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H I G H L I G H T S

• Semaglutide is a new diabetes drug on the market.

• Semaglutide has neuroprotective properties in a stroke animal model.

• Motor activity was improved and infarct volume reduced by the drug.

• Loss of neurons and inflammation was reduced.

• Neurogenesis and growth factor cell signaling was normalized.
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A B S T R A C T

Stroke is a condition with few medical treatments available. Semaglutide, a novel Glucagon-like peptide-1 (GLP-
1) analogue, has been brought to the market as a treatment for diabetes. We tested the protective effects of
semaglutide against middle cerebral artery occlusion injury in rats. Animals were treated with 10 nmol/kg bw ip.
starting 2 h after surgery and every second day for either 1, 7, 14 or 21 days. Semaglutide-treated animals
showed significantly reduced scores of neurological impairments in several motor and grip strength tasks. The
cerebral infarction size was also reduced, and the loss of neurons in the hippocampal areas CA1, CA3 and the
dentate gyrus was much reduced. Chronic inflammation as seen in levels of activated microglia and in the
activity of the p38 MAPK – MKK – c-Jun- NF-κB p65 inflammation signaling pathway was reduced. In addition,
improved growth factor signaling as shown in levels of activated ERK1 and IRS-1, and a reduction in the
apoptosis signaling pathway C-raf, ERK2, Bcl-2/BAX and Caspase-3 was observed. Neurogenesis had also been
normalized by the drug treatment as seen in increased neurogenesis (DCX-positive cells) in the dentate gyrus and
a normalization of biomarkers for neurogenesis. In conclusion, semaglutide is a promising candidate for re-
purposing as a stroke treatment.

1. Introduction

Ischemic stroke is one of the leading causes of death and adult
disability world wide. Stroke is often associated with co-morbid con-
ditions such as diabetes that increase the risk and severity of stroke
(Marini et al., 2004){Marini et al., 2004 #5855;Wang et al., 2019 #44}.
Inflammation and apoptosis play an important role in cerebral ischemic

pathogenesis and may represent a target for treatment (Wang et al.,
2019). This process can be reduced or blocked by cell survival and
growth factor signaling. Glucagon-like peptide 1 (GLP-1) is a growth
factor and peptide hormone which has neuroprotective effects in a
range of animal models of disease such as Alzheimer's disease, Par-
kinson's disease, and stroke (Han et al., 2016; Holscher, 2014a, 2018; Li
et al., 2009). The GLP-1 receptor is expressed by neurons in the brain,
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and the peptide is transported across the blood-brain barrier (Darsalia
et al., 2012; Hamilton and Holscher, 2009; Kastin et al., 2002; Lee et al.,
2011; Teramoto et al., 2011).

Protease-resistant GLP-1 receptor agonists with a longer survival
time in the blood have been developed as treatments for diabetes
(Christensen et al., 2011; Lovshin and Drucker, 2009). Several studies
have shown good neuroprotective effects of the GLP-1 receptor agonist
exendin-4 in animal models of ischemic stroke (Darsalia et al., 2014;
Lee et al., 2011). DPP-IV inhibitors that extend the half-life of GLP-1 in
the blood also showed protective effects in stroke models (Darsalia
et al., 2016). The newer GLP-1 analogue liraglutide that has a longer
biological half-life in the blood stream was protective in different is-
chemic reperfusion and stroke animal models, too (Briyal et al., 2014;
Sato et al., 2013). Liraglutide has shown good neuroprotective effects in
animal models of Alzheimer's disease (McClean and Holscher, 2014)
and also in Parkinson's disease (Liu et al., 2015). The drug also showed
protective effects in the middle cerebral artery occlusion (MCAO) an-
imal model (Briyal et al., 2014; Sharma et al., 2014). Liraglutide pre-
treatment resulted in a smaller infarct size as well as fewer neurological
and motor function deficits (Briyal et al., 2014; Sharma et al., 2014).
Liraglutide (Victoza) has been prescribed as a treatment for type II
diabetes for many years with good outcomes and few side effects
(Ahren, 2014; Marso et al., 2016b).

Semaglutide is a modification of liraglutide that is protease-resistant
by changing the amino acid at position 8 and an extended spacer for the
attached fatty acid which extends the survival time of the peptide in the
blood (Lau et al., 2015). It has been approved in the USA and Europe as
a once-weekly treatment for diabetes (Dhillon, 2018; Hedrington et al.,
2018). A phase II clinical trial testing semaglutide in patients with
Parkinson's disease will start in 2019 (NCT03659682). Semaglutide is
effective in treating diabetes and additionally improves cardiovascular
outcomes in patients (Marso et al., 2016a).

The permanent middle cerebral artery occlusion (pMCAO) model in
the rat has been an invaluable tool for the study of permanent and
transient focal cerebral ischemia, and is one of the most widely used
focal cerebral ischemia models (Bardutzky et al., 2005). The pMCAO
model was used over the transient MCAO, due to the avoidance of re-
perfusion injury in our research model aimed at providing new insight
into the semaglutide neuroprotective effects in the rat brain. We
therefore set out to test semaglutide in this model to evaluate its po-
tential as a treatment for stroke. Our previous research showed good
protective effects of semaglutide in a mouse model of Parkinson's dis-
ease, and we used the same dose in this study (Zhang et al., 2018,
2019). We analyzed key pathological processes such as infarct volume
and neuronal death in the hippocampus, motor impairments, chronic
inflammation, apoptosis, and neurogenesis. Hippocampal neurogenesis
in the granule cell layer (GCL) of the dentate gyrus (DG) takes place
throughout life span in virtually all mammals including humans via
division of neural stem/progenitor cells (NSCs) located in the sub-
granular zone (SGZ) of the DG (Gould et al., 1997; Kempermann et al.,
2015; Kuhn et al., 1996). Neurogenesis has the potential to reduce
neuronal damage by replacing lost neurons (Greenberg and Jin, 2006;
Zhang et al., 2008). We furthermore analyzed growth factor cell sig-
naling to assess if impaired neurogenesis neuroblasts proliferation and
cell growth and repair can be restored by semaglutide.

2. Materials and methods

2.1. Animals

Adult male Sprague–Dawley (SD) rats weighing 250–300 g aged
three months were obtained from the Academy of Military Medical
Sciences (AMMS China). All animal procedures were licensed by the
Shanxi Medical University ethics committee and performed in ac-
cordance to National Institute of Health (NIH) guideline and the
ARRIVE guidelines (Animal Research: Reporting in Vivo Experiments).

Animals were caged in a cage of two to three and maintained on a 12 h/
12 h light/dark cycle, in temperature-controlled room (T:22 °C ± 2).
Food and water were available ad libitum. For rats used for cerebral
ischemia experiments, there was a 7-day acclimation period prior to
experiments.

