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Abstract
Background: Neuroin�ammation is a crucial factor in the development of secondary brain injury after
intracerebral hemorrhage (ICH). Irisin is a newly identi�ed myokine confers strong neuroprotective effects
in experimental ischemic stroke. However, whether this myokine can exert neuroprotection effects after
ICH remains unknown. This study aimed to investigate the impact of irisin treatment on
neuroin�ammation and neuronal apoptosis and the underlying mechanism involving integrin
αVβ5/AMPK pathway after ICH.

Methods: Two hundred eighty-�ve adult (8-week-old) maleC57BL/6 mice were randomly assigned to
sham and ICHsurgery groups. ICH was induced via intrastriatal injection of autologous blood. Irisin was
administered intranasally at 30 min after ICH. To elucidate the underlying mechanism, cilengitide (a
selective integrin αVβ5 inhibitor) and dorsomorphin (a selective phosphorylatedAMPK inhibitor) were
administered prior to irisin treatment. The short- and long-termneurobehavior tests, brain edema,
quantitative-PCR, western blotting,Fluoro-Jade C, TUNEL, and immuno�uorescence staining were
performed to assess the neurofunctional outcome at the level of molecular, cell, histology and function.

Results: Endogenous irisin and its receptor, integrin αVβ5, were increased, peaked at 24 h after ICH. irisin
post-treatment improved both short- and long-term neurological functions, reduced brain edema after ICH.
Interestingly, integrin αVβ5 was mainly located in the microglia after ICH, and irisin post-treatment
inhibited microglia/macrophage pro-in�ammatory polarization and promoted anti-in�ammatory
polarization. Moreover, irisin treatment inhibited neutrophil in�ltration, andsuppressed neuronal apoptotic
cell death in perihematomal areas after ICH. Mechanismly, irisin post-treatment signi�cantly increased
the expression of integrin αVβ5, p-AMPK and Bcl-2, and decreased the expression of IL-1β, TNF-α, MPO,
and Bax following ICH.The neuroprotective effects of irisin were abolished by both integrin αVβ5 inhibitor
cilengitide and AMPK inhibitor dorsomorphin.

Conclusions:

This study demonstrated that irisin post-treatment ameliorated neurological de�cits, reduced brain
edema, and ameliorated neuroin�ammation and neuronal apoptosis, at least in part, through the integrin
αVβ5/AMPKsignaling pathway after ICH. Thus, irisin post-treatment may provide a promising therapeutic
approach for the early management of ICH.

Introduction
Intracerebral hemorrhage (ICH) is a severe fatal subtype of stroke accounting for approximately 10 to
15% of all stroke patients, with high rates of mortality and morbidity[1-2]. The formation of a huge
hematoma and mechanical compression to surrounding brain tissues after sudden rupture of cerebral
blood vessels results in intracranial hypertension and neurological deterioration, which is regarded as the
primary brain injury[3]. However, surgical intervention of the hematoma in ICH patients used in clinical
practice rarely improve the neurological prognosis of patients[4]. Secondary brain injury (SBI) refers to a



Page 4/32

series of pathological process triggered by red blood cell debris and degradation products, such as
in�ammatory response, mitochondrial dysfunction, oxidative stress, neuronal apoptosis and blood brain
barrier (BBB) disruption[5-8]. In recent decades, novel therapeutic targets have been focused on exploring
the mechanisms underlying ICH-induced SBI.

Neuroin�ammation is an immediate host defense response after the presence of blood components
detected within the parenchyma, which plays a pivotal role in SBI after ICH[9]. The in�ammatory
mechanisms consist of activation of microglia, and in�ltration of various peripheral immune cells to the
perihematomal region[6]. This subsequently leads to release of proin�ammatory cytokines (e.g.,
interleukin (IL)-1β and tumor necrosis factor (TNF)-α), chemokines, free radicals, and other potentially
toxic chemicals, which further promotes a continued cycle of in�ammatory cascade, contributes to
perihematomal edema, BBB disruption and cell death[10-12]. Neuronal apoptosis could cause neuronal
loss at the periphery of the clot, which ultimately aggravates in�ammatory injury and tissue damage[13].
Therefore, a therapeutic strategy targeting anti-in�ammation and anti-apoptosis may be crucial for
improving neurological outcomes after ICH.

Irisin is formed by proteolytic cleavage of �bronectin type III domain-containing protein 5 (FNDC5), a
transmembrane precursor protein mainly expressed in muscle. As a newly identi�ed myokine, irisin is
released into the circulation on physical exercise and capable of stimulating adipocyte browning and
thermogenesis in human and mice[14-15]. Recently, the existence of irisin has been veri�ed in various
brain regions and cellular groups, such as astrocytes in hippocampus, neuron in cerebrum and even in
cerebrospinal �uid[16-18]. Irisin is shown to play a neuroprotective role in brain disorders such as
Alzheimer’s disease (AD) and acute brain injury such as ischemic stroke and traumatic brain injury [19-
21]. Moreover, irisin has been demonstrated to show pivotal roles in attenuating in�ammation, reducing
neuronal apoptosis and alleviating oxidative stress [22]. However, the possible role of irisin on
neuroin�ammation and neuronal apoptosis have not been investigated in the setting of ICH. Recently,
integrin αVβ5 has been identi�ed as functioning receptor for irisin in both osteocyte and intestinal
epithelial cell [23-24], and this receptor is highly expressed on microglia [25]. Whether irisin could alleviate
neuroin�ammation through binding to integrin αVβ5 on microglia has not been elucidated yet.

Adenosine 5’monophosphate-activated protein kinase (AMPK) as a cellular energy sensor, is a key
molecule in the regulation of bioenergy metabolism. Potent evidence revealed that phosphorylation of
AMPK at the site of Thr172 couldmitigate cell apoptosis and alleviate neuroin�ammation in various
pathophysiological processes [26-29]. AMPK activation (phosphorylation of α subunit at thr172) is
suggested to alleviate in�ammation and macrophage and/or microglial polarization to the M2-
phenotype[30-31].Many studies show that irisin can promote AMPK activation to regulate energy
metabolism [32]. Besides, AMPK signaling is recognized as a downstream target pathway after irisin
binding withintegrin αVβ5 receptor[33]. However, whether integrin αVβ5/AMPK signaling is associated
with irisin-mediated neuroin�ammation and neuronal apoptosis requires further elucidation.
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In the current study, we hypothesized that irisin treatment could ameliorate neurological de�cits as well
as alleviating neuroin�ammation and neuronal apoptosis through integrin αVβ5/AMPK signaling
pathway after induction of ICH in mice.

