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Abstract

Studies have shown that diabetes is associated with the occurrence of neurodegenerative diseases and cognitive decline.
However, there is currently no effective treatment for diabetes-induced cognitive dysfunction. The superior efficacy of
liraglutide (LIRA) for cognitive impairment and numerous neurodegenerative diseases has been widely demonstrated. This
study determined the effects of LIRA on diabetic cognitive impairment and on the levels of oxidative stress, lipid peroxi-
dation, iron metabolism and ferroptosis in the hippocampus. Mice were injected daily with liraglutide (200 pg/kg/d) for
5 weeks. LIRA could repair damaged neurons and synapses, and it increased the protein expression levels of PSD 95, SYN,
and BDNF. Furthermore, LIRA significantly decreased oxidative stress and lipid peroxidation levels by downregulating the
production of ROS and MDA and upregulating SOD and GSH-Px in the serum and hippocampus, and the upregulation of
SOD2 expression was also proven. The decreased levels of TfR1 and the upregulation of FPN1 and FTH proteins observed
in the LIRA-treated db/db group were shown to reduce iron overload in the hippocampus, whereas the increased expression
of Mtft and decreased expression of Mfrn in the mitochondria indicated that mitochondrial iron overload was ameliorated.
Finally, LIRA was shown to prevent ferroptosis in the hippocampus by elevating the expression of GPX4 and SLC7A11 and
suppressing the excessive amount of ACSL4; simultaneously, the damage to the mitochondria observed by TEM was also
repaired. For the first time, we proved in the T2DM model that ferroptosis occurs in the hippocampus, which may play a role
in diabetic cognitive impairment. LIRA can reduce oxidative stress, lipid peroxidation and iron overload in diabetic cognitive
disorders and further inhibit ferroptosis, thereby weakening the damage to hippocampal neurons and synaptic plasticity and
ultimately restoring cognitive function.
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Introduction

Diabetes mellitus is one of the most common metabolic
disorders and is characterized by elevated blood glucose
resulting from a deficiency in insulin secretion or insulin
resistance [1]. The global incidence of diabetes mellitus
Ji-Ren An and Jia-Nan Su have contributed equally to this work is increasing rapidly and has become a worldwide public
and share first authorship. health issue threatening human health. In addition to diabe-
tes-related microvascular and macrovascular complications,
concurrent neurobehavioral defects pose additional chal-
lenges to treatment. A number of experimental and clinical
reports suggest that type 2 diabetes mellitus (T2DM) occurs
simultaneously with brain diseases such as Alzheimer’s dis-
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mellitus is intricately linked to cognitive impairment [5], and
approximately 50% of T2DM patients suffer from cognitive
dysfunction [6].
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Ferroptosis, a regulated, nonapoptotic form of iron-
dependent cell death, was first proposed in 2012 and is
defined as the inactivation of phospholipid hydroperoxidase
glutathione peroxidase 4 (GPX4) with the occurrence of
iron-dependent lipid peroxidation [7, 8]. The labile iron pool
promotes ferroptosis by catalyzing the production of a large
amount of reactive oxygen species (ROS), which provides a
powerful oxidant for lipid peroxidation [9]. Iron overload is
a key factor in ferroptosis, which is supported by the results
of iron-chelating agents in reducing ferroptosis in multiple
experimental models [7, 10]. Ferroptosis has been proven
to participate in diverse pathological cell deaths in numer-
ous degenerative pathologies [11]. A recent study found that
ferroptosis of brain microvascular endothelial cells occurs
after diabetic stroke, and iron-chelating agents can effec-
tively inhibit the occurrence of endothelial ferroptosis and
vascular degeneration, which is undoubtedly a strong link
between ferroptosis and diabetic brain damage [12]. How-
ever, the role of ferroptosis in diabetic cognitive impairment
and hippocampal lesions is yet to be fully defined.

Previous research has found that approximately 1/10 of
cases of Alzheimer’s disease are attributed to the aggrava-
tion of diabetes[13], while T2DM patients exhibit AD-like
brain pathological changes [14]. However, current therapies
have limited efficacy against diabetic cognitive impairment.
Therefore, the cognitive impairment caused by diabetes will
gradually progress and may evolve into a more serious neu-
rodegenerative disease. As such, there is an urgent need for
the exploration of new therapeutic strategies aimed at target-
ing diabetic cognitive impairment.

Glucagon-like peptide-1 (GLP-1) is a peptide hormone
that stimulates insulin secretion and inhibits glucagon secre-
tion in the pancreas in a glucose-dependent manner [15].
Liraglutide (LIRA), a GLP-1 receptor agonist, is currently
widely used in the clinic and is approved for the treatment
of obesity and diabetes. Previous studies have found that
liraglutide can significantly improve the blood glucose level
compared with other GLP-1 receptor agonists [16]. Beyond
that, LIRA has been identified to have a neuroprotective
effect on nerves and cognition. LIRA can reduce AP depo-
sition and glial cell activation in the cortex and hippocampus
of Alzheimer’s disease mice [17]. In addition, LIRA is good
at reducing the level of phosphorylated tau in cultured neu-
rons and mice and mitigating the loss of hippocampal neu-
rons in Alzheimer’s disease mice [18]. LIRA not only has a
hypoglycemic effect but also has been proven to be related
to a variety of regulatory processes, such as oxidative stress
[19]. However, the fundamental cellular mechanism of LIRA
agonists involved in the brain remains poorly understood.

