduced the swimming distance in the target
quadrant (P < 0.05; Figure 7G and H).
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We then measured the protein levels of p-IR, p-IRS1, and
SIRT1 (Figure 71). Western blot analysis showed that the
expression levels of p-IR (P < 0.05; Figure 7J), p-IRS1 (P < 0.05;
Figure 7K), and SIRT1 (P < 0.05; Figure 7L) were significantly
reduced in the hippocampus of diabetic model rats treated
with S961 compared with the protein levels in vehicle-treated
diabetic model rats. These results suggest that the inhibition
of insulin signaling in the hippocampus aggravated memory
dysfunction and decreased SIRT1 expression levels.

SIRT1/TORC1 signaling regulates hippocampal structural
plasticity in diabetic model rats with cognitive deficits
Although an earlier study demonstrated that brain insulin
resistance elicited by diabetes alters the synaptic and dendritic
structure (Choi et al., 2005), the downstream target of insulin
signaling remains unknown. Therefore, we investigated
whether SIRT1 activation could block diabetes-related changes
to dendritic structures. First, the dendritic structures of the
hippocampus in diabetic rats were confirmed by performing
Golgi staining in STZ-induced diabetic model rats that were
maintained for 8 weeks. This staining revealed reduced
dendritic lengths and spine densities in the hippocampus of
diabetic model rats with cognitive decline (P < 0.01 and P
< 0.05; Figure 8A-E). Next, the involvement of SIRT1 in the
regulation of the hippocampal structure was assessed. STZ-
induced diabetic model rats were maintained for 8 weeks, and
then the rats were injected with SRT2104, a SIRT1 activator,
for 16 days. We found that SRT2104 significantly increased the
dendritic lengths and spine densities in the hippocampus of
diabetic model rats (both P < 0.01; Figure 8F-J). Conversely,
the administration of Sirtinol, a SIRT1 inhibitor, for 14
successive days reduced the hippocampal dendritic lengths
and increased spine loss (P < 0.01 or P < 0.05; Figure 8P-T).

We also investigated the molecular pathways underlying the
SIRT1/TORC1 signaling. We found that SRT2104 increased
SIRT1, TORC1, p-CREB, and BDNF levels in the hippocampus
(P <0.01 or P <0.05; Figure 8K-0). Conversely, we also found
that the infusion of Sirtinol into the hippocampus of diabetic
model rats reduced the levels of these proteins (P < 0.01
or P < 0.05; Figure 8U-Y). These data suggested that SIRT1
signaling may be involved in hippocampal structural plasticity,
which is damaged in diabetic model rats.

Discussion

The results of this study provided insights into the mechanistic
links between hippocampal insulin signaling and cognitive
function in STZ-induced diabetic model rats. The learning and
memory capabilities of diabetic model rats were significantly
damaged 8 weeks after the STZ injection. Moreover, the
decreased expression levels of p-IR, p-IRS-1, and SIRT1 in the
hippocampus of diabetic rats were revealed by western blot
assay. However, cognitive deficits in diabetic model rats were
prevented by insulin administration, whereas more severe
cognitive deterioration was induced by S961 administration.
Insulin administration activates the insulin signaling pathway,
increasing the SIRT1 protein level. Conversely, the inhibition of
insulin signaling resulted in the decreased expression of SIRT1
protein. These results suggested that SIRT1 protein may be
involved in brain insulin resistance, which mediates diabetes-
related cognitive dysfunction. In addition, aberrant dendritic
structures were observed in the hippocampus of rats suffering
from 8 weeks of diabetes duration. Treatment with a SIRT1
activator protected dendritic structures and increased TORC1,
p-CREB, and BDNF protein levels, whereas the inhibition
of SIRT1 reduced dendritic lengths and spine densities,
which was accompanied by decreased TORC1, p-CREB, and
BDNF levels. Thus, our findings suggested that brain insulin
resistance drives diabetes-related cognitive decline through
the inhibition of SIRT1 signaling.

The effects of diabetes on cognitive function have been
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the between-group differences in blood glucose levels were analyzed by one-way analysis of variance. (F-M) The cognitive functions of diabetic rats (DIA-8W) or NS rats
at week 8 of diabetes modeling were measured by MWM (n = 15 per group). The learning function was evaluated using the hidden platform test. The escape latency time
during the first 4 days was used to generate the learning curve (F), and detailed data for days 2, 3, and 4 are shown (G—I). The memory functions of rats were measured
in the probe test. The number of times that the rats crossed the expected platform location (J), the time spent in the target quadrant (K), the average swimming speed of
rats (L), and the percentage of swimming distance in the target quadrant (M) were recorded. In the MWM experiments, the learning efficiency was analyzed by general
linear model, and the differences in daily learning times were analyzed by one-way analysis of variance during the hidden platform test. The time spent in the target
quadrant, the number of times that the rats crossed the expected platform location, the average swimming speed of rats, and the percentage of swimming distance in
the target quadrant during the probe test were analyzed by one-way analysis of variance. Data are presented as the mean + SEM. *P < 0.05, **P < 0.01. The experiments
were repeated three times.
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(A) Schematic diagram of the experimental schedule. After 8 weeks of diabetes modeling, the hippocampal dendritic structures of diabetic model rats (DIA-
8W) or non-STZ-treated rats (NS) were assessed by Golgi staining. (B) Representative images of hippocampal neurons in DIA-8W rats or NS rats. The dendritic
lengths were reduced in the hippocampus of diabetic rats compared with non-STZ-treated rats. (C) The total dendrite lengths of hippocampal neurons (n =