2.2. Experimental groups and drug administration

Semaglutide (MW=3765, with purity of 97% was dissolved in
0.9% NaCl) was obtained from Chinapeptides Ltd (Shanghai, China).
Purity and quality was tested by HPLC and Mass-Spec techniques.

The amino acid sequence of semaglutide (Lau et al., 2015): HXEG-
TFTSDVSSYLEGQAAKN6-(N-(17-carboxy-1-oxoheptadecyl)-L-gamma-
glutamyl-2-(2-(2-aminoethoxy)ethoxy)acetyl-2-(2-(2-aminoethoxy)
ethoxy)acetyl)EFIAWLVRGRG-OH

X=aminoisobutyric acid;

144 138 Male Sprague-Dawley rats were randomly divided into
three groups as follows (n= 48 46 in each group):Group 1: rats as the
sham operated group that received equal volume saline (Sham); group
2: vehicle controls that received equal volume saline (Vehicle); group 3:
semaglutide rats that received semaglutide at 10 nmol/kg
(Semaglutide). Each group was further divided into subgroups of four
time-points (1d,7d,14d,21d). At 2 h after MCAO, rats in the semaglutide
group were injected with semaglutide intraperitoneally (10 nmol/kg),
in the case of vehicle and sham operated group, equal volume saline
was administered in the same manner, then continuously injected every
second day for 1, 7, 14 and 21 days. Added content:10 rats were ran-
domly taken from each group for observation of blood glucose, body
weight and behavior tests. Blood glucose, body weight and behavioral
indexes were measured at each time point (1d, 7d, 14d,21d), the rats
were observed for 21 days and then sacrificed for tissue sampling. At
the indicated time points, rats were sacrificed by decapitation under
deep anesthesia and their brains were removed for
Immunohistochemical analysis (12 rats in each group, 3 rats at each
time point), Immunofluorescence (12 rats in each group, 3 rats at each
time point) and Western blot experiments (12 rats in each group, 3 rats
at each time point). If some rats died after pMCAO, we repeated the
experiment with a fresh batch of rats to ensure that at least 10 rats in
each group were observed for 21 days to measure blood glucose, body
weight and behavioral indicators, and at each time point at least 3 rats
were studied for Immunohistochemical, Immunofluorescence and
Western blot experiments, respectively. All experiments were con-
ducted by a person blinded to treatments.

2.3. Measurement of blood glucose

Blood was aseptically collected from the tail vein of the animals 1
day before MCAO, during the process of surgery, and 1, 7, 14 and
21days after MCAO under halothane anesthesia. A drop of blood was
collected from the animal's tail and used for measuring the blood glu-
cose level using a portable glucose meter (Sinocare Inc, China) ac-
cording to the manufacturer's instructions. Levels were reported as
mmol/l.

2.4. Body weight measurements

Body weight was assessed using a small animal weighing scale.
Animals were weighed 1day before and on 1, 7, 14, 21 days after
pMCAO and body weight changes were recorded.

2.5. Rat model of pMCAO surgery

Animals were fasted but with a water supply the night before sur-
gery. The rat model of pMCAO was established using a modified
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method described previously (Arii et al., 2001; Longa et al., 1989; Nito
et al., 2004). The rats were anesthetized with halothane (4% for in-
duction, 1% for maintenance) in a mixture of nitrous oxide and oxygen
(70%:30%, v/v). After anesthesia, a rectal probe was inserted and body
temperature was maintained at 37 °C with a heating lamp. With the
animal in a secure supine position, a midline incision was made and the
left common carotid, external carotid and internal carotid arteries were
exposed. A 4-cm length of 4–0 monofilament nylon suture with its tip
rounded by briefly heating the end was used to occlude the middle
cerebral artery. The nylon filament was advanced from the external
carotid artery into the lumen of the internal carotid artery until a re-
sistance was felt (18–20mm), indicating occlusion of the middle cere-
bral artery. The nylon filament was allowed to remain in place to create
a permanent model of focal cerebral ischemia. In sham-operated ani-
mals, the common carotid artery and external carotid artery were ex-
posed and the incision was sutured without touching the internal car-
otid artery. The incision was sutured with sterile nylon surgical sutures.
Post surgery, animals were housed in separate, clean cages and were
monitored continuously until they regained consciousness and were
able to move freely. A Bederson's score (Bederson et al., 1986) was
adopted for whether the model was successfully established.

The evaluation was conducted when rats were awake Scores higher
than 1 were considered to be a successful model. The standard were as
follows: 0 point: no neurological deficit symptoms; 1 point: mild neu-
rological deficit symptoms; 2 points, moderate neurological deficit
symptoms; 3 points, severe neurological deficit symptoms; 4 points,
can't walk spontaneously. The excluded criteria were as below: 1,
Bederson's score= 0 or 4 points; 2, subarachnoid hemorrhage occur-
rence during craniotomy; 3, animals that died before the scheduled
time. The evaluation was performed by an observer who was blinded to
the experimental group.

2.6. Behavioral tests

All animals were operated on and tested in parallel. All testing was
conducted from 9 a.m. to 11 a.m. and each test apparatus was cleaned
thoroughly between animals at each time point. Testing procedure in-
volved two persons, one person who did the surgery and was in charge
of handling the animals according to group assignment and another one
who has tested the animals and was not aware of groups’ identity.

2.7. The open field test (OFT)

The open field test is commonly used for evaluating locomotor ac-
tivity and some behavioral parameters 1, 7, 14 and 21 days after the
surgery. The open field was placed in an isolated room, and under the
same standardized conditions, with no objects or clues that could re-
present signals and alter patterns of behavior. The open field apparatus
consisted of a square area (100×100 cm) with walls 100 cm high that
was made of gray polyvinylchloride plastic board. Center and periphery
areas were further subdivided for assessment of overall locomotor ac-
tivity. The zones were defined by dividing the open field were divided
into a 4×4 grid using Etho Vision XT software (Noldus information
technology, Wageningen, Netherlands), with each square measuring
25×25 cm. Thus, the center was the innermost 4 squares and the
perimeter consisted of the squares on the edge of the field. The rats
were placed in the center of the open-field for each 10min trial while
their activity was tracked by an overhead surveillance camera. Before
testing animals were acclimated to a nearby dark holding room for
45min and the test apparatus was cleaned between trials. Movements
were tracked using custom image tracking software Etho Vision XT
software connected to a video camera (Canon, Japan). The following
behavioral parameters were recorded: (a) total travel distance(m); (b)
mean velocity (cm/s); a-d they were measured automatically by a
tracking program (Etho Vision XT software (Noldus information tech-
nology, Wageningen, Netherlands).