In view of this, we hope to solve the above problems
by establishing a db/db mouse diabetes model, which is
widely used in the study of T2DM and related complica-
tions [20]. First, to evaluate the changes in glucose and lipid
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metabolism in mice, we tested weekly blood glucose, glu-
cose tolerance, insulin tolerance, pyruvate tolerance, total
cholesterol, triglycerides, low-density lipoprotein, and insu-
lin levels. After that, we conducted a Morris water maze
experiment and a Y maze experiment to study the influence
of the model on behavior. At the same time, we observed
changes in neurons and synapses in the hippocampus
through Nissl staining and transmission electron micros-
copy, accompanied by PSD95, SYN and BDNF detection
of protein expression. We further tested the levels of anti-
oxidants (SOD and GSH-Px) and lipid peroxidation products
(MDA) in the serum and hippocampus and performed DHE
staining to observe the changes in reactive oxygen species.
Perls’ staining was used to observe iron deposition in the
hippocampus. At the same time, western blotting was used
to detect the expression of the iron-related proteins FTL,
FTH, TfR1, and FPN1 and mitochondrial iron storage pro-
tein FtMt and uptake protein Mfrn. Morphological changes
in mitochondria were observed by transmission electron
microscopy. Finally, immunofluorescence and western blot-
ting were used to detect the expression levels of ACSL4,
SLC7A11 and GPX4 in the ferroptosis signal transduction
pathway. Here, our purpose was to evaluate whether ferrop-
tosis plays a role in the pathogenesis of neuronal damage
caused by T2DM, and to determine the effect of LIRA, with
the aim of providing potential therapeutic targets.

Materials and Methods
Experimental Animals and Grouping

Male diabetic db/db mice and nondiabetic littermate db/m
mice that were 4 weeks of age were purchased from Chang-
zhou Cavens Experimental Animal Co., Ltd. (Changzhou,
China). All mice were adapted to their living conditions
for at least 7 days before the experiment. After 1 week of
adaptive feeding, 20 db/db mice were randomly divided into
two groups: a model group (db/db, n=10) and a treatment
group (LIRA, n=10). Another 10 db/m mice were used as
the control group (db/m, n=10). After feeding to 10 weeks
old, the LIRA group was given liraglutide (CSN11311,
CSNpharm, China) diluent (200 pg/kg/d) by intraperitoneal
injection for 5 weeks, with equivoluminal 0.9% saline intra-
peritoneally administered to the other two groups. During
the experiment, the tail veins of the mice were massaged
and disinfected with 75% ethanol, followed by puncture and
collection of 1 drop of blood, and the blood glucose levels
were measured by a blood glucose meter (S59400839789,
Sannuo, China) per week. All mice were allowed free access
to food and water.

After the experiment, the mice were anesthetized, and
blood was collected. The hippocampal regions of the brains
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were obtained and examined by transmission electron
microscopy, histology, Western blot, immunohistochemis-
try and immunofluorescence.

All procedures were carried out in strict accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Animal
Experimental Ethics Committee of Liaoning University of
Traditional Chinese Medicine (Ethics approval number:
SYXK 2019-0004).

Intraperitoneal Injection of Glucose, Insulin
and Pyruvate Tolerance Test

An intraperitoneal glucose tolerance test (IPGTT) was first
performed three days prior to harvesting, and then an intra-
peritoneal insulin tolerance test (IPITT) was performed to
evaluate systemic glucose tolerance and insulin sensitivity.
Mice were injected with glucose (2 g/kg) or insulin (1 U/
kg) in the awake state and were then fasted for 12 h (since 7
a.m.), and blood glucose levels were measured by tail bleed-
ing at each time point indicated. Finally, an intraperitoneal
pyruvate tolerance test (IPPTT) was performed by intraperi-
toneal injection of mice with pyruvate. After fasting for 14 h,
the mice were injected with sodium pyruvate (2 g/kg), and
then the blood glucose levels at each time point were meas-
ured by tail hemorrhage. The area under the curve (AUC) of
blood glucose fluctuation was also calculated.

Behavioral Experiment

The Morris water maze test (MWM) is widely used to test
memory function and was performed as described previ-
ously [21]. The MWM test was performed with the SMART-
CS (Panlab, Barcelona, Spain) program. On the 1st day, the
platform was placed above the water surface (visible plat-
form) for memory training. From the 2nd to the 6th day,
the platform was placed just below the water surface (hid-
den platform) for the site navigation test. Each mouse was
placed in the tank from one of four different directions, and
the distance traveled and latency to reach the platform were
recorded. On the 7th—9th day, the platform was placed in
the opposite area and continued to be placed just below the
water surface to repeat the field navigation test. On the 10th
day, the platform was removed for the probe trial. The num-
ber of times the platform location was crossed within 2 min
was recorded.