Methods
Animals

Male C57BL/6 mice, 8–10 weeks old (25~30 g), were purchased from Shanghai JieSiJie Laboratory
Animal Co., Ltd. Mice were housed in a 12-h light/dark cycle at a constant temperature and humidity
controlled room for a minimum of 3 days before surgery, with free access to food and water. All animal
experiments in the study were approved by the Animal Care and Use Committee of Shanghai Medical
College, Fudan University.

Experimental design

In the present study, all mice were randomly assigned to the following experiments. The experimental
design was shown in Part 1 of the Supplementary material-1 (Figure S1). The summary of experimental
groups, animal numbers and mortality rate in the study was listed in Part 2 of the Supplementary
material-1 (Table S1).

ICH model

ICH surgery was induced by stereotactic-guided injection of autologous whole blood into the right basal
ganglia as previously described [34]. Brie�y, mice were anesthetized with an iso�urane-oxygen mixture
during the surgical procedure, and the body temperature was maintained at 37.0 ± 0.5 °C using a heating
blanket. Mice were positioned prone on the stereotactic head frame (Kopf Instruments, Tujunga, CA, USA).
An arti�cial tears ointment was applied to keep the eyes moist during surgery. Arterial blood was collected
in a nonheparinized capillary tube and transferred immediately into a 27-gauge needle on a 250 μL
Hamiton syringe. Acoronal incision was performed to expose the cranium until the bregma was clearly
visible. After that, a 1-mm cranial burr hole was drilled in the skull, and the Hamilton syringe was inserted
into the right basal ganglia in accordance with the stereotactic guide (coordinates: 0.2 mm posterior, 2.2
mm lateral to the bregma). Following this, a total volume of 30 μL autologousblood (initial 5 μL at depth
of 3.0 mm below dura and followed by 25 μL at the depth of 3.5 mm below dura 5 minutes later) was
infused using a microinfusion pump (Stoelting, Harvard Apparatus, Holliston, MA) at a rate of 2 μL/min.
To prevent possible leakage due to blood back�ow, the needle was left in place for an additional 10 min
after the completion of 30 μL injection and slowly withdrawn at a rate of 1 mm/min. The burr hole was
then sealed with sterilized medical bone wax and the incision of scalp was sutured. Mice were then
allowed to recover fully on a heating pad at 37 ℃, and the neurological de�cits were closely observed.
The sham surgery was performed following the same procedure without blood injection.

Drug administration
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Recombinant irisin (#100-65, Peprotech, USA) was dissolved in phosphate-buffered saline (PBS). Three
differentdoses of irisin were tested (80 μg/kg, 250 μg/kg,and 750 μg/kg) and were administered
intranasally at 30 minutes afterICH induction[35]. Cilengitide tri�uoroacetate (10 mg/kg, Selleck, USA), a
selective inhibitor of αVβ3 and αVβ5 integrins, was dissolved in DMSO and administered intraperitoneally
at 2 h before ICH induction[36]. Dorsomorphin (5 μg/mouse,Sigma, MO), aselective AMPK inhibitor, was
dissolved in DMSO and administered intracerebroventricularly (i.c.v.) 30 minutes before ICH injury [37].

Intracerebroventricularinjection

Intracerebroventricular administration was performed as previously described [38]. Brie�y, a 1-mm cranial
burr hole was drilled at the following coordinates relative to bregma: 0.22 mm posterior, 1.0 mm lateral).
A 26-gauge needle of a 10 μLHamilton syringe was inserted into the left lateral ventricle through the
cranial burr hole at the depth of 2.25 mm deep under dura. A microinfusion pump was used for
intracerebroventricular injection at a rate of 0.667 μL/min. The needle was left in place for an additional 5
minutes at the end of infusion and then removed slowly over a 3-min period. The burr hole was
immediately sealed with sterilized medical bone wax.

Short-term neurobehavioral assessment

Short-term neurofunctional behavior were assessed with modi�ed Garcia score test, forelimb placement
test and corner turn test at 24 h and 72 h post-ICH by an independent researcher who was blinded to the
information of experimental groups, as previously described [39]. The modi�ed Garcia score was
assessed by a 21-point score system with seven individual tests including spontaneous activity, axial
sensation, vibrissae proprioception, limb symmetry, lateral turning, forelimb walking, and climbing. Each
subtest was scored from 0 to 3, and the total score was generated through adding up the sum of seven
subtest scores. For the forelimb placement test, the placement of left forelimb on the countertop when the
vibrissa was stimulated was recorded. The percentage of the left forelimb placement out of ten
consecutivevibrissae stimulations was calculated. The corner turn test was performed utilizing the device
which consisted with two boards forming a 30° angle vertically on the platform. The mice were allowed to
advance into a 30° angel corner and exit by turning either to the left or the right. Choice of turning was
recorded for a total of ten trials, and the result was the percent of left turns in 10 trials.

Long-term neurobehavioral assessment

Rotarod test was performed to evaluate sensorimotor function, coordination, and balance on days 7, 14
and 21 post-ICH with 47650 Mouse Rota-Rod (UGO BASILE). The mice to be tested were placed in each
lane on the rotating cylinder at a speed of5r/min and accelerated to 40r/min within 300s and went on
rotating at the constant speed for 200 s (total 500 s).The falling latency which is de�ned as the time
duration when a mouse stabilizes himself on the rotating cylinder without falling was recorded.Three
trials were performed and the mean time of falling latency was recorded.Morris water maze was carried
out to evaluate spatial learning and memory abilities on days 21 to 26 after ICH, as previously reported
[39].In the learning phase of the test, the mouse was placed into the pool from one of the three quadrants
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without the platform and allowed to swim for up to 60 s to escape to the hidden platform. The time until
the animal found the platform (escape latency) was recorded for each trial as “spatial learning”.At the
end of each trial, the mouse was allowed to remain on the platform or placed on the platform (if the
mouse could not �nd the platform within 60 s) for 10 s with prominent spatial cues displayed around the
room. Mice were pre-trained for 3 consecutive days before ICH induction (3 trials on each day). After
injury, 3 trials were conducted on each testing day for 5 consecutive days (21-25 days after ICH). In the
memory phase of the test at 26 days after ICH, a single, 60-s probe trial was performed with the platform
removed. The time the mouse spent swimming in the goal quadrant where the platform was previously
located was recorded as “spatial memory” and expressed as a percentage of the total testing time of 60
s.