4 per group). (D) Representative images of dendritic spines in hippocampal neurons from DIA-8W rats or NS rats. The spine densities were reduced in the
hippocampus of diabetic model rats compared with non-STZ-treated rats. (E) Spine densities (n = 4 per group). (F) Schematic diagram of the experimental
schedule. (G-0) Diabetic model rats were treated with SRT2104 or vehicle for 16 days, and then the hippocampal dendritic structures were examined by Golgi
staining (G—J), and the proteins were analyzed by western blot assay (K-0). (G) Representative images of hippocampal neurons in rats injected with SRT2104

or vehicle. Compared with vehicle-treated rats, SRT2104 treatment significantly increased the dendritic lengths in the hippocampus of diabetic model rats. (H)
The total dendrite length of neurons (n = 4 per group). (I) Representative images of dendritic spines in rats injected with SRT2104 or vehicle. Compared with
vehicle-treated rats, SRT2104 significantly increased the spine densities in the hippocampus of diabetic model rats. (J) Spine densities (n = 4 per group). (K—

0) SRT2104 increased the expression of SIRT1 (L), TORC1 (M), p-CREB (N), and BDNF (O) in the hippocampus of diabetic rats with cognitive dysfunction (n =
5-6 per group). (P) Schematic diagram of the experimental schedule. Diabetic rats were treated with SRT2104 or vehicle for 16 days. (Q-Y) The hippocampal
dendritic structure was tested by Golgi staining (Q—T), and the proteins were analyzed by western blot assay (U-Y). (Q) Representative images of hippocampal
neurons in rats injected with Sirtinol or vehicle. Sirtinol treatment reduced the dendritic lengths in the hippocampus of diabetic model rats. (R) The total
dendrite length of neurons (n = 4—6 per group). (S) Representative images of dendritic spines in rats injected with Sirtinol or vehicle. Sirtinol decreased the
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phosphorylated cAMP-response element-binding protein; SIRT1: Sirtuin 1; Sirtinol: SIRT1 inhibitor; SRT2104: SIRT1 activator; STZ: streptozotocin; TORC1: target

of rapamycin complex 1.
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reported in many studies (Bhutada et al., 2012; Ye et al., 2018;
Tabassum et al., 2020). For instance, male rats fed with a high-
fat diet and given a 35 mg/kg STZ injection to induce a type 2
diabetic model showed significant deficits in spatial learning
and memory function in the MWM test after 9 weeks (Ye et
al., 2018). In another study, a type 1 diabetes mellitus model
was induced by a single injection of 60 mg/kg STZ, and these
rats exhibited impaired performance in the MWM test and a
reduced investigation ratio in the novel object recognition task
after 30 days of modeling (Bhutada et al., 2012). The doses of
STZ, the method of STZ injection, and the duration of diabetes
modeling differ across studies. Kamal et al. (1999) found a
progressive deficit in synaptic plasticity, which is associated
with functional cognitive deficits and can be observed after a
diabetes duration of 6 or 8 weeks. A similar method was used
in this study. The blood glucose levels of the diabetic model
rats increased throughout the entire experiment performed
in our study. Different from our results, studies (Kamal et
al., 1999; Luu et al., 2013) reported a slight decline in blood
glucose levels from 6 to 8 weeks of diabetic modeling. One
potential explanation for this difference is that we replaced
saline with citric acid buffer as the solvent for STZ. The pH
value is an obvious difference between saline (pH 7) and
the citric acid buffer (pH 4.9). As a result, the biological
activity of STZ is higher when dissolved in citric acid buffer
compared with that in saline. Thus, in our experiment, the
pancreatic island cells were more severely damaged, and the
phenomenon in which the blood glucose levels of diabetic rats
remained high until the eighth week was observed.