The Y maze was used to test the discriminative learn-
ing and working memory of the mice. The Y maze consists
of three identical zones, named the starting zone, the new
zone and the other zone. In the first experiment, the new
zone was first closed, and the mice were placed in the maze
and allowed 3 min of free exploration. The second experi-
ment (recall stage) was conducted after 2 h of waiting. The

new zone was opened, and the mice were allowed to freely
explore the three arms for 3 min. The ratio of exploration
time and distance in each zone was recorded. The time and
distance for mice with cognitive impairment to explore in
the new zone would be shortened.

Nissl Staining

Nissl staining was used to detect the number and morphol-
ogy of Nissl bodies in hippocampal neurons. After the brain
tissues were removed, they were sliced into 5-um paraffin
sections by a vibrating slicer (CM1950, Leica, Solms, Ger-
many). The slices were deparaffinized, rehydrated, stained
with Nissl staining, dehydrated, and made transparent.
Finally, the brain slices were covered and photographed by
electron microscopy (DM3000, Leica, Sims, Germany).

Transmission Electron Microscope (TEM) Staining

We used a blade to cut and harvest fresh hippocampal tis-
sue blocks quickly that were no more than 1 mm?. The
removed tissue was immediately placed into a fixative for
TEM (G1102, Servicebio, Wuhan, China) and was fixed at
4 °C for preservation. Then, the tissues were washed using
0.1 M PBS (pH 7.4) 3 times, 15 min each. Pure EMBed 812
(90,529-77-4, SPI, USA) was poured into the embedding
models, and the tissues were inserted into pure EMBed 812
and then kept in 37 °C ovens overnight. The embedding
models with resin and samples were moved into 65°C ovens
to polymerize for more than 48 h. Then, the resin blocks
were cut to 60-880-nm-thick sections on an ultramicrotome,
and the tissues were removed onto 150-mesh cuprum grids
with formvar film. The sections were stained in a 2% ura-
nyl acetate saturated alcohol solution for 8 min in the dark,
rinsed with 70% ethanol 3 times, and rinsed with ultrapure
water three times. The sections were stained in a 2.6% lead
citrate solution to avoid carbon dioxide for 8§ min and washed
with ultrapure water 3 times, and the filter paper was slightly
blotted dry. The cuprum grids were placed in a copper mesh
box and dried overnight at room temperature. The cuprum
grids were observed under TEM, and images were taken.

Serum Analysis

Serum total cholesterol (TC) and low-density lipoprotein
(LDL) were measured using a biochemical kit (2,020,002,
Huili Biotech Co., Ltd, Changchun, China); triglyceride
(TG) was determined using a biochemical kit (2,020,008,
Huili Biotech Co., Ltd, Changchun, China); and insulin
(INS) was determined using an ELISA kit (EIA-2358, Elisa
Biotech Co., Ltd. Shanghai, China).
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Determination of Oxidation and Lipid Peroxidation
Levels

Serum total superoxide dismutase (SOD), glutathione per-
oxidase (GSH-Px) and malondialdehyde (MDA) were deter-
mined using a SOD assay kit (AOO1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), an MDA assay
kit and a GSH-Px assay kit (A00S, Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China).

Appropriate amounts of hippocampal tissue were
weighed and ground with medium, and then the grinding
solution was centrifuged. The supernatant was collected to
prepare a 10% tissue homogenate. The above kits were used
to detect the homogenate.

Dihydroethidium Staining

Dihydroethylamine (DHE) staining was used to detect the
level of ROS in tissues. The brain tissues were removed and
sliced into 5-pm paraffin sections by a vibrating slicer as
previously described. After washing with phosphate-buff-
ered saline (0.01 M PBS, pH 7.4), the sections were cov-
ered with 5 pM DHE (19,709, Kaiman Chemical Co., Ann
Arbor, Michigan, USA) and incubated at 37 °C for 30 min
under dark conditions. Then, the sections were washed with
PBS, covered and observed with a fluorescence microscope.
The main fluorescence intensity was calculated in ImageJ
software.

Perls’ Staining

After deparaffinization, the sections were washed with PBS
and incubated with 3% H,0, for 20 min at room tempera-
ture. The sections were incubated with Perls’ iron reagent
containing potassium ferrocyanide and hydrochloric acid for
8 h at 37 °C and rinsed in deionized water. The color of the
stained sections was enhanced with a DAB kit (ZLI-9018,
ZSGB-BIO, Beijing, China), dehydrated and covered with
neutral resin. The mean intensity was calculated in ImageJ
software.