2.8. Beam walking test

The beam-walking test was used to assess deficits in coordination
and integration of motor movement, especially in the hindlimb. The
rats were trained for three days to traverse the beam before ischemia
induction and by the end of the training period all rats had learned the
task. Beam walking test was performed on postoperative days 1, 7, 14
and 21. The ratio scale was modified from Ohlsson (Ohlsson and
Johansson, 1995) and Feeney (Feeney et al., 1982). Briefly, rats were
trained to walk on a wooden beam (100 cm long×25 cm width) that
was elevated 60 cm above the floor for 3 days consecutively before
MCAO. After MCAO, beam walking tests were conducted with the fol-
lowing scoring system: 0, the rat falls down and cannot walk on the
beam; 1, the rat is unable to walk on the beam but can sit on the beam;
2, the rat falls down while walking; 3, the rat can traverse the beam, but
the affected hind limb does not aid in forward locomotion; 4, the rat
crosses the beam with more than 50% foot slips; 5, the rat traverses the
beam with fewer than 50% foot slips; 6, the rat successfully crosses the
beam with no foot slips.

2.9. Screen test

To measure the muscle tone, strength, stamina and balance, a net
screen was used. The screen test was conducted on the 1st, 7th, 14th
and 21st days after operation in a blinded fashion as follows (Fan et al.,
2018): from the left, right and upper side, a thin strip of wood (25 cm)
and a mounting bracket (80 cm) were used for the fixation of the screen
(50×50 cm2) with a grid mesh (1× 1 cm2) with foam-rubber cushion
set at the bottom when it was used. Firstly, the screen was horizontally
placed and the rats were put on the screen, and then one side of the
screen was raised and the screen was slowly raised in 2 s to be a vertical
position and kept for 5 s. The standards were as follows: 0 point, the
forepaw was able to grasp the screen for 5 s without falling; 1 points,
temporarily grasped the screen and descended a short distance without
falling; 2 points, falling within 5 s; 3 points, falling immediately when
the screen rolled around.

2.10. Hanging wire test

All rats were trained for behavioral test for 3 days before MCAO.
The hanging wire test was used to measure griping and forelimb
strength of the rats after ischemia induced brain injury as described
previously (Hunter et al., 2000). The hanging wire test was performed
on day 1,7,14 and 21 post MCAO surgery. The investigator who con-
ducted MCAO surgery and evaluated neurological score was blinded to
the treatment group. The testing apparatus consisted of a piece of twine
2mm in diameter and 50 cm long tied tightly between two vertical
poles and suspended 60 cm over a lightly cushioned landing pad. The
rat was held by the tail and suspended over the twine near its midpoint,
with the rat facing the investigator. When the rat grasped the twine
with its forepaws, the investigator released the tail and began timing.
The time (in s) until the animal fell was recorded. The cut off time was
taken as 90 s.

Fig. 1. Schematic representation of the study design.
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2.11. Grip strength test

Grip strength tests originally characterized by Pin-Barre (Pin-Barre
et al., 2014) were conducted on the 1st, 7th, 14th and 21st days post
operation. For grip strength, animals were trained for the grip test be-
fore the experiment. During the tests, rats gripped the tension bar of the
instrument (Ugo basile, Cat. No. 47200–327, Italy) using their fore-
limbs, and researchers held the tension plate using their right hands and
tugged on the rat tails using their left hands. Next the researchers
loosened their right hand grip and pulled back the rat body until the
forelimbs slipped from the tension bar. Maximum tension values were
recorded as effective data. Each rat was tested three times.

2.12. Immunohistochemistry

At different time points after pMCAO, rats were transcardially per-
fused with ice cold heparinized saline, followed by 4% paraformalde-
hyde, then the brains were removed. Hippocampal region of the brain
tissues were fixed in 4% paraformaldehyde for 24–48 h, and embedded
in O.C.T. Tissue Freezing Medium, (SAKURA Tissue-Tek® O.C.T.
Compound, Order Number 4583). Immunofluorescence staining was
used to detect DCX + cells in the hippocampal dentate gyrus at 1,7, 14
and 21 days after MCAO surgery. Brains were postfixed in 4% paraf-
ormaldehyde overnight, immersed in 20% and 30% sucrose until they
were observed to sink to the bottom. Serial hippocampal sections
(8 μm) were made on a cryostat (Leica Biosystems, Germany).
Following hydration, a short cycle of mild antigen retrieval (pH = 6,
10 min in hot citrate buffer) and incubation of the sections with 10%
fetal bovine serum containing 0.3% Triton X-100 for 1 h at room
temperature. Then they were incubated overnight at 4 °C with primary
antibody against the early neurogenesis marker DCX (1:100, Abcam,
ab207175), in PBS. On the next day, the sections were washed 3 times
in PBS for 10 min each and then incubated for 1 h at room temperature
with fluorochrome-coupled secondary antibody (1:200; Alexa Fluor
594, Abcam, ab150080). The sections were then washed 3 times in PBS
for 10 min each and incubated with 4′,6-diamidino-2-phenylindole
(DAPI; Beyotime, C1005) for 10 min at room temperature. Negative
controls received an identical treatment except for the primary anti-
body and showed no positive signal. Recording, storing, viewing and
analyzing macroscopic images is made possible by 3DHISTECH's
hardware and software tools (3DHISTECH Ltd, Hungary).

All DCX-positive cells were counted in both the ipsilateral and
contralateral dentate gyrus. For the dentate gyrus, every 50th coronal
section was selected from each rat for a total of 3 sections between
anteroposterior+5.86 mm and anteroposterior+2.96 mm of the
granule cell layer. DCX-positive cells in the dentate gyrus were counted
in each section of three consecutive views ( × 400) and presented as
the number of the cells per square millimeter (mean ± SE). Density
values for the 3 sections (dentate gyrus) were averaged to obtain a
mean density value for each animal. The index of positive cells was
calculated (number of each positive cell/number of DAPI-stained

cells × 100).
For the analysis of other biomarkers, paraffin sections (4-μm-thick)

were dewaxed and boiled, at ~95 °C for 15min, in citrate buffer
(Boster, China) for antigen retrieval. Then brain sections were blocked
in 3% H2O2, 5% normal bovine serum albumin (BSA), and incubated
with Iba-1 rabbit monoclonal antibody (1:1000,Abcam, ab178847) for
microglia and NeuN rabbit monoclonal antibody
(1:1000,Abcam,ab177487) for mature neurons in 0.1mol/L PBS at 4 °C
overnight. The secondary antibodies, secondary biotinylated conjugates
and 5% BSA were from SABC-POD (rabbit IgG) kit (Boster, China). The
slides were incubated with SABC for 30min followed by biotinylated
goat anti-rabbit antibody for 30min at 37 °C. After each incubation,
sections were thoroughly washed with phosphate buffered solution.
Bound biotinylated antibodies were visualized using diaminobenzidine
(DAB, Boster, China). Expression of target protein was considered po-
sitive when a brown staining pattern was observed. Sections incubated
in the absence of primary antibody were used as negative controls.
Sections were mounted with neutral resin. Recording, storing and
viewing macroscopic images is made possible by 3DHISTECH's hard-
ware and software tools (3DHISTECH Ltd, Hungary). Images were
analyzed using Image J software (NIH, Bethesda MD, USA) by blinded
investigators.