Brain water content measurement

Brain water content (BWC) was measured through wet/dry method as previously reported [40]. Brie�y,
mice were euthanized by decapitation under deep anesthesia at 24 and 72 h post-ICH. Brians were
removed immediately and divided into �ve parts: ipsilateral and contralateral cortex, ipsilateral and
contralateral basal ganglia, and cerebellum.Each brain section was measured immediately on an
analytical microbalance to obtain the wet weight (WW) and then dried for 24 h at 100 °C to obtain the dry
weight (DW).Brain water content was calculated through the following formula: brain water content (%) = 
[(WW − DW)/WW] × 100%.

Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of irisin were measured at 6 h and 24 h after injury following the manufacturer's
instructions of a commercial ELISA kit(Phoenix Pharmaceutical, Burlingame, CA)with a 1:2dilution of
each plasma sample (50 μL).Intra- and inter-assay variances were <4–6% and <8–10%, respectively, and
the range of detectable concentrations was 0.066–1024 ng/ml.

Quantitative real-time polymerase chain reaction (q-PCR)

Total RNA was extracted from brain tissue 24 hours after ICHaround the hemorrhageusing Trizol (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol,after which RNA was reverse transcribed into
cDNA using Superscript III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA).Quantitative
real-time polymerase chain reaction (q-PCR) was performed using synthetic primerslisted in Part 3 of the
Supplementary material-1 and SYBR GREEN FAST mastermix (Qiagen).Data collection was performed on
the RT-PCR System (Bio-Rad, Hercules, CA, USA). GAPDH was used as an internal control. The relative
quantitation value for each gene was performed using the comparative cycle threshold method [41].

Western blot analysis

Mice were transcardially perfused with coldPBS under deep anesthesia at 24 h post-ICH. Brain samples
were stored at -80 freezers after quickly extracted and snap frozen in liquid nitrogen.Western blotting was
performed as previously described[42]. Brie�y, after brain samples homogenized usingRIPA lysis buffer
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(Santa Cruz Biotechnology, Santa Cruz,CA, USA) and centrifugedat 4 °C for 30 min at 14,000 rpm, equal
amounts of protein were loaded on anSDS-PAGE gel and run using electrophoresis and thentransferred to
a nitrocellulose membrane.Equal amounts of protein wereloaded on an SDS-PAGE gel and run using
electrophoresis,then transferred to a nitrocellulose membrane.The membranewas blocked and then
incubated overnight at 4 °C with the following primary antibodies: rabbit anti-irisin (1:1000, ab174833,
Abcam, USA); rabbit integrin αV (1:1000, ab179475, Abcam, USA); rabbit anti-integrin β5 (1:1000, #3629,
Cell Signaling Technology, Inc., MA, USA); anti-AMPKα (1:1000, #5831, Cell Signaling Technology, Inc.,
MA, USA); anti-p-AMPKα (1:1000, #2535, Cell Signaling Technology, Inc., MA, USA); rabbit anti-IL-1β
(1:1000, #12242, Cell Signaling Technology, Inc., MA, USA); rabbit anti-Iba-1 (1:1000, ab178846, Abcam,
USA); rabbit anti-MPO (1:1000, ab208670, Abcam, USA); rabbit anti-TNF-α (1:1000, #11948, Cell Signaling
Technology, Inc., MA, USA); rabbit anti-Bcl-2 (1:2000, ab182858, Abcam, USA), rabbit anti-Bax (1:4000,
ab182733, Abcam, USA).The membranes were incubated with mouse anti-β-actin (1:2000,sc-47778,
Santa Cruz, USA) as a loading control.Appropriate secondary antibodies (1:3000, Santa Cruz; 1:5000,
Abcam) were selected to incubate with the membrane for 2 h at room temperature.The membranes were
then incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG
(Proteintech) secondary antibodies.The bands wereprobed with an ECL Plus chemiluminescence regent
Kit(Amersham Biosciences, Arlington Heights, PA, USA)and visualized with the image system (Versa Doc,
model 4000, Bio-Rad, Hercules, CA, USA). Relative density ofthe protein immunoblot images were
analyzed by ImageJsoftware (Image J 1.5, NIH, USA).

Immuno�uorescence staining

After anesthetized deeply at 24 h and 72 h after ICH, mice were transcardially perfused with icecold PBS
and 4% paraformaldehyde. Brains were then removed and immersed in 4% paraformaldehyde, 20%
sucrose, and 30% sucrose successively to complete �xation and dehydration. Coronal sections (25-μm
thick) were sliced using the freezing microtome (HM525NX, ThermoFisher), and stored in tissue stock
solution.After washed in PBS and PBS+0.3% Triton, coronal sections were incubated in PBS+1% Triton to
break the cell membrane and blocked with 10% goat/donkey serum for 1 h. Coronal sections were
incubated with primary antibodies overnight at 4 ℃.After being washed in PBS three times with 10 min
intervals, the sections were incubated with secondary antibodies conjugated with Alexa Fluor-
488/594/647 for 2 h at room temperature. Nuclear staining was performed with 4',6-diamidino-2-
phenylindole (DAPI). Sections were then observed and imaged under a Nikon microscope (Nikon).

TUNEL staining

For quanti�cation of neuronal apoptosis at 24 h after ICH, double staining of neuronmarker NeuN (red)
and TUNEL (green) was conducted using in situ Apoptosis Detection Kit (Roche, Indianapolis, IN, USA)
according to the manufacturer’s instructions [43].In the peri-hematoma area,TUNEL-positive neurons were
counted manually andthe numbers of randomsix sections per brain slice over a microscopic �eld of 200 Í
magni�cationsusingImage J software (Image J 1.5, NIH, USA)were averaged. Data was expressedas the
ratio of TUNEL-positive neurons (%).
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FJC staining

Degenerating neurons wasevaluated by FJC staining using a modi�ed FJC Ready-to-Dilute Staining Kit
(Millipore, Billerica, MA, USA) at 24 h post-ICH as previously reported [44].According to manufacturer’s
instructions,slides were washed in PBS incubated with the FJC working solution for 20 min, and then
visualized using a �uorescence microscope (Leica Microsystems) in blinded manner.FJC-positive neurons
were manually counted in the peri-hematoma regions of sixparts per brain at Í 200 magni�cation using
ImageJ software (Image J 1.5, NIH, USA). The data were averaged and expressed as positive cells/mm2.