Immunofluorescence Staining

After deparaffinization, the sections were washed with PBS
and incubated with 3% H,O, for 20 min at room tempera-
ture. Then, 0.01 M citrate buffer (pH 6.0) was added to the
slices for antigen retrieval, and the slices were blocked with
serum. Then, Acyl CoA synthetase long-chain family mem-
ber 4 (ACSL4, DF12141, Affinity, Cincinnati, OH, USA) and
GPX4 (DF6701, Affinity, Cincinnati, OH, USA) were added
overnight at 4 °C. After washing with PBS, the sections were
incubated with fluorescent secondary antibodies in the dark
for 1 h. After washing with PBS, DAPI (2 mg/ml, Solarbio,
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Beijing, China) was added, and the sections were incubated
for 5 min at room temperature. The brain tissues were covered
with antifade mounting medium. The mean intensity was cal-
culated in ImagelJ software.

Western Blot Analysis

Western blot analysis was used to detect protein expression
in the hippocampus. First, hippocampal tissues were homog-
enized in cold RIPA lysis buffer. After centrifugation, the
supernatant was collected, and the protein concentration was
determined with a BCA protein assay kit (CW0014S, Cwbi-
otech, Beijing, China). Thirty micrograms of protein was
added to a polyacrylamide gel and separated by molecular
weight. The separated proteins were transferred onto nitrocel-
lulose filter membranes (NC). The blots were blocked with
5% skim milk and incubated with primary antibodies against
GPX4 (DF6701, Affinity, Cincinnati, OH, USA), SCL7A11
(ARG57998, Arigo Biologicals, Shanghai, China), Mitochon-
drial superoxide dismutase 2, (SOD2, Gb111875, Servicebio,
Wuhan, China), L-Ferritin (FTL, ab109373, Abcam, Cam-
bridge, MA, USA), H-Ferritin (FTH, ab183781, Abcam, Cam-
bridge, MA, USA), Transferrin Receptor 1 (TFR, 1,136,890,
Invitrogen, Carlsbad, CA, USA), Ferroportin 1 (FPN1, mtp11-
a, Alpha Diagnostic International, San Antonio, TX, USA),
Mitochondrial Ferritin (Ftmt, ab66111, Abcam, Cambridge,
MA, USA), Mitoferrinl (Mfrn, ab56134, Abcam, Cam-
bridge, MA, USA), Post synaptic density protein 95 (PSD 95,
GB11277, Servicebio, Wuhan, China), Synaptophysin (SYN,
17,785-1-AP, Proteintech, Wuhan, China) and Brain-derived
neurotrophic factor (BDNF, GB11559, Servicebio, Wuhan,
China) overnight at 4 °C. After washing with TBS-T, blots
were incubated with HRP-conjugated secondary antibodies,
and protein bands were detected by chemiluminescence with
a multifunctional laser scanning system (Vilber Fusion FX5
Spectra, Paris, France). The density of protein bands was quan-
tified in ImagelJ.

Statistical Analyses

The results are presented as the mean+ SEM. Statistical com-
parisons among multiple groups were performed using one-
way ANOVA followed by the LSD post hoc test. Two-way
ANOVA followed by a Bonferroni post hoc test was used to
analyze the behavioral data. P <0.05 was regarded as statisti-
cally significant.
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Results

LIRA Alleviated Disorders of Glycolipid Metabolism
and Insulin Resistance in db/db Mice

At the beginning of the experiment, changes in blood
glucose were detected weekly in all groups. After LIRA
intervention, the elevated blood glucose of db/db mice was
significantly improved (Fig. 1A). To study the effects of
LIRA on insulin sensitivity and gluconeogenesis, we fur-
ther evaluated the db/db mouse model by measuring the
IPGTT, IPITT and IPPTT levels (Fig. 1B-G). Compared
with normal mice, db/db mice demonstrated impaired
systemic insulin sensitivity and hepatic gluconeogenesis,
which could be reversed by LIRA. Further studies showed
that LIRA elicited a decrease in the elevated serum insulin
level in db/db mice, which agreed with previous studies

(Fig. 1 H). To gain further insight into the effect of LIRA
on lipid metabolism, the serum levels of TC, TG and LDL
in mice were further examined. It was not unexpected that
the high levels of serum TG and LDL in mice could be
reversed by LIRA, but there was no significant differ-
ence in the improvement of TC (Fig. 1I-K). In light of
the excellent effects from the above in vivo studies, LIRA
was demonstrated to significantly improve abnormal gly-
colipid metabolism and insulin resistance in db/db mice,
as we proved again.

LIRA Attenuated Neurocognitive Deficiencies in db/
db Mice

MWM, as a widely used behavioral experiment reflect-
ing cognitive ability, was selected to examine the spa-
tial learning and memory ability of mice. The escape
latency and distance during the water maze test were
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markedly increased in db/db mice compared with normal
mice. Similarly, the results of the reversal platform test
also showed reduced spatial memory. (Fig. 2A-B). On
the final day of the experiment, the db/db mice crossed
the platform significantly fewer times within 2 min
(Fig. 2C). It is worth mentioning that after LIRA inter-
vention, the increased escape latency and distance and the
reduced number of platform crosses were all improved
(Fig. 2A-C). Meanwhile, we further evaluated the spatial
recognition capability behavior by the Y-maze test. As
shown in Fig. 2D-F, the percentage of time spent and the
distance traveled in the new zone were elevated in db/db
mice. LIRA elicited decreases in the spatial exploration
and the damage to recognition abilities. All the above
findings indicated the restorative effect of LIRA on learn-
ing and memory deficits in db/db mice.