2.13. Cell counting

To examine the effects of semaglutide on MCAO-induced activation
of microglia, Iba-1 was used as a microglial marker. NeuN was used as a
baseline marker for mature neurons. The number of NeuN-positive or
Iba-1-labelled cells was calculated within different hippocampal areas
(stratum radiatum for CA1 and CA3, and dentate gyrus) from three rats
per group. For each sample, three consecutive slices (thickness: 4 μm)
were observed. First, the positive cells of each slice were counted in six
randomly selected microscopic fields (1.0 mm2 each) of different hip-
pocampal (3 images from the left hippocampus and 3 images from the
right hippocampus) areas under a 400× light microscope. Then the
average positive cells of each slice was obtained by counting the posi-
tive cells of each visual field, summing all the six fields, and then di-
vided it by the number of visual fields. At last, the total average positive
cells of each sample were calculated using the same method, and then
used for statistical analysis.

2.14. Western blot analysis

At different time points after pMCAO, the rats were decapitated
under excessive ether anesthesia. Hippocampal tissues were isolated
and stored at −80 °C. Hippocampus were homogenized, and total
protein was extracted using protein extraction kit (Boster, China) follow
the protocol. The concentrations of proteins were determined by BCA
kit (Boster, China). An aliquot of 20 μg of total protein from each
sample was separated by 10%–12% SDS-polyacrylamide gel electro-
phoresis, then transferred onto a polyvinylidene difluoride membrane

Fig. 2. A. Changes in rats' body weights, n=12 per
group. The difference of body weights among the
three groups was statistically significant in an
ANOVA test (###= p < 0.001). Post-hoc tests
showed differences between groups: MCAO + Sal
group and MCAO + Sema group compared with
saline control (Sham); *** = p < 0.001,
MCAO + Sema group compared with MCAO + Sal
group. # = p < 0.05, ##= p < 0.01,
###= p < 0.001, MCAO + Sema group and
MCAO + Sal group vs. Sham; * = p < 0.05,
** = p < 0.01, *** = p < 0.001 MCAO + Sema
group vs. MCAO + Sal group.
2B. There is no statistical difference in glucose levels
between the three groups (F= 0.940, p > 0.05).
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(Millipore, USA). The membranes were blocked for 2 h in 5% BSA at
room temperature. Then, the membranes were incubated for overnight
at 4 °C (1 : 1000 dilution) with primary antibodies: MAPK p38 (Cell
Signaling Technology, 8690S,USA), MKK7 (CellSignaling Technology,
4172S, USA), c-Raf (Cell Signaling Technology, 53745S,USA), ERK2
(Abcam, ab32081) c-Jun (Abcam, ab40766), caspase-3 (Abcam,
ab184787), BCL-2 (Abcam,ab59348), Bax (Abcam, ab32503), and NF-
kB p65 (Abcam, ab32536), SDF-1 (Abcam, ab25117), CXCR4 (Abcam,
ab197203),DCX (Abcam, ab207175), Nestin (Abcam, ab6142), IRS
(Cell Signaling Technology, 3407S, USA), p-IRS (Cell Signaling
Technology, 2385S, USA), ERK1/2 (Cell Signaling Technology,
8544S,USA), and p-ERK1/2 (Cell Signaling Technology, 4370S, USA) in
diluents buffer. After washed with TBST, the membrane was incubated
with HRP-conjugated secondary antibodies against rabbit IgG (1 : 5000
dilution) at room temperature for 2 h. Protein expression was tested by
an enhanced chemiluminescence (ECL) method and visualized by
ChemiDoc™ XRS+ (BIORAD, Hercules, CA, USA). Band patterns were
analyzed with Image J software (National Institutes of Health, USA).
The densitometric values were normalized with respect to the values of
β-actin immunoreactivity to correct for any loading and transfer dif-
ferences between samples. Each experiment was repeated three times,

Fig. 3. A: Heat map of the rats' movements on day 7. (B): Compared with the
sham group, rats in MCAO+ Sal and MCAO + Sema group had decreased total
travel distance (P < 0.001) at each time point. At day 7, 14 and 21, the total
travel distance of rats in MCAO + Sema group is greater than that of rats in
MCAO + Sal group significantly (p < 0.001). ###= p < 0.001,
MCAO + Sal group and MCAO + Sema group compared with saline control
(Sham); *** = p < 0.001, MCAO + Sema group compared with MCAO + Sal
group. (C): Compared with the sham group, rats in MCAO + Sal and
MCAO + Sema group had decreased mean velocity (P < 0.001) at each time
point. At day 7, 14 and 21, the mean velocity of rats in MCAO + Sema group is
faster than that of rats in MCAO + Sal group significantly (p < 0.001).
###= p < 0.001, MCAO + Sal group and MCAO + Sema group compared
with saline control (Sham); *** = p < 0.001, MCAO + Sema group compared
with MCAO + Sal group.
2C. Compared to sham group, the beam walking test scores in rats of
MCAO + Sal and MCAO + Sema group decreased significantly
(### = p < 0.001). There was no statistical difference between MCAO + Sal
group and MCAO + Sema group on the first day (p > 0.05). Note the sig-
nificant improvement in beam walking of Semaglutide-treated animals vs saline
treatment group after ischemia at day 7, 14 and 21 (*** = p < 0.001).
###= p < 0.001, MCAO + Sal group and MCAO + Sema group compared
with saline control (Sham); *** = p < 0.001, MCAO + Sema group compared
with MCAO + Sal group.
D. Compared to sham group, the screen test scores in rats of MCAO+ Sal group
and MCAO + Sema group increased significantly (### = p < 0.001). There
was no statistical difference between MCAO + Sal group and MCAO + Sema
group on the first day (p > 0.05). Note the significant decline in screen test of
Semaglutide-treated animals vs saline treatment group after ischemia
(*** = P < 0.001) at day 7,14 and 21. ###= p < 0.001, MCAO + Sal
group and MCAO + Sema group compared with saline control (Sham);
*** = p < 0.001, MCAO + Sema group compared with MCAO + Sal group.
E. Dynamic changes in hanging wire test. Hanging wire scores of rats in the
MCAO + Sal and MCAO + Sema groups were reduced significantly at day 1
and subsequently increased compared with sham (p < 0.001), but there is no
significant difference between the two groups at day 1 (p > 0.05). After day 7,

the difference of hanging wire scores between the MCAO + Sal and
MCAO + Sema group was statistically significant (p < 0.001).
###= p < 0.001, MCAO + Sal group and MCAO + Sema group compared
with saline control (Sham); ***p < 0.001, MCAO + Sema group compared
with MCAO + Sal group.
###= p < 0.001, MCAO + Sema group and MCAO + Sal group vs. Sham;
*** = p < 0.001 MCAO + Sema group vs. MCAO + Sal group.
F. Dynamic changes in grip strength test. Grip strength of rats in the
MCAO + Sal and MCAO + Sema groups were reduced significantly at day 1
and subsequently increased compared with sham (p < 0.001), but there is no
significant difference between the two groups at day 1 (p > 0.05). Since day 7,
the difference of grip strength between the MCAO + Sal group and
MCAO + Sema group was statistically significant (p < 0.001).
###p < 0.001, MCAO + Sal group and MCAO + Sema group compared with
saline control (Sham); ***p < 0.001, MCAO + Sema group compared with
MCAO + Sal group. N = 12 per group.