Statistical analysis

All data are expressed as mean ± standard deviation (SD).Data were normally distributed as tested using
the D'Agostino and Pearson omnibus normality test (P > 0.05).For comparisons between 2 groups, the
Student’s t-test was used for comparisons of variables with normal distribution from independent
samples. Multiple comparisons were statistically analyzedusing One-way analysis of variance
(ANOVA)followed by Tukey post hoc multiple comparison analysis. Two-way ANOVAfollowed by Tukey
post hoc test, was used to compare the changes according to the different levels of multiple categorical
variables (brain water content, long-term neurological function).Data analyses were conducted using
Prism 9 (GraphPad Software, CA, USA). All statistical tests were two-sided, and a P<0.05 was considered
statistically signi�cant.

Results
Animal mortality and exclusion

Atotal of 285 male C57BL/6 mice were used for the study, among 203 animals were assigned to ICH
induction and a total of 3 ICH mice were excluded because they did not show neurological de�cits after
surgery. (After euthanizing these mice, we found that there was no hematoma in their brains.) None of the
sham group mice died. The total mortality of ICH mice was 4.93% (10/203) inthis study. There were no
signi�cant differences in the mortality rate among all ICH experimental groups. (Part 2 of the
Supplementary material-1: Table S1).

Time course and cellular expression of irisin and integrin αVβ5 after ICH

To characterize the expression pro�le of irisin and its receptor integrin αVβ5, western blot analysis,
ELISA,and immuno�uorescence staining were conducted. The endogenous expression of irisin and
integrin αVβ5 was assessed by western blot analysis at 0 (sham), 3, 6, 12, 24, 72 h and 7 d in the
ipsilateral/right cerebral hemispheres after ICH. When compared to the sham group, irisin expression
signi�cantly decreased at 3 h and 6 h and then increased at 12 h, which peaked at 24 h after ICH (p <
0.001, Fig. 1A). The expression of integrin αV and integrin β5 showed similar trend after ICH (Fig.
1A).ELISA was performed to assess the plasma levels of irisin at 6 h and 24 h after ICH. The plasma irisin
concentration in sham group was 67.96 ng/ml in average (Fig. 1B), and there was a notable decrease of
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plasma irisin levels detected at 6 h (12.28 ng/ml) and 24 h (34.12 ng/ml) after ICH (p < 0.001, Fig. 1B).
Double immuno�uorescence staining revealed that integrin αVβ5 was mainly expressed in the microglia
(Iba-1) in the peri-hematoma tissue at 24 h after ICH, whereas integrin αVβ5 was not co-localized with
astrocytes and neurons in the mouse brain (Fig. 1C, D). Meanwhile, there were more integrin αVβ5-
positive microglia visualized within the perihematomal region at 24 h post-ICH when compared with
sham group (Fig. 1C, D). To further investigate the distribution characteristics of irisin and integrin αVβ5
in the perihematomal region at 24 h after ICH, triple immuno�uorescence confocal microscopy of Iba-1
(magenta), integrin αVβ5 (red) and irisin (green) was performed and visualized by confocal image stacks
(scale bar = 20 um). The coincidence of white �uorescence with magenta, red and green �uorescence
indicated an observable co-localization of irisin and integrin αVβ5 in the microglia/macrophage cells (Fig.
1E, up panel). Iba-1+/ integrin αVβ5+/irisin+ immunolabeled cell in the rectangle of the confocal image
stacks was enlarged and reconstructed to 3D isosurfaces by Imaris, which provided a better visualization
of co-localization of irisin and integrin αVβ5 in the microglia/macrophage cells (Fig. 1E, down panel,
scale bar = 10 um).

Irisin treatment attenuatedneurobehavioral de�cits and reduced brain edema at 24 and 72 h after ICH

Three different dosages of irisin were used to choose the optimal dosage in attenuating ICH-induced
brain injury. Signi�cant neurological de�cits were observed in ICH groups at 24 h when compared with
sham group as assessed by the modi�ed Garcia test (p< 0.001, Fig. 2A), forelimb placement test (p<
0.001, Fig. 2B), and corner turn test (p< 0.001, Fig. 2C). Administration of irisin (250 μg/kg) signi�cantly
improved neurological outcomes (p< 0.05, Fig. 2A-C) at 24 h post-ICH when compared with ICH + vehicle
group. The brain water content in the ipsilateral basal ganglia was signi�cantly increased in the ICH
groups when compared with sham group at 24 h after ICH (p< 0.001, Fig. 2G), whereas no signi�cant
differences were observed between irisin administration (250 μg/kg) and ICH + vehicle group at 24 h post-
ICH. To further verify the protective effect of irisin (250 μg/kg), neurobehavioral tests and brain water
content were also performed at 72 h post-ICH. No obvious difference was observed between irisin and
vehicle-treated (PBS) administration in sham mice. Consistently, irisin (250 μg/kg) treatment signi�cantly
imprrroved neurological functions (p< 0.01, Fig. 2D-F) and alleviated brain water content in the ipsilateral
basal ganglia and ipsilateral cortex (p< 0.05, Fig. 2H) when compared with ICH + vehicle group at 72 h
post-ICH. Therefore, a middle dosage of irisin (250 μg/kg) was selected for long-term and mechanistic
studies.