LIRA Diminished the Loss of Hippocampal Neurons
and Improved Synaptic Plasticity Impairments
in db/db Mice

First, we observed the synapses by TEM. As shown in
Fig. 3A, the width of the synaptic cleft was increased
and the thickness of the intersynaptic density was signifi-
cantly decreased in db/db mice, which was improved after
administration of LIRA. Second, we observed hippocam-
pal neurons with Nissl staining. As shown in Fig. 3B, C,
Nissl staining became lighter in the CA1 and CA3 regions
and the dentate gyrus (DG) of db/db mice, along with a
decline in the number of Nissl bodies in the above fields.
LIRA elicited a significant increase in the loss of Nissl
bodies that resulted from neuronal injury.

Next, we observed changes in the expression of syn-
apse-related proteins in hippocampal neurons, which
could directly reflect synaptic damage and degenera-
tion. As shown in Fig. 3D, E, the expression of PSD 95
protein in the hippocampus of db/db mice was reduced,
which indicated that the formation of mature synapses
was hindered. Similarly, SYN, which is involved in regu-
lating short- and long-term synaptic plasticity, was also
significantly differentially expressed between the db/m
and db/db groups (Fig. 3D, E). In addition, the levels of
BDNF in the hippocampus were inhibited in this model
(Fig. 3D, E). Compared with the db/db mice, the LIRA
group exhibited significant increases in PSD 95, SYN and
BDNF protein expression levels (Fig. 3D, E).

Taken together, these results implied that synaptic dys-
function and neuronal damage in db/db mice attenuate
hippocampal memory capacity, which could be reversed
by LIRA.
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LIRA Improved Oxidative Stress and Lipid
Peroxidation in a db/db Mouse Model

Given that abnormalities in glycolipid metabolism trigger
the production of ROS and lipid peroxides, we assessed the
positive effects of LIRA on oxidative stress and lipid peroxi-
dation in the hippocampus of db/db mice. First, we detected
the levels of SOD, MDA and GSH-Px proteins using ELISA
kits. The results revealed that the MDA of the serum was at
high levels in the db/db group, but SOD and GSH-Px were
at low levels. After LIRA intervention, the MDA level was
significantly decreased, while the SOD and GSH-Px levels
were significantly increased (Fig. 4A—C). Further analysis
of the above findings indicated that the expression levels of
SOD, MDA, and GSH-Px in the hippocampus and serum of
db/db mice were consistent, while LIRA had the same ame-
liorative effect (Fig. 4D-F). DHE staining showed that the
ROS levels were significantly increased in the hippocampus
of db/db mice, and the increases were more pronounced in
the CA3 region (Fig. 4G, H). The present findings indicated
that LIRA intervention decreased ROS levels (Fig. 4G, H).
Moreover, SOD2, an essential antioxidant enzyme in the
mitochondrial matrix, was decreased in the hippocampus of
db/db mice, as shown in Fig. 41, J. However, compared with
the model group, the expression of SOD2 was upregulated
by LIRA. The available data showed that the production
of ROS and lipid peroxides in the hippocampus induced
by abnormal glucose and lipid metabolism was reduced by
LIRA, and the antioxidant and antilipid peroxidation abili-
ties were also restored.

LIRA Lowered the Iron Levels in the Hippocampus
of db/db Mice

Overload of iron contributes to ROS and lipid peroxide gen-
eration and memory deficiencies. The cognitive impairment
caused by diabetes is known to be associated with iron depo-
sition in the brain [22], but the specific mechanism remains
unclear. Hence, we measured the content and distribution
of Fe with Perls’ staining. As shown in Fig. 5A, B, the Fe
content was markedly elevated in the CA1, CA3 and DG
regions of the hippocampus. Meanwhile, we detected the
content of serum iron and revealed that it was compatible
with the variation in iron in the brain (Fig. 5 C).