Fig. 4. Neuronal nuclear antigen (NeuN) staining. (A) NeuN density in the rat
brain section after pMCAO. (B) All values were expressed as means ± SD.
** = p < 0.01 MCAO + Sema group compared with sham control group.
*** = p < 0.001 compared with MCAO + Sal and sham control group. All
groups N = 12. Scale bar = 1 mm.
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and the results are presented as mean ± SD. (See. Fig. 1)

2.15. Statistical analysis

Data were performed using SPSS 16.0 software. All of the values are
presented as the mean ± SD and were analyzed using a two-way
analysis of variance (ANOVA) with treatment (Sham, MCAO + sal,
MCAO + Sema) and day (baseline, days 1,7, 14, 21) serving as the two
factors. To detect significant differences among the experimental
groups and days, ANOVAs were supported by the Bonferroni post-hoc
tests. A Bonferroni correction was used for any multiple comparisons. P
values < 0.05 were considered statistically significant.

3. Results

3.1. Body weight changes

The body weight of the rats in the control group showed an in-
creasing trend. After stroke, the body weight declined at day 1, there
was no statistical difference in the body weight of the rats among each
group (p > 0.05). Compared with the sham group, the weight loss in
MCAO + Sal group was obvious at day 7, then slowly increased.
Compared with the MCAO + Sal group, the MCAO + Sema group
gained more weight at day 7,14 and 21, and the difference among these
three group is statistically significant (F = 22.624, p < 0.001)
(Fig. 2A).

3.2. Blood glucose levels

The blood glucose levels of the rats in the control group had no
obvious changing at each time point (p > 0.05). Compared with the
control, after stroke blood glucose increased in the MCAO + Sal group
and MCAO + Sema group, then drops. After day 7, blood glucose levels
in MCAO + Sema group are gradually returning back to normal, and
blood sugar levels in MCAO + Sal group continue to fall until day 21.
There is no statistical difference among these three groups (F = 0.940,
p > 0.05) (Fig. 2B).

3.3. Open field assessment

The total exercise distance and mean velocity of the rats in sham
group had no statistically significance at each time point (p > 0.05).
Rats in MCAO + Sal group had decreased total travel distance
(p < 0.001, Fig. 3B), and decreased mean velocity (p < 0.001,
Fig. 3C), compared to the Sham group at each time point. On the first
day after stroke, there was no significant difference in total exercise
distance and mean velocity between MCAO + Sal group and
MCAO + Sema group (p > 0.05). At day 7, 14, and 21, the total travel
distance and mean velocity of the rats in MCAO + Sal group improved
slowly compared with the MCAO + Sema group (p < 0.001). There
was a significant difference of the total exercise distance and mean
velocity among the three groups (F= 41.067,p < 0.001).

3.4. Beam walking test

The beam walking test results showed that score was significantly
lower in the MCAO + Sal group and MCAO + Sema group than that in
the sham group at each time point (p < 0.001); while the score was
obviously higher in MCAO + Sema group than that in the MCAO + Sal
group at the 7th, 14th and 21st days (p < 0.001). There was significant
difference of beam walking scores among the three groups (F=29.930,
p < 0.001) (Fig. 3D).

3.5. Screen test

Screen test results showed that the scores in MCAO + Sal group and

Fig. 5. Neurodegeneration in the CA1 layer of hippocampus 1 (A,E,I), 7 (B,F,J),
14 (C,G,K) and 21 (D,H,L) days after ischemia. (A) Representative photographs
of the CA1 hippocampal layer NeuN-immunostained, sham group. (A–D),
MCAO + Sal(E-H) and MCAO + Sham (I–L) rats showing degeneration of
neurons and decrease in the number of neurons at 400 × magnification. (B).
The number of NeuN-immunostained neurons in the CA1 layers. Treatment
with semaglutide attenuated hippocampal neuronal loss by ischemia in the CA1
layers. ***p < 0.001, MCAO + Sema group compared with MCAO + Sal
group. N = 3 per group, scale bar = 100 μm. Neurodegeneration in the CA3
layer of hippocampus. (C) Representative photographs of the CA3 hippocampal
layer NeuN-immunostained, in sham (A-D), MCAO + Sal (E–H) and
MCAO + Sham (I-L) rats 1 (A,E,I), 7 (B,F,J), 14 (C,G,K) and 21 (D,H,L) days
after ischemia. N = 3 per group, scale bar = 100 μm. (D). The number of
NeuN-immunostained neurons in the CA3 layers. Treatment with semaglutide
attenuated hippocampal neuronal loss by ischemia in the CA3 layers.
*** = p < 0.001, MCAO + Sema group compared with MCAO + Sal group.
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MCAO + Sema group was found higher than that in the sham group
(p < 0.001). Compared with MCAO + Sal group, the decline of screen
test scores in rats of MCAO + Sema group is greater (p < 0.001) since
7 days after ischemia. There was significant difference of screen test
scores among the three groups (F= 106.525, p < 0.001) (Fig. 3E).

3.6. Hanging wire grip test

The hanging wire scores of the rats in the sham group are similar for
each time point (p > 0.05). Compared with the sham group, the scores
decreased significantly in the MCAO + Sal group and MCAO + Sema
group in day 1, then increased gradually (p < 0.001). The improve-
ment of hanging wire scores in the MCAO + Sema group is more sig-
nificant than in MCAO + Sal group since day 7 (p < 0.001). There is
statistical difference among these three groups (F= 106.525,
P < 0.001) (Fig. 3F).

3.7. Grip strength test

The grip strength of the rats in the sham group had no obvious
changing at each time point (p > 0.05). Compared with the sham, the
strength decreased significantly in the MCAO + Sal group and
MCAO + Sema group in day 1 and then increased gradually
(p < 0.001). The growth of strength in the MCAO + Sema group is
more significant than in MCAO + Sal group since day 7 (p < 0.001).
There is a statistical difference among these three groups (F=118.982,
P < 0.001) (Fig. 3G).