Irisin treatment improved long-term neurobehavioral outcomes after ICH

To study the long-term effects of irisin treatment on ICH, we performed Morris water maze (MWM) test
and Rotarod test to evaluate post-ICH spatial cognitive functions and motor functions, respectively. In the
Rotarod test, the mice in ICH + vehicle group had signi�cantly shorter falling latency when compared with
sham groups at days 7, 14, and 21 post-ICH (p< 0.001, Fig. 3F). However, irisin post-treatment
signi�cantly improved the neurological de�cits when compared with the ICH + vehicle group on days 14
(p < 0.05, Fig. 3F) and 21 (p< 0.05, Fig. 3F) after ICH. Spatial learning and memory were evaluated at 21
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to 26 days after ICH by the MWM test. The results of MWM test did not reveal any signi�cant differences
between irisin and vehicle-treated administration in sham mice (Fig. 3B). Thus, it can be concluded that
irisin post-treatment does not have any negative side effects on sham mice. Additionally, the MWM test
revealed that the escape latency was progressively decreased in all tested groups during spatial learning
period at 21 to 25 days after ICH (Fig. 3B). However, ICH + vehicle group showed a signi�cant longer
escape latency compared to the vehicle-treated sham group (p< 0.001, Fig. 3B). ICH + vehicle group
showed a signi�cantly higher escape latency compared to vehicle-treated sham group especially on day
23 (p< 0.001, Fig. 3C) and day 25 (p< 0.01, Fig. 3C) post-ICH. In contrast, irisin-treated ICH mice
demonstrated a signi�cant diminished escape latency on days 23 (p< 0.05, Fig. 3C) and 25 (p< 0.05, Fig.
3C) compared to vehicle-treated ICH mice. To further provide evidence for spatial memory de�cits, probe
quadrant trial was performed on day 26 where the mice were tested without a platform to escape. Here,
we compared the mean time in percentage of the three nontarget quadrants (NT) to the percent time
spent in thetarget quadrant (TQ, where the platform was located during spatial learningperiod). The
results showed a signi�cant preference for the TQ in sham and irisin-treated ICH mice (p< 0.001, Fig. 3D),
whereas no TQ preference was detected in vehicle-treated ICH mice (Fig. 3D). Besides, irisin-treatment
markedly increased the time spent in the probe quadrant compared with the ICH + vehicle group (p< 0.05,
Fig. 3D). This was visualized with the representative swim paths which was chaotic post-ICH but
improved by irisin post-treatment (p< 0.01, Fig. 3A, B). All mice had similar swim speeds (Fig. 3E),
re�ecting comparable locomotor functions among all test groups. Taken together, these data con�rmed
an impaired spatial learning and memory function in post-ICH mice, which can be markedly ameliorated
following irisin post-treatment.

Irisin treatment alleviated neuronal apoptosis after 24 h after ICH

To assess the effects of irisin post-treatment in neuronal death after ICH, apoptotic and degenerating
neurons in the perihematomal area at 24 h after ICH were assessed by TUNEL and FJC staining. TUNEL-
positive and FJC-positive neurons were signi�cantly increased in the perihematomal region of the vehicle-
treated ICH group compared to the sham group at 24 h post-ICH (p< 0.001, Fig. A-D). However, irisin
administration decreased the number of TUNEL-positive (p< 0.01, Fig. A, D) and FJC-positive (p< 0.05, Fig.
B, D) neurons. Meanwhile, the expression of neuronal apoptotic molecular markers Bax and Bcl-2 at 24 h
after ICH were measured by western blot analysis. Consistently, the results revealed that irisin post-
treatment in the ipsilateral hemisphere led to a signi�cant increase in Bcl-2 (pro-survival marker)
expression (p< 0.05, Fig. 4E, F), while Bax (pro-apoptotic marker) levels (p< 0.01, Fig. 4E, F) were markedly
reduced compared to the vehicle-treated ICH group at 24 h post-ICH.

Irisin treatment inhibited microglia/macrophageactivation, neutrophil in�ltration, and the expression ofIL-
1β at 24 h after ICH

At 24 h post-ICH, the levels of Iba-1 and MPO in the perihematomal area were performed by
immuno�uorescence staining to detect microglia/macrophage activation and neutrophil in�ltration.
Immuno�uorescence staining showed thatthe numbers of Iba-1, IL-1β and MPO-positive cells were
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signi�cantly increased in ICH + vehicle group when compared with sham group (p< 0.001, Fig. 5A–D).
However, irisin post-treatment signi�cantly reduced the number of Iba-1 (p < 0.05, Fig. 5A, B), MPO (p < 
0.01, Fig. 5A, C), or IL-1β-positive cells (p < 0.01, Fig. 5A, D) in the perihematomal area than that in ICH + 
vehicle group. Additionally, western blot results showed that the expression of Iba-1, MPO, and IL-1β in the
ipsilateral hemisphere were signi�cantly decreased with irisin post-treatment when compared with ICH +
vehicle group at 24 h after ICH (p < 0.05, Fig. 5E-G).

Irisin treatment increases the phenotypic switch of microglia/macrophage from pro-in�ammatory to anti-
in�ammatory phenotype

In response to acute brain injury, microglia become activated and develop classic pro-in�ammatory (M1)
or anti-in�ammatory (M2) phenotypes. The different phenotypes of microglia in�uence the outcome of
ICH. We performed immuno�uorescence staining to con�rm whether irisin affects microglia/macrophage
phenotypic switch. The numbers of the Iba-1+ microglia were signi�cantly reduced in the perihematomal
area of irisin-treated group compared with the ICH + vehicle group (p< 0.05, Fig. 6A-C), which suggested
that irisin alleviated microglial activation at 72 h post-ICH. In comparison with the ICH + vehicle group, we
found that irisin post-treatment signi�cantly decreased the number of Iba1+CD16+ M1
microglia/macrophages (p < 0.01, Fig. 6D) and signi�cantly increased the numbers of Iba1+CD206+ M2
microglia/macrophages (p < 0.01, Fig. 6E) in the perihematomal area at 72 h post-ICH. To further
investigate the phenotype characteristics of microglia/macrophages, qPCR was conducted to evaluate
the mRNA expression levels of M1 phenotype markers (CD16, CD32, IL-1β, iNOS, IL-6 and CD11b) and M2
phenotype markers (CD206, Arg1, CCL22, TGF-β, IL-13 and YM1/2). In comparison with the vehicle group,
mice treated with irisin showed lower expression of M1 markers (CD16, CD32 and IL-1β) and higher
expression of M2 markers (CD206 and CCL22) in the perihematomal region (p< 0.05, Fig. 6F, G). Taken
together, these data showed that irisin post-treatment increased the phenotypic switch of
microglia/macrophages from pro-in�ammatory to anti-in�ammatory phenotype after ICH.