Next, we sought to explore the underlying mechanism
by which regulatory proteins regulate iron intake and
release. The expression of the iron storage protein FTH
was decreased in the hippocampus of the db/db mice, but
there was no significant change in the expression of FTL
(Fig. 5D, E). TfR1, an iron intake protein, was elevated
in the db/db group, while the sole iron-releasing pro-
tein FPN1 displayed a downregulating trend (Fig. 5 D,
F). In addition, as the iron-storage protein is located in
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##p <0.01, ##¥p<0.001 vs. the db/m group; *p<0.05, #p<0.01,
###1 <0.001 vs. the db/db group
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Fig.3 The effect of LIRA treatment on neuron and synaptic plasticity
in the db/db mouse model. A Ultrastructure of hippocampal synapses
by TEM (scale bar=50 nm). B Nissl staining images from the field
CA 1, field CA 3 and the dentate gyrus (DG) at different magnifi-
cations (scale bar=500 pm, 100 pm and 50 pm). C The number of

mitochondria, mitochondrial ferritin (FtMt) was downreg-
ulated in db/db mice; conversely, recombinant mitoferrin
(Mfrn) was increased (Fig. 5D, G). The findings reported
here suggested that LIRA treatment attenuated the increase
in Fe content and had a regulatory effect on the levels
of proteins representing changes in iron (Fig. 5). Taken
together, these observations strongly suggest that db/db
mice exhibit iron overload and disordered iron metabo-
lism, which can be rescued by LIRA.
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LIRA Prevented Ferroptosis in the Hippocampus
of db/db Mice

Ferroptosis, which differs from other forms of death due
to mitochondrial damage, is characterized by smaller mito-
chondria and increased membrane density [23]. Compared
with the db/m group and the LIRA group, the ultrastructural
observation of db/db mice showed that the cell volume was
reduced, and the mitochondria were reduced and shrunken,
which was consistent with the characteristics of ferroptosis
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(Fig. 6A). As shown in Fig. 6B, C, the expression of ACSL4
and GPX4 in the rat hippocampal CA3 region was detected
by immunofluorescence. The expression level of ACSL4
was increased in the db/db group, whereas GPX4 showed
the opposite trend. These findings were more pronounced
in the CA3 region. Furthermore, we examined the protein
GPX4 and the cystine transporter system protein SLC7A11.
The expression of GPX4 was significantly suppressed in
db/db mice, and the same trend was observed in SLC7A11
(Fig. 6D, E). Fortunately, these alterations induced by fer-
roptosis were reversed by LIRA (Fig. 6A—E). Hence, we
concluded that ferroptosis can arise in the hippocampus of
db/db mice and can be effectively suppressed by LIRA.

Discussion

This study showed that ferroptosis occurred in the hip-
pocampus of db/db mice; the ferroptosis was manifested by
increasing the expression of GPX4 and SLC7A11 and inhib-
iting excessive ACSLA4. In particular, hippocampal oxidative
stress, lipid peroxidation, and iron overload caused by diabe-
tes activate ferroptosis, thereby damaging neurons and syn-
aptic plasticity and ultimately causing cognitive dysfunction.

The excellent effects of LIRA on cognitive impairment,
as well as on numerous neurodegenerative diseases, have
been widely demonstrated, providing greater advantages
over other hypoglycemic drugs [24-26]. The ability to
improve abnormalities of glycolipid metabolism, as the pri-
mary therapeutic benefit of LIRA, is unquestionable. Con-
sistent with previous reports, LIRA significantly improved
free choice diet-induced glucose intolerance and reduced
hepatic fatty acids, TG, and TC in a novel diet-induced rat
obesity model [27]. Similarly, LIRA has been demonstrated
to reverse cholesterol transport and improve lipid metabo-
lism and liver lipid accumulation in high fiber diet-fed db/
db mice by upregulating ABCA1 expression mediated by
ERK1/2 phosphorylation [28]. Once again, our results con-
firm the stability of this conclusion.

Memory deficit and autonomic behavior are two impor-
tant roles of hippocampal damage caused by T2DM. Con-
sistent with previous studies, our MWM and Y-maze results
showed that diabetic model mice had deficits in spatial learn-
ing and memory ability [29, 30]. These results indicate that
the db/db mice suffered from impaired long-term and spatial
memory functions and exhibited abnormal cognition.

Increasing evidence has suggested that neuronal and syn-
aptic plasticity plays an important role in reflecting learning
and memory abilities [31, 32]. Nissl staining has proven to
be a reliable marker for neuronal degeneration in the hip-
pocampal CA3 region. As expected, Nissl staining in db/db
mice showed significant neuronal loss. Furthermore, trans-
mission electron microscopy indicated impaired synaptic

plasticity, decreased synapses, and thinning of postsynaptic
density. At the same time, we detected proteins related to
synapses. SYN, a major synaptic vesicle protein, is involved
in the structure, function and other membrane components
of tissues [33]. It has been reported that high glucose and
hypoxia downregulate SYN expression, which may be a
potential contributor to cognitive dysfunction in diabetes
[34]. PSD 95 is an important scaffolding protein involved in
synapse maturation, synapse stability, synaptic transmission,
and memory formation in the brain [35]. Previous studies
also demonstrated that PSD 95 protein levels in the brain
were decreased in STZ-induced hyperglycemic rats, while
the expression of PSD 95 could be improved after drug inter-
vention and could subsequently improve long-term synaptic
plasticity [36]. BDNF, a member of the neurotrophin family,
is of paramount importance in long-term potentiation and
neuroplasticity [37]. Previous studies have reported that the
distribution and expression of neuronal plasticity markers,
including SYN and PSD95, may be modulated by BDNF
[38]. Generally, a decrease in BDNF can damage the hip-
pocampus and affect learning and memory function [39],
while diabetic rats can cause a significant downregulation
of BDNF [36]. Our findings suggested that LIRA could
improve the damage and synaptic plasticity of hippocampal
neurons in db/db mice, which may be related to the regula-
tion of PSD 95, SYN and BDNF.