3.8. Neurogenesis, (neuroblast proliferation)

There was no obvious double-cortin (DCX)-positive cell expression
in the sham group. Examples of co-labeling of DCX-positive cells with
DAPI are depicted in Fig. 7. We quantified the number of DCX-positive

Fig. 6. Neurodegeneration in the dentate gyrus. (A)
Representative photographs of the DG hippocampal
layer NeuN-immunostained, in sham (A–D),
MCAO + Sal (E–H) and MCAO + Sham (I–L) rats 1
(A,E,I), 7 (B,F,J), 14 (C,G,K) and 21 (D,H,L) days
after ischemia at 400 × magnification. (B). The
number of NeuN-immunostained neurons in the
dentate gyrus layers. Treatment with semaglutide
attenuated hippocampal neuronal loss by ischemia in
the DG layers. ***p < 0.001, MCAO + Sema group
compared with MCAO+ Sal group. N = 3 per group,
Scale bar = 100 μm.

Fig. 7. Time course of doublecortin (DCX) expression in cells of the adult
dentate gyrus. ** = p < 0.01, MCAO + Sema group compared with
MCAO + Sal group. Sample images are shown below: Cellular colocalization of
doublecortin (DCX) immunoreactivity. DCX (red) and nucleus marker DAPI
(blue) in the dentate gyrus (a–i). a:Sham,b:MCAO + Sal(1d), c: MCAO + Sal
(7d) d: MCAO + Sal (7d); e: MCAO + Sal(21d); f:MCAO + Sema (1d); g:
MCAO+ Sema (7d); h: MCAO+ Sema (14d); i: MCAO+ Sema (21d); (j) DCX/
DAPI double-positive cell at 400 × magnification. N = 3 per group, scale
bar = 100 μm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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cells in the dentate gyrus after MCAO. The numbers of DCX-positive
cells began to rise on the 1st day, and peak on the 7th day, then the
numbers gradually decreased in MCAO + Sal group and
MCAO + Sema group. Compared with MCAO + Sal group, the num-
bers of DCX-positive cells in MCAO + Sema group is higher
(F = 25.277, p < 0.01) at each time point.

3.9. Activated microglia, Iba-1 expression in the hippocampus

The numbers of Iba-1-positive cells in the hippocampus showed
significant group differences (F = 2386.8, P < 0.001). In sham-op-
erated animals, no significant differences were found at each time
point. Ischemia increase expression of Iba-1 in the hippocampus since
day 7: the Iba-1 positive cell number was significantly higher in the
MCAO + Sal and MCAO + Sema than in the control group

(p < 0.001). Treatment with semaglutide significantly reduced the
numbers of Iba-1-positive cells in the hippocampus of ischemic animals.
The MCAO+ Sema group showed a significantly lower number of Iba-1
positive cells compared to the MCAO + Sal since day 7 (p < 0.001).
Fig. 8.

3.10. Lesion size and neuronal numbers in the hippocampus

When analyzing NeuN immunostaining over the whole brain section
which represents the neuronal loss, a difference between sham controls
and MCAO + sal and MCAO + Sema groups was found. A difference
between MCAO + sal and MCAO + Sema groups was found (Fig. 4).
When quantifying neuronal numbers, Neurodegeneration in the hip-
pocampus showed significant group effects in different regions of the
hippocampus (P < 0.001). Compared to control rats, the number of

Fig. 8. Ischemia increased the number of activated microglial cells (IBA-1 stain). Treatment with semaglutide attenuated microglial activation in the hippocampus.
*** = p < 0.001, MCAO + Sema group compared with MCAO + Sal group. Sample images are shown below. IBA-l-1positive microglia in the CA1, CA3, and DG
regions of the hippocampus in rats. Representative photomicrographs of level-matched coronal sections of hippocampal formation CA1 (A–C), CA3 (D–F) and DG
(G–I), from control (A, D, G), MCAO + Sal (B, E, H) and MCAO + Sema (C, F, I) rats at 400 × magnification. N = 3 per group, scale bar = 100 μm.
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NeuN-positive neurons in the CA1 (Fig. 5A and B), CA3 (Fig. 5C and D)
and DG (Fig. 6) region decreased in MCAO + Sal and MCAO + Sema
groups (p < 0.001). Semaglutide increased hippocampal neuronal
survival post ischemia. In the CA1 and CA3 region, the number of
NeuN-positive neurons in MCAO + Sema group was larger than in the
MCAO + Sal group since day 7 (p < 0.001); In the DG region, the
number of NeuN-positive neurons in MCAO + Sema group was larger
than in the MCAO + Sal group since day 1 (p < 0.001).

3.11. The p38 MAPK – MKK – c-Jun- NF-κB p65 inflammation signaling
pathway

(1) p38 MAPK:The expression of p38 MAPK showed a significant dif-
ference between groups (F = 311.834, p < 0.001). Compared
with the sham group, the expression of p38 MAPK in the
MCAO + Sal group and MCAO + Sema group increased
(p < 0.001), it began to rise on the first day, peaked on the seventh
day, and then declined. Compared with the MCAO + Sal group, the
expression of p38 MAPK in MCAO + Sema group decreased since
day 7 (p < 0.001). See Fig. 9.

(2) MKK: The expression of MKK showed a significant difference be-
tween groups (F = 248.856, p < 0.001). Compared with the sham
group, the expression of MKK in the MCAO + Sal group and
MCAO + Sema group increased (p < 0.001), it began to rise on

the first day, peaked on the seventh day, and then declined.
Compared with the MCAO + Sal group, the expression of MKK in
MCAO + Sema group decreased since day 7 (p < 0.001) (Fig. 9C).

(3) c-Jun: The expression of c-Jun showed a significant difference be-
tween groups (F = 97.954,p = 0.001). Compared with the sham
group, the expression of c-Jun in the MCAO + NS group and
MCAO + Sema group increased (p < 0.001), began to rise on the
first day, peaked on the seventh day, and then declined. Compared
with the MCAO + Sal group, the expression of c-Jun in
MCAO + Sema group decreased since day 7 (p < 0.01) (Fig. 9D).

(4) The expression of NF-κB p65 showed a significant difference be-
tween groups (F = 68.168; P = 0.001). Compared with the sham
group, the expression of NF-κB p65 in the MCAO + Sal group and
MCAO + Sema group increased (p < 0.01), it began to rise on the
first day, peaked on the seventh day, and then declined. Compared
with the MCAO + Sal group, the expression of NF-κB p65 in
MCAO + Sema group decreased significantly at day 7, day14, and
day 21 (p < 0.01) (Fig. 9E).