Integrin αVβ5 inhibitor abolished the neuroprotection of irisin on neurological functions at 24 h after ICH

To understand the mechanism of the neuroprotection of irisin, we �rst analyze whether integrin αVβ5
receptor was involved in the neuroprotective effects of irisin, we inhibited integrin αVβ5 receptor with
cilengitide.Pre-administration of integrin αVβ5 inhibitor cilengitide signi�cantly aggravated the
neurobehavioral bene�ts of irisin assessed by the modi�ed Garcia (p< 0.05, Fig. 7A), forelimb placement
(p< 0.05, Fig. 7B), and corn turn tests (p< 0.05, Fig. 7C) in ICH + irisin + cilengitide group when compared
with ICH + irisin + DMSO group at 24 h after ICH. The expression of integrin αV, integrin β5, p-AMPK, IL-1β,
TNF-α, MPO and Bax was signi�cantly increased, while the expression of Bcl-2 was remarkably decreased
when compared with sham group at 24 h after ICH (p< 0.05, Fig.7D). Irisin post-treatment signi�cantly
increased the expression of integrin αV, integrin β5, p-AMPK, Bcl-2 and signi�cantly decreased the
expression of IL-1β, TNF-α, MPO and Bax in ICH + irisin group when compared with ICH + vehicle group at
24 h after ICH (p< 0.05, Fig.7D). However, inhibition of integrin αVβ5 with cilengitide remarkably
decreased the expression of integrin αV, integrin β5, p-AMPK, Bcl-2 and increased the expression of IL-1β,
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TNF-α, MPO and Bax in ICH + irisin + cilengitide group when compared with ICH + irisin + DMSO group at
24 h after ICH (p< 0.05, Fig.7D).

AMPK inhibitor abolished the neuroprotective effects of irisin on neurological functions at 24 h after ICH

To assess whether AMPK signaling pathway was involved in the neuroprotective and anti-in�ammatory
effects of irisin, AMPK inhibitor dorsomorphin was applied. Intracerebroventricular injection of
dorsomorphin, a selective AMPK inhibitor, signi�cantly abolished the neurobehavioral improvements of
irisin post-treatment in the modi�ed Garcia (p< 0.05, Fig. 8A), forelimb placement (p < 0.05, Fig. 8B), and
corn turn tests (p< 0.05, Fig. 8C) in ICH + irisin + dorsomorphin group when compared with ICH + irisin +
DMSO group at 24 h after ICH. Western blot analysis revealed that the expression of p-AMPK, IL-1β, and
TNF-α was signi�cantly increased when compared with sham group at 24 h after ICH (p < 0.05, Fig.8D).
Irisin post-treatment signi�cantly increased the expression of p-AMPK while remarkably decreased the
expression of IL-1β and TNF-α in ICH + irisin group when compared with ICH + vehicle group at 24 h after
ICH (p < 0.05, Fig.8D). However, pretreatment with dorsomorphin, a selective AMPK inhibitor, remarkably
decreased the expression of p-AMPK and increased the expression of IL-1β, TNF-α in ICH + irisin +
dorsomorphin group when compared with ICH + irisin + DMSO group at 24 h after ICH (p< 0.05, Fig.8D).

Discussion
In the current study, we investigated the neuroprotective effects of irisin-dependent integrin αVβ5
activation and explored its underlying mechanism in a mouse model of ICH. For the �rst time, we
demonstrated that the expresion level of irisin decreased at 3 h and 6 h and increased at 12 h and peaked
at 24 h after ICH. The integrin αVβ5 which is one of receptors of irisin was mainly expressed in the
microglia and showed a similar trend to irisin after ICH. Moreover, the activation of integrin αVβ5 with
irisin signi�cantly improved the short-term and long-term neurobehavioral de�cits, accompanied by a
reduction of brain edema, attenuation of microglia/macrophage activation, increase of the
microglia/macrophage phenotypic switch from pro-in�ammatory to anti-in�ammatory phenotypes and
inhibition of peripheral neutrophil in�ltration in perihematomal areas after ICH. Mechanistically, irisin
treatment upregulated the protein levels of p-AMPK, Bcl-2, but down-regulated the protein levels of MPO,
IL-1β, TNF-α, and Bax within ipsilateral hemisphere at 24 h after ICH. Additionally, integrin αVβ5 inhibitor
cilengitide or selective AMPK inhibitor dorsomorphin abolished the bene�cial effects of irisin on
neurological de�cits and neuroin�ammation. Taken together, our �ndings suggest that irisin could
enhance the activation of integrin αVβ5 in microglia at 24 h after ICH and plays an important role in
ameliorating neuroin�ammation and neuronal apoptosis, partially by up-regulating the integrin
αVβ5/AMPK signaling pathway. The administration of irisin may serve as an effective therapeutic
strategy against ICH-induced SBI after ICH.

Irisin is a secreted portion released from FNDC5, a transmembrane precursor protein mainly expressed in
muscle. As a newly identi�ed myokine �rst discovered in 2012, irisin is released into the circulation on
physical exercise and initially recognized as stimulating adipocyte browning and thermogenesis in
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human and mice [15]. Subsequent studies have reported the existence of irisin in the brain regions, such
as hippocampus, cerebrum and even in cerebrospinal �uid [16-18]. Previous study showed that serum
level of irisin was decreased upon cerebral ischemic stress [21], and the protein level of irisin inthe
ipsilateral hemisphere was increased at 12 h while decreased at24 h after subarachnoid hemorrhage
injury [35]. In this study, we showed that the level of irisin in the serum decreased signi�cantly after ICH,
and the endogenous expressionof irisin in the ipsilateral/right hemisphere of brain was decreased at 3 h
and increased at 12 h and peaked at 24 h after ICH. There may be some reasons for that. Firstly, the self-
regulating system of the body would be affected upon ICH stress to redistribute the endogenous
hormones and accelerate irisin cross the BBB. Secondly, the physical movement of the post-ICH mice
would be reduced and thus the serum irisin level would be decreased. Even though the endogenous irisin
increased after ICH, it may not be su�cient to signi�cantly exert neuroprotection post-ICH. In this study,
we administered recombinant irisin by intranasal route. Intranasal administration is an easy and non-
invasive method that permits the delivery of drugs bypassing BBB to the central nervous system (CNS).
Additionally, this is the �rst study to use irisin by intranasal route. There is growing evidence that support
neuroprotective drugs could successfully delivered to the brain via the nasal route [45].