Next, the learning and memory functions of diabetic rats were
analyzed through two procedures of the MWM test, including
the hidden platform test and the probe test. In the hidden
platform test, the escape latency for rats to find the platform is
used to evaluate the learning function of rats. Currently, these
data are commonly analyzed by one-way analysis of variance
(Vorhees and Williams, 2006; Bhutada et al., 2012; Li et al.,
2017). The one-way analysis of variance is also incorporated
into the language of the general linear model (GLM) (Scott
et al., 2014). In the hidden platform test, a one-way analysis
of variance can only be used to analyze the learning of rats
for each day, separately, and is unable to identify changes in
the learning ability over consecutive days. In this experiment,
GLM analysis, which has not previously been used to analyze
the results of the MWM test before, was added to calculate
the learning curves of the rats during the training period of
the hidden platform test to estimate learning efficiency. The
results showed that the time required for diabetic rats learn
the location of the hidden platform decreased much more
slowly than was observed for normal rats, indicating that
diabetic rats displayed a worse learning ability than normal
rats. The spatial memory of diabetic model rats was assessed
by the probe test. Compared with the control rats, diabetic
model rats showed no significant changes in swimming
speeds. One possible explanation for this result may be that
the swimming speed reflects exercise ability, not memory
ability. However, diabetic model rats showed significant
differences in swimming times in the target quadrant, the
number of times crossing the expected location of the target
platform, and the percentage of swimming distance in the
target quadrant compared with the age-matched control
rats. Thus, diabetic model rats can be used to investigate the
mechanism of diabetes-related cognitive impairment after 8
weeks of diabetes modeling.

Insulin resistance is closely related to cognitive impairments,
and the activation of brain insulin signaling can effectively
improve cognitive decline (Spinelli et al., 2019). Intranasal
insulin administration facilitates memory abilities not only in
Alzheimer’s disease patients but also in healthy individuals
(Reger et al., 2008). Similarly, intranasal insulin treatment
was found to significantly improve the deteriorated memory
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functions in intracerebroventricularly STZ-injected rats,
which serves as a sporadic Alzheimer’s disease animal model
(Rajasekar et al., 2017). In this study, after intranasal insulin
treatment for 6 consecutive weeks, diabetic model rats
showed significantly improved learning and memory functions
compared with vehicle-treated rats. Sukhov et al. (2020) also
showed that insulin treatment improved the spatial memory
of neonatal rats with diabetes mellitus. In contrast, S961
administration induced more severe cognitive dysfunction in
diabetic model rats. S961 is a type of biosynthetic IR antagonist
that was found to downregulate the phosphorylation of IR in
the liver, muscle, kidney, and brain (Ruegsegger et al., 2019;
Meijer and Barrett, 2021). IRS-1 is a downstream molecular
of IR. In this study, the phosphorylation of IR and IRS-1 were
significantly reduced in the hippocampus of diabetic model
rats with cognitive impairment. In addition, IR and IRS-1
phosphorylation were increased in diabetic rats that received
insulin administration and decreased after S961 treatment.
Thus, the dysfunction of brain insulin signaling, also known
as IR/IRS-1 signaling, is involved in diabetes-related cognitive
decline.

A recent study suggested that SIRT1 might play an important
role in the treatment of cognitive decline induced by diabetes
(Cao et al., 2017), and several studies have confirmed that
SIRT1 plays a central role in metabolic regulation and insulin
sensitivity in the liver, muscle and adipose tissue (Shen et al.,
2018; Zhang et al., 2018; Shan et al., 2020; Sun et al., 2020).
However, the relationship between insulin signaling and SIRT1
remains uncertain and controversial in the central nervous
system. In our studies, the intranasal administration of insulin
significantly increased SIRT1 expression in the hippocampus
of diabetic model rats with cognitive impairment. However,
the IR inhibitor significantly reduced the expression of SIRT1.
To date, brain insulin signaling has been reported to impact
hippocampus-dependent cognitive tasks through a variety
of molecular cascades, such as phosphoinositide-3-kinase
(PI13K)/protein kinase B (AKT), mitogen-activated protein
kinase (MAPK), mammalian target of rapamycin (mTOR), and
CREB (Zeng et al., 2016; Spinelli et al., 2019). Niyomchan et al.
(Niyomchan et al., 2015) found that insulin promoted neurite
outgrowth via the activation of PI3K/AKT/SIRT1 signaling. In
addition, animal studies have shown that insulin signaling
promotes dendritic arbor development by activating Ras/
MAPK signaling (Banks et al., 2012), which could activate SIRT1
to protect endothelial cells from oxidative stress (Marampon
et al., 2016). Thus, the results from our study and those
from other studies have indicated that hippocampal insulin
signaling might positively regulate the expression of SIRT1.
However, some studies have shown that activated SIRT1
improves insulin sensitivity (Cao et al., 2017) and increases
the expression of proteins related to the insulin signaling
pathway (Yoshizaki et al., 2009). Therefore, interactions may
occur between insulin signaling and SIRT1 in the brains of
diabetic rats. The relationship between insulin signaling and
SIRT1 deserves to be further studied in our future work by
researching the effects of SIRT1 activation and inhibition on
brain insulin signaling.