Oxidative stress can induce oxidative damage in cells. It
has been well established that oxidative stress is involved in
the pathogenesis of T2DM, as it is able to induce changes in
the morphological and functional changes of brain regions,
cause learning and memory impairment, and eventually
progress to cognitive impairment [40]. Here, it is worth
mentioning that hyperglycemia exerts its stimulatory effect
on oxidative stress mainly by increasing the production of
mitochondrial ROS, reducing antioxidant SOD and GSH
levels, and causing nonenzymatic saccharification of pro-
tein and glucose oxidation [41]. Antioxidants that exist in
the body can safely interact with free radicals and terminate
chain reactions before vital molecules are damaged. Anti-
oxidants can be enzymatic or nonenzymatic, with the former
including GSH-Px and SOD and the latter including GSH.
The function of SOD is to protect tissue from the deleteri-
ous effects of superoxide radicals. GSH-Px can specifically
catalyze the reduction of hydroperoxide (H,0,) to H,O [41].
The GSH-Px and SOD activities in the brains of db/db mice
were markedly decreased. However, after LIRA interven-
tion, the GSH-Px and SOD activities in the mouse brain
were restored, which indicated that LIRA shows excellent
antioxidant capacity.

Lipid peroxides are considered to be important sub-
stances that promote and exacerbate oxidative stress. Lipids
(cholesterol, polyunsaturated fatty acids) are the main tar-
gets of oxidative attack, which leads to the formation and
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«Fig.4 The expression of oxides and antioxidants in the hippocampus
of the db/m, db/db and LIRA groups. A-C The levels of SOD, MDA
and GSH-Px in serum of mice. D-F The levels of SOD, MDA and
GSH-Px in the hippocampus of mice. G Image of DHE staining in
the field CA3 (scale bar=500 pm, 100 pm and 50 pm). H The mean
fluorescence intensity as shown in (G). I, J The expression and statis-
tical analysis of the SOD 2 proteins. The results are presented as the
mean+SEM. n=3, *p<0.05, **p <0.01, ***p <0.001 vs. the db/m
group; #p <0.05, #p <0.01, 5 <0.001 vs. the db/db group

accumulation of lipid oxidation products, particularly oxys-
terols, hydroperoxides and endoperoxides. The increase in
MDA, an important indicator of lipid peroxides, is a special
product of lipid peroxidation of the cell membrane during
free radical production [42]. Further clinical studies have
found that there were high levels of tributyltin compounds,
lipid hydroperoxides, and lipid peroxides in the plasma of
diabetic individuals [43]. It has been reported that the pro-
duction of MDA in the hippocampus of db/db mice was
increased [44], which was consistent with our results. Like-
wise, LIRA has a good downregulation effect on MDA, as
reported previously [45].

Interestingly, it appears that the CA3 region of the hip-
pocampus is subjected to the most pronounced oxidative
attack in the diabetic model. The important role of hip-
pocampal CA3 in long-term memory and spatial working
memory has become a consensus, while hippocampal CA3
neurons exhibit disrupted spatial working memory in mice
when inhibited from activity [46]. Our results illustrated the
more severe damage of the CA3 region in the hippocampus,
which might be an important contributor to the impairments
of spatial and long-term memory in db/db mice.

Iron is an important trace element. Abnormal homeosta-
sis of iron, such as deficiency or overload, is related to the
pathogenesis of various chronic diseases, including diabetes
[47]. Several studies have confirmed that the iron content is
elevated in diabetes. It has been reported that underexpres-
sion of hepcidin in T2DM patients leads to iron overload
in the body and triggers the production of reactive oxygen
species, which is believed to play a major role in the onset
of diabetes mediated by p-cell failure and insulin resistance
[48]. Recent reports indicate that the lack of hepcidin in
T2DM rats leads to changes in the control of ferroportin and
subsequent iron deposition in the hippocampus [49]. Similar
to previous reports, our results show that the Fe content was
significantly increased, and the iron storage proteins FTL
and FTH showed the opposite expression tendency, indicat-
ing that db/db mice have increased amounts of free iron in
the hippocampus. The expression of Mtft was downregu-
lated, indicating that the accumulation of free iron occurred
within mitochondria as well, the center of iron utilization.

TfR1 and FPN1 are important transporters of iron into and
out of cells [50], and the main cause of iron deposition is
due to higher expression of TfR1 and lower expression of
FPNI1. For the first time, our results demonstrated that the
expression of TfR1 was upregulated and the expression of
FPN1 was downregulated in db/db mice. Meanwhile, a simi-
lar pattern occurred for Mfrn on mitochondria.