Recently, the anti-in�ammatory, anti-apoptotic and anti-oxidative properties of irisin have received a great
deal of attention in various diseases [22]. Previous study explored the critical role that irisin played in
ischemic stroke in mice models, which found that irisin can upregulate the levels of brain-derived
neurotrophic factor (BDNF) and protects nerve cells from injury during ischemic stroke [46, 47]. Clinical
investigations indicated that decreased serum concentration of irisin is associated with poor functional
outcome and post-stroke depression in ischemic stroke patients [48, 49]. Our research for the �rst time
showed that irisin improved short- and long-term neurobehavioral de�cits, decreased brain edema,
attenuated microglia/macrophage activation and neutrophil in�ltration, and downregulated the
expression of proin�ammatory cytokines TNF-α and IL-1β in perihematomal areas after ICH.

However, the mechanisms underlying the bene�ts of irisin were unclear, in large scale because the irisin
receptor(s) had not been identi�ed. Previous study indicated that irisin could bind to the integrin αVβ5
receptor on osteocytes and fat cells, and speci�c αVβ5 inhibitor could block signaling and function by
irisin in osteocytes and fat cells [23]. This is the very �rst �nding in which the irisin receptor was
identi�ed. Interestingly, the integrin αVβ5 receptor comprise the major fraction of total αV integrins
expressed by microglia [25]. Our immuno�uorescence showed that irisin was colocalized with integrin
αVβ5 on microglia, which indicated that irisin could bind to integrin αVβ5 receptor on the microglia.
Additionally, the endogenous expression of integrin αVβ5 showed the same trend as irisin post-ICH.

After ICH induction, current scienti�c research indicated that the primary adverse effects could be the
mass effect of the hematoma and the components of the red cells (hemoglobin and iron) lead to a
cascade of multifactorial events accelerating the SBI which is a vital process leading to poor prognosis
post-ICH. Neuroin�ammation is a crucial pathophysiological component leading to SBI after ICH [6].
Uncontrolled neuroin�ammation is a major cause of the increased apoptosis and dysfunction of various
brain cells (e.g. neurons and endothelial cells), thus exacerbating neurological outcome of ICH [50].
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Microglia, the classical resident immunocytes of the CNS, react to various brain injury and plays an
important role in neuroin�ammation within the CNS. Besides, peripheral monocyte-derived macrophages
(MDMs) are recruited in the early hours post-ICH, and they mature into macrophages in the CNS
parenchyma. Similar cellular surface markers including CD11b and Iba-1 are expressed on the brain-
derived microglia and peripheral macrophages and it is hard to distinguish between them [51]. Our data
showed that the number of Iba-1+ microglial cells in the perihematomal area at 24 h after ICH was
signi�cantly increased compared to the sham group, and MPO+ staining suggested that peripheral
neutrophil in�ltration was increased in the brain parenchyma, with the in�ammatory cytokine IL-1β
showing the same trend. Western blot analysis performed for further quantitative analysis also indicated
that the protein expression levels of Iba-1, MPO, and IL-1β in the perihematomal area post-ICH were
signi�cantly increased.

It has been indicated that microglia/macrophage respond to acute brain injury through becoming
activated and can polarized into two phenotypes: classically activated (M1-like) or alternatively activated
(M2-like) and this phenotype changes dynamically [52]. Classically activated M1 microglia/macrophage
phenotype mainly produce cytokines, chemokines and other pro-in�ammatory factors, which accelerate
tissue damage. On the contrary, alternatively accelerated M2 microglia/macrophage mainly produce anti-
in�ammatory factors and clears up cell debris. Though recent literature questions the effectiveness of
this nomenclature since microglial/macrophage response to the brain injury is too dynamic and complex
to be de�ned by the concept of polarization, the dichotomy between M1 and M2 phenotypes
classi�cation remains useful for clarifying the character of microglia/macrophage in various brain
disorders [53]. Here, we con�rmed that irisin administration signi�cantly reduced pro-in�ammatory
microglia/macrophage and increased anti-in�ammatory microglia/macrophage at 72 h after ICH. The
expressions of the markers corroborated the effect of recombinant irisin on microglia/macrophage, which
provided con�rmed evidence for the anti-in�ammatory properties of irisin in ICH. Mounting evidence has
indicated that the promotion of a switch from M1 to M2 phenotype could ameliorate SBI and improve
neurological functions after ICH [52].

Furthermore, we explored the possible mechanism underlying the irisin-dependent integrin αVβ5
activation-mediated neuroin�ammation after ICH. Previous study revealed that phosphorylation of AMPK
could mitigate cell apoptosis and alleviate neuroin�ammation in various pathophysiological processes
[26-29]. Additionally, AMPK activation isan important mechanism underlying the inhibition of
macrophage/microglia-mediated in�ammation [54]. Furthermore, irisin could restore gut barrier function
after ischemia reperfusion via activation of the integrin αVβ5-AMPK pathway[24]. Our results
demonstrated that irisin post-treatment markedly increased the expression of p-AMPK as well as
downregulated the expressions of pro-in�ammatory cytokines including IL-1β and TNF-α at 24 h after
ICH. Cilengitide tri�uoroacetate, an inhibitor of integrin αvβ5 [24], was shown to signi�cantly decrease the
expression of p-AMPK and reversed the bene�cial effects of irisin on neurobehavior de�cits and
neuroin�ammation after ICH. In addition, our data showed that dorsomorphin, a selective phosphorylated
AMPK inhibitor [3] signi�cantly reversed the anti-in�ammatory, anti-apoptotic effects and neurobehavior
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protection of irisin post-treatment. Collectively, these data suggested that irisin post-treatment alleviated
neuroin�ammation possibly through integrin αVβ5/AMPK signaling pathway after ICH.