3.12. Apoptosis signaling pathway: C-raf, ERK2, Bcl-2/BAX and Caspase-3
levels

(1) C-raf: The expression of C-raf showed a significant difference be-
tween groups (F = 15.862,P = 0.016). Compared with the sham

Fig. 9. Effects of semaglutide on the expression of pro-inflammatory cytokines, p38 MAPK, MKK, c-Jun, and NF-κB p65 activation, induced by ischemia. N= 3. (A)
Sample Western blot bands. (B) Western blot analysis for the expression of p38 MAPK. *** = p < 0.001, MCAO + Sema group compared with MCAO + Sal group.
(C) Levels of MKK. *** = p < 0.001, MCAO+ Sema group compared with MCAO+ Sal group. (D) Levels of c-Jun. ** = p < 0.01 MCAO+ Sema group compared
with MCAO + Sal group. (E) Levels of NF-κB p65. ** = p < 0.01, MCAO + Sema group compared with the MCAO + Sal group.
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group, the expression of C-raf in the MCAO + Sal group and
MCAO + Sema group increased (p < 0.05), it peaked on the first
day, and then declined. Compared with the MCAO + Sal group, the
expression of C-raf in MCAO + Sema group increased more sig-
nificantly at day 1 and day 7 (p < 0.05). Fig. 10.

(2) ERK2: The expression of ERK showed a significant difference be-
tween groups (F = 37.010,P = 0.004). Compared with the sham
group, the expression of ERK in the MCAO + NS group and
MCAO + Sema group increased (p < 0.01), it began to rise on the
first day, peaked on the seventh day, and then declined. Compared
with the MCAO + Sal group, the expression of ERK2 in
MCAO + Sema group increased more significantly at day 1, day7
and day 14 (p < 0.01) (Fig. 10C).

(3) BCL-2/Bax: The levels of BCL-2(F = 31.801,P = 0.005) and Bax
(F = 105.154 P = 0.001) showed a significant difference between
groups, and the ratio of BCL-2/Bax showed a significant difference
between groups (F = 70.737,P = 0.001). Compared with the sham
group, the expression of BCL-2/Bax decreased at each time point

(p < 0.01). Compared with the MCAO+ Sal group, the expression
of BCL-2/Bax in the MCAO + Sema group increased significantly at
each time point (from day 7 onward) (p < 0.01) (Fig. 10D–F).

(4) Caspase-3: The expression of Caspase-3 showed a significant dif-
ference between groups (F = 24.581,P = 0.008). Compared with
the sham group, the expression of Caspase-3 in the MCAO + Sal
group and MCAO + Sema group increased (p < 0.01), it began to
rise on the first day, peaked on the seventh day, and then declined.
Compared with the MCAO+ Sal group, the expression of Caspase-3
in MCAO+ Sema group decreased significantly at day 7, day14 and
day 21 (p < 0.01) (Fig. 10G).

3.13. Levels of growth factor kinase ERK1/2 and pERK1/2 and insulin
receptor substrate IRS-1 and pIRS-1

The expression of ERK1/2 and p-ERK1/2 in the MCAO + NS group
and MCAO + Sema group began to rise on the first day, and reached its
peak on the 7th day, then declined. Compared with the MCAO + Sal

Fig. 10. Effects of semaglutide on the expression of
C-raf, ERK, caspase-3 and BCL-2/Bax activation, in-
duced by ischemia. (A) Sample Western blot bands.
N= 3. (B) Levels of C-raf. * = p < 0.05,
MCAO + Sema group compared with MCAO + Sal
group. (C) Levels of ERK. ** = p < 0.01,
MCAO + Sema group compared with MCAO + Sal
group. (D) Protein levels of BCL-2. ** = p < 0.01,
MCAO + Sema group compared with the
MCAO + Sal group. (E) Levels of Bax.
** = p < 0.01, MCAO + Sema group compared
with the MCAO + Sal group. (F) Ratio of BCL-2/Bax
levels. ** = p < 0.01, MCAO + Sema group com-
pared with the MCAO + Sal group. (G) Levels of
Caspase-3. ** = p < 0.01, MCAO + Sema group
compared with MCAO + Sal group.
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group, the expression of ERK2 (p < 0.01) and p-ERK2 (p < 0.001) in
MCAO + Sema group increased more remarkably from day 7 on, and
then gradually declined. The difference in the ratio of ERK1/p-ERK1
(p < 0.01) and ERK2/p-ERK2 (p < 0.05) between the two groups was
statistically significant. It appears that semaglutide promotes the ex-
pression of ERK1/2 and p-ERK1/2. Fig. 11.

3.14. Levels of growth factor kinase ERK1/2 and pERK1/2 and insulin
receptor substrate IRS-1 and pIRS-1

The levels of IRS and p-IRS in the model group in the MCAO + NS
group and MCAO + Sema began to rise on the first day, peaked on the
7th day, then declined (Fig. 11A). Compared with the MCAO + NS
group, the expression of IRS (p < 0.05) and p-IRS (p < 0.01) in the
MCAO + Sema group increased at each time point. But the ratio of p-
IRS/IRS between the two groups has no significant statistical difference
(p > 0.05) (Fig. 11B).

3.15. Levels of neurogenesis biomarkers nestin, CXCR4, SDF-1, and DCX

(1) Nestin: The expression of nestin showed a significant difference
between groups (F= 466.500, p < 0.001). Compared with the
Sham group, the expression of nestin in the MCAO + Sal group and

MCAO + Sema group increased (p < 0.001). The expression of
nestin in the MCAO + Sal group began to rise on the first day, and
reached its peak on the seventh day, then went down again.
Compared with the MCAO + Sal group, the expression of nestin in
the MCAO + Sema group reached its peak on the first day, which
means that the peak of nestin expression is earlier, then it fell down
slowly (p < 0.001. Fig. 12B.

(2) CXCR4:The expression of CXCR4 showed a significant difference
between groups (F=438.457, p < 0.001). Compared with the
sham group, the expression of CXCR4 in the MCAO+ Sal group and
MCAO + Sema group increased (p < 0.001) began to rise on the
first day, peaked on the seventh day, and then declined. Compared
with the MCAO + Sal group, the expression of CXCR4 in
MCAO + Sema group increased at each time point (p < 0.001)
(Fig. 12C).

(3) SDF-1:The expression of SDF-1 showed a significant difference be-
tween groups (F=33.499,p = 0.004). Compared with the sham
group, the expression of SDF-1 in the MCAO + Sal group and
MCAO + Sema group increased (p < 0.01), it began to rise on the
first day, peaked on the seventh day, and then declined. Compared
with the MCAO + Sal group, the expression of SDF-1 in
MCAO + Sema group increased since day 7 (p < 0.01. (Fig. 12D).