Since excess iron can catalyze hydrogen peroxide into
hydroxyl radicals via the Fenton reaction, leading to oxi-
dative stress and lipid peroxidation and inducing neuronal
apoptosis [51], iron deposition in the hippocampus can
damage cells through oxidative stress and cause cognitive
impairment. Pleasingly, LIRA could effectively regulate
the expression of iron-related proteins in the hippocampus.
Therefore, we speculated that the reduction in iron levels
may be an important mechanism of the neuroprotective
effects of LIRA (Fig. 7).

Ferroptosis, a regulated and nonapoptotic form of iron-
dependent cell death, is characterized by lipid peroxidation
on the cell membrane. GPX4, as a key regulatory protein,
can convert lipid hydroperoxides into their corresponding
lipid alcohols, and this process prevents the iron-dependent
formation of toxic lipid ROS and lipid peroxides [52]. Due to
GPX4 inactivation and deficient cellular uptake of cysteine,
GSH synthesis is insufficient, and the cystine/glutamate anti-
porter SLC7A11 (xCT) is inhibited, which in turn fails to
protect cells from oxidative stress damage [8, 11]. ACSLA4,
a member of the long-chain family of acyl CoA synthetase
proteins, is a key player in metabolism-related diseases and
has recently been demonstrated to play an important role in
ferroptosis [53]. ACSL4 catalyzes the incorporation of CoA
into the long-chain polyunsaturated bonds of arachidonic
acid, thereby promoting the esterification of polyunsaturated
fatty acid into phospholipids, further inducing the activation
of lipid biosynthesis, and finally the ferroptosis involved in
lipid conduction [54].

In our current study, LIRA exerted a protective effect
against ferroptosis at the level of these proteins in the
hippocampus of db/db mice. The results of western blot-
ting revealed greatly elevated GPX4 along with increased
SLC7A11 and decreased ACSL4, which was particularly
evident in the CA3 region. Since cystine is an essential bio-
synthesis precursor to glutathione, the compensation mecha-
nism of cystine contributes to synthesizing more glutathione
to resist cell ferroptosis.

Taken together, the aforementioned findings suggest that
ferroptosis is involved in neuronal cell death and further
leads to cognitive impairment in db/db mice, which may
be attributed to increased ROS and lipid peroxidation as
well as iron deposition (Fig. 7). Interestingly, we found
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«Fig.5 The expression of Fe and iron-related transport proteins in
the hippocampus. A The Perls’ staining image in the different parts
of the hippocampus (scale bar=500 pm, 100 pm and 50 pm). B
The mean intensity as shown in (A). C The levels of iron in serum.
D-G The expression and statistical analysis of E protein FTL, E the
protein FTH, F the protein TfR1, F the protein FPN1, G the pro-
tein Ftmt and G the protein Mfrn. The results are presented as the
mean=+SEM. n=3, *p<0.05, **p <0.01, ***p <0.001 vs. the db/m
group; #p <0.05, #p <0.01 vs. the db/db group
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that ferroptosis in hippocampal neurons could be well sup-
pressed. These preliminary findings and related hypotheses
need further confirmation and will be the basis of future
research on mechanisms involved in LIRA therapy for
diabetic cognitive impairment in clinical settings. Moreo-
ver, further studies are required to explore the underlying
mechanism by which high glucose affects ferroptosis and
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Fig.6 The effect of LIRA intervention to ferroptosis in the hip-
pocampus of db/db mice. A Ultrastructure of mitochondria in the
hippocampus by TEM (scale bar=50 nm). B, C The GPX 4 and
ACSLA4 positive cells and DAPI-stained cells in the field CA 3 (scale

bar=500 pm, 100 pm and 50 pm). D, E The expression and statisti-
cal analysis of protein GPX 4 and the protein SLC7A11. The results
are presented as the mean+SEM. n=3, *p <0.05, **p<0.01 vs. the
db/m group; #p <0.05, ##p <0.01 vs. the db/db group
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Fig.7 The schematic representation of the proposed neuroprotective

mechanism of LIRA in the diabetic neurocognitive disorder mim-

icked by db/db mice. LIRA reduces ferroptosis by suppressing higher

oxidative stress and iron levels, further improving hippocampal neu-
ronal and synaptic plasticity, and thereby restoring cognitive impair-
ment in db/db mice

@ Springer



292

Neurochemical Research (2022) 47:279-294

the specific upstream regulatory mechanism of the TfR1/
FPN1 protein in T2DM.

Conclusion

In conclusion, this study shows that LIRA can improve
diabetes-induced neuronal damage and synaptic structure
and function damage, thereby improving the learning and
memory abilities of db/db mice, which may be related to
the inhibition of the ferroptosis pathway. In addition, the
reduction of oxidative stress and lipid peroxidation and the
alleviation of iron overload by LIRA are important reasons
for its inhibition of ferroptosis. This provides further reason
to continue research on diabetic cognitive impairment and
the clinical use of LIRA.
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