Several limitations need to be mentioned in this study. First, the present study mainly focused on irisin-
mediated neuroin�ammation post-ICH. Future studies are needed to explore the other mechanisms
underlying the neuroprotective effects of irisin against SBI after ICH, such as blood brain barrier
disruption. Second, since the pathophysiology of neuroin�ammation after ICH is a complex network, we
cannotexclude the contribution of PI3k/Akt signaling inirisin mediated in�ammation. Third, although
intranasal administration route assured the neuroprotective role of irisin played in CNS, a crosstalk of
plasma concentration and brain parenchyma level of irisin should be further illustrated. Besides, the
muscle-brain crosstalk which in�uence the relevance of brain and plasma levels of irisin need to be
further investigated. Last, we did not evaluate the sex- and age- speci�c differences in the effects of irisin
after ICH. Emerging evidence indicated that sex and age are two vital risk factors determining the
prognosis after ICH [55, 56]. Estrogen has been reported to reduce neurological impairment after ICH
inrats [57]. Previous studies showed that improved neurobehavioral outcomes and reduced mortality
occur in female comparedto male mice post-ICH [58]. Besides, ICH tends to occur in elderly population
with cerebrovascular disease and hypertension [58]. In the present study,we only used 8-week-old male
adult mice for our experiments. We did not evaluate the effects of irisin in different age groups or in ICH
with systemic co-morbidities, and female animals. Therefore, further studies are needed to certify the
neuroprotective effects of irisin in experimental ICH in different age groups and females.

Conclusion
In summary, we �rst showed that irisin administration ameliorated neurological de�cits, reduced brain
edema, ameliorated neuroin�ammation and neuronal apoptosis, at least in part, through the integrin
αVβ5/AMPK signaling pathway after ICH. Thus, irisin post-treatment may provide a promising therapeutic
approach for the early management of ICH.

Abbreviations
ICH: Intracerebral hemorrhage; AMPK: Adenosine monophosphate-activated protein kinase; MPO:
Myeloperoxidase; IL-1β: Inteleukin-1β; TNF-α: Tumor necrosis factor α; i.n.: Intranasal; i.p.: Intraperitoneal;
DMSO: Dimethylsulfoxide; GFAP: Glial �brillary acidic protein; Iba-1: Ionized calcium binding adaptor
molecule-1; NeuN: Neuronal nuclear; p-AMPK: Phosphorylated-AMPK; PBS: Phosphate-buffered saline;
i.c.v.: Intracerebroventricular; BWC: Brain water content; WW: Wet weight; DW: Dry weight; FJC: Fluoro-
Jade C; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; CNS: Central nervous
system; BBB: Blood-brain barrier

Declarations
Ethics approval and consent to participate



Page 17/32

All animal experiments in the study were approved by the Animal Care andUse Committee of Shanghai
Medical College, Fudan University.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Availability of data and materials

The data, analytic methods, and study materials will be made available toother researchers for the
purpose of reproducing the results or replicatingthe procedures. The data that support the �ndings of this
study are availablefrom the corresponding author upon reasonable request. Authors will beresponsible
for maintaining availability.

Funding

This project was supported by the National Key R&D Program of China (Grant No. 2018YFC1312604
2021ZD0201704), Shanghai Committee of Science and Technology Project (Grant No.19140900205),
Shanghai Municipal Health Commission Project (Grant No.20194Y0444), Shanghai Hospital
Development Center (Grant No. SHDC2020CR3021A).

Authors’ contributions

MT worked on the experimental design. YW, JYT, XP, CCL, YWX, and SXD conducted the experiments,
analyzed the data, and drafted the manuscript. YQG and FZ worked on the manuscript revision. YQG and
YG participated in the experimental design, data analysis and interpretation, and manuscript preparation.
All authors read and approved the �nal manuscript.

References
1. Keep RF, Hua Y, Xi G. Intracerebral haemorrhage: mechanisms of injury and therapeutic targets.

Lancet Neurol. 2012;11(8):720–731.

2. Lapchak PA, Zhang JH. The High Cost of Stroke and Stroke Cytoprotection Research. Transl Stroke
Res. 2017;8(4):307–317.

3. Zhao L, Chen S, Sherchan P, Ding Y, Zhao W, Guo Z, Yu J, Tang J, Zhang JH. Recombinant CTRP9
administration attenuates neuroin�ammation via activating adiponectin receptor 1 after intracerebral
hemorrhage in mice. J Neuroin�ammation. 2018;15:215.

4. Dey M, Stadnik A, Awad IA. Spontaneous intracerebral and intraventricular hemorrhage: advances in
minimally invasive surgery and thrombolytic evacuation, and lessons learned in recent trials.



Page 18/32

Neurosurgery. 2014;74:S142-50.

5. Manaenko A, Yang P, Nowrangi D, Budbazar E, Hartman RE, Obenaus A, Pearce WJ, Zhang JH, Tang
J. Inhibition of stress �ber formation preserves blood-brain barrier after intracerebral hemorrhage in
mice. J Cereb Blood Flow Metab. 2018;38(1):87-102.

�. Tschoe C, Bushnell CD, Duncan PW, Alexander-Miller MA, Wolfe SQ. Neuroin�ammation after
intracerebral hemorrhage and potential therapeutic targets. J Stroke. 2020;22:29–46.

7. Zhu H, Wang Z, Yu J, Yang X, He F, Liu Z, Che F, Chen X, Ren H, Hong M, Wang J. Role and
mechanisms of cytokines in the secondary brain injury after intracerebral hemorrhage. Prog
Neurobiol. 2019;178:101610.

�. Wu X, Luo J, Liu H, Cui W, Guo K, Zhao L, Bai H, Guo W, Guo H, Feng D, Qu Y. Recombinant
Adiponectin Peptide Ameliorates Brain Injury Following Intracerebral Hemorrhage by Suppressing
Astrocyte-Derived In�ammation via the Inhibition of Drp1-Mediated Mitochondrial Fission. Transl
Stroke Res. 2020;11(5):924-939.

9. Wu X, Fu S, Liu Y, Luo H, Li F, Wang Y, Gao M, Cheng Y, Xie Z. NDP-MSH binding melanocortin-1
receptor ameliorates neuroin�ammation and BBB disruption through CREB/Nr4a1/NF-κB pathway
after intracerebral hemorrhage in mice. J Neuroin�ammation. 2019;16(1):192.

10. Zhou Y, Wang Y, Wang J, Anne Stetler R, Yang QW. In�ammation in intracerebral hemorrhage: from
mechanisms to clinical translation. Prog Neurobiol. 2014;115:25–44.

11. Wu CH, Shyue SK, Hung TH, Wen S, Lin CC, Chang CF, Chen SF. Genetic deletion or pharmacological
inhibition of soluble epoxide hydrolase reduces brain damage and attenuates neuroin�ammation
after intracerebral hemorrhage. J Neuroin�ammation. 2017;14:230.

12. Chen S, Yang Q, Chen G