Abnormal dendritic spine structures are a prominent feature
associated with cognitive dysfunction (Torres et al., 2018).
Defects in both spine morphology and spine density correlate
with cognitive decline in Alzheimer’s disease, dementia,
and other neurodegenerative disorders (Penzes et al., 2011;
Pchitskaya et al., 2018). Our study showed significantly shorter
dendritic branches and severe spine loss in diabetic rats with
cognitive dysfunction using the Golgi staining method. Fan
et al. (2019) also reported changes in dendritic structural
plasticity in prediabetic rats associated with cognitive
dysfunction, which was consistent with our findings. Brain
insulin resistance results in a decrease in the spine density in
the hippocampus, which was related to cognitive decline (Lee
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et al., 2011). However, the molecular mechanisms through
which brain insulin signaling regulates the morphology of
dendritic spines remains unclear. Research has revealed that
insulin promotes dendritic spine formation in hippocampal
neurons (Lee et al., 2011), whereas the inhibition of the
insulin receptor limited synapse density (Dixon-Salazar et
al., 2014). In this study, SRT2104, an activator of SIRT1,
increased hippocampal dendritic lengths and dendritic spine
densities. However, the inhibition of SIRT1 in diabetic rats
using Sirtinol induced a decrease in dendritic lengths and
spine densities. Michan et al. (2010) also found that cognitive
deficits in SIRT1 knockout mice were associated with defects
in dendritic branching, branch length, and the complexity
of neuronal dendritic arbors. Thus, diabetes-induced brain
insulin resistance may regulate the expression of SIRT1, which,
in turn, affects the morphology of the dendritic spine and
disrupts cognitive function. However, Sirtinol, which was used
in this study, has also been reported to decrease cell viability
by activating adenosine 5’monophosphate-activated protein
kinase (Hsu et al., 2012). The up-regulation of adenosine
5’'monophosphate-activated protein kinase can aggravate
tau aggregation and result in neuronal atrophy and spine
loss in Alzheimer’s disease (Liu et al., 2017). Because Sirtinol
might also interact with other proteins in the cell, whether
the effects of SIRT1 on the hippocampal structure of diabetic
model rats are direct or indirect remain unclear. Thus, other
methods, such as viral-mediated gene transfer, should be
explored to further clarify the effects of SIRT1 on dendritic
structures. In addition, a SIRT1 agonist was found to reduce
the cognitive dysfunction in diabetic rats through antioxidative
and anti-inflammatory mechanisms (Wang et al., 2019). The
effects of insulin signaling on improvements in mitochondrial
oxidative metabolism and decreased inflammation have
been researched in recent years (Dandona et al., 2007).
Therefore, brain insulin signaling and SIRT1 may participate
in the development of diabetes-related cognitive dysfunction
through multiple processes, which are worth continuing to
study in the future.

Under normal conditions, SIRT1 activates TORC1, which is a
brain-specific modulator of CREB activity (Jeong et al., 2011).
The maintenance of the hippocampal dendritic structure
depends on the levels of BDNF, which can be transcribed
by CREB (Sen, 2019). Because BDNF is thought to play a key
role in the neuroprotective functions of SIRT1 (Jeong et al,,
2011), we focused on TORC1/CREB signaling as a potential
target pathway for the functions of SIRT1 in the regulation of
dendritic spine morphology. We found that SIRT1 affects the
morphology of dendritic spines and increases the expression
of BDNF by modulating the TORC1/CREB signaling pathway
in the hippocampus of diabetic model rats with cognitive
dysfunction. However, we did not demonstrate the direct
contribution of SIRT1 to dendritic morphology. Previous
studies have demonstrated that SIRT1 directly deacetylates
heat shock factor 1, which is involved in the maintenance
of the total dendritic length, the density of dendritic spines,
and the number of dendrites in pyramidal neurons of the
hippocampus (Westerheide et al., 2009; Uchida et al., 2011).
Extracellular regulated kinase1/2 may be another potential
target molecule for SIRT1 during the modulation of dendritic
morphology (Abe-Higuchi et al., 2016). Thus, SIRT1 may play
diverse roles in reversing aberrant dendritic morphogenesis by
regulating downstream signaling pathways. Future studies will
be necessary to elucidate the mechanisms of SIRT1 regulation
on dendritic spine morphology in diabetic rats.

In conclusion, the results of the present study suggested that
brain insulin resistance is involved in the cognitive impairment
of diabetic model rats through the activation of SIRT1
signaling. BDNF may be a downstream molecule of SIRT1
signaling, affecting the morphology of dendritic spines in the
hippocampus of diabetic rats.
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