(4) DCX: The expression of DCX showed a significant difference

Fig. 11. Western blot analysis for the expression of ERK1/2, pERK1/2, p-IRS and IRS. N=3. (A) sample Western blot bands. (B) Ratios of p-ERK1/ERK1 and (C) p-
ERK2/ERK2. p-ERK1/ERK1: ** = p < 0.01, MCAO + Sema group vs. MCAO + Sal group. p-ERK2/ERK2: * = p < 0.05, MCAO + Sema group vs. MCAO + Sal
group. (D) Expression of IRS and p-IRS levels. IRS:* = p < 0.05,MCAO + Semagroup vs. MCAO + Sal group. p-IRS:**p < 0.01, MCAO + Sema group vs.
MCAO + Sal group. (D) Ratios of pIRS to IRS levels.
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between groups (F= 632.421, p < 0.001). Compared with the
sham group, the expression of DCX in the MCAO + Sal group and
MCAO + Sema group increased (p < 0.001), it began to rise on
the first day, peaked on the seventh day, and then declined.
Compared with the MCAO + Sal group, the expression of DCX in
MCAO + Sema group increased at each time point (p < 0.001)
(Fig. 12E).

4. Discussion

MCAO is a classical and well-characterized experimental model of
cerebral ischemia (Longa et al., 1989). Our results document a range of
protective effects of semaglutide in this animal model of stroke. The
results demonstrate that in normoglycemic animals, GLP-1R agonists
have no effect, and in non-obese animals, the effect on body weight is
minimal (Feng et al., 2018; Jalewa et al., 2017). In clinical trials testing
exenatide in non-obese and non-diabeticc PD patients, no noticeable
effects were observed in body weight and blood glucose (Athauda et al.,
2017).

Importantly, all motor tests showed improvement in motor control
and muscle strength by drug treatment. Importantly, the expression of
the biomarker IBA-1 in microglia and the activation of the pro-in-
flammatory second messenger cell signaling pathway p38 MAPK – MKK
– c-Jun - NF-κB p65 was much reduced. This pathway is activated by
pro-inflammatory cytokines such as TNF-α and activates a range of
genes related to the inflammation response (Clark and Vissel, 2014).

Importantly, it also inhibits growth factor signaling and activates pro-
inflammatory cell signaling (Bomfim et al., 2012; Lee et al., 2010).
Inflammation and apoptosis play an important role in cerebral ischemic
pathogenesis (Qiao et al., 2012). It is well known that glial cells in-
cluding astrocytes and microglia are activated by ischemic stroke and
that the activated glia are involved in ischemia-induced neuronal death
via the release of proinflammatory cytokines, reactive oxygen inter-
mediates, and nitric oxide (Muir et al., 2007). NF-κB which plays a
pivotal role in both inflammation and cell survival regulates a vast
number of proinflammatory genes including IL-1, IL-6, TNF-α, and
genes related to apoptosis such as Bcl-2, Bax and Fas (Malek et al.,
2007). Bcl-2 family members such as Bax and Bad promote apoptosis,
whereas, other members including Bcl-2 and Bcl-Xl exert anti-apoptosis
effects. Bcl-2 heterodimerizes with Bax, thereby sequestering Bax and
antagonizing the cell death-inducing activity (Yin et al., 1995). To our
knowledge, our study is the first time to use pMCAO model to explore
semaglutide's effect in ischemic injury and the role of the p38 MAPK –
MKK – c-Jun pathway and C-raf – ERK –Caspase-3, BCL-2/Bax pathways
in mediating the anti-inflammatory and anti-apoptosic effects. Se-
maglutide can prevent ischemia -induced neurotoxicity through sup-
pression of p38 MAPK/MKK/c-Jun activity. Semaglutide can also in-
crease the expressions of C-raf/ERK/BCL-2 and decrease the expressions
of NF-κB, Caspase-3 and Bax to reduce apoptosis and neuronal death.
Pro-inflammatory cytokines and p38 MAPK/MKK/c-Jun cell signaling
furthermore block growth factor activity such as insulin and IGF-1
signaling (Hölscher, 2019; Talbot and Wang, 2014) The loss of growth

Fig. 12. Expression levels of neurogenesis markers. N= 3. (A) Sample Western blot bands. (B) Western blot analysis for the expression of Nestin.*** = p < 0.001,
MCAO + Sema group compared with MCAO + Sal group. (C) Levels of CXCR4.***p < 0.001, MCAO + Sema group compared with the MCAO + Sal group. (D)
Levels of SDF-1.**p < 0.01, MCAO + Sema group compared with the MCAO + Sal group. (E) Levels of DCX.***p < 0.001, MCAO + Sema group compared with
the MCAO + Sal group.
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factor cell signaling results in reduced energy utilization, gene expres-
sion, cell growth and cell repair (Clark and Vissel, 2014; Holscher,
2014b; Neth and Craft, 2017). We show in this study that semaglutide
can re-sensitize insulin signaling and normalize activity of the IRS1 and
ERK1 cell signaling pathways. This improvement of growth factor sig-
naling can also normalize stem cell proliferation and neurogenesis in
the brain (Hunter and Holscher, 2012; Parthsarathy and Holscher,
2013). In selected brain areas such as the detate gyrus, neurogenesis
continues in the adult brain and may be helpful in restoring function
after a stroke. Trophic factors such as stromal cell-derived factor 1
alpha (SDF-1α) are upregulated in the ischemic brain, which promote
endogenous regeneration (Chau et al., 2017), and CXCR4 is its receptor.
Nestin is an intermediate filament protein which is expressed by im-
mature cells and non-neural cell types (Daniel et al., 2008), particularly
the neural progenitor cells (NPCs) (Sunabori et al., 2008) as well as
microglia (Takamori et al., 2009). Nestin expression in the adult ner-
vous system has been detected in a number of pathological conditions
including cerebral ischemia (Duggal et al., 1997). Doublecortin (DCX)
is a microtubule-associated protein expressed by neuroblasts and is
considered to be a reliable marker of neurogenesis (Brown et al., 2003;
Couillard-Despres et al., 2005). This protein is highly expressed in both
cell body and dendrites of the newly generated neuroblasts. Expression
of DCX is also associated with migration of neuronal precursors during
development of the nervous system (Meyer et al., 2002). We were able
to show in this study that levels of these biomarkers for neurogenesis
are enhanced after MCAO, and that semaglutide treatment was capable
of improving neurogenesis markedly. This may be an additional pro-
tective mechanism of this drug to help brain regeneration after stroke.
What's more, we found that the peak expression of nestin was advanced
to 1 day, after which the expression decreased gradually. As time is very
important for neuronal survival in cerebral infarction, this early ex-
pression may contribute to the overall neuroprotective effect.

Post-semaglutide treatment robustly improved functional recovery
of MCAO rats after ischemia without affecting blood glucose levels.
Inflammation and apoptosis was reduced by the drug, and cell growth
signaling and neurogenesis normalized. As semaglutide is already on
the market as a treatment for diabetes, it is a promising candidate for
drug repurposing and could be tested in clinical trials in stroke patients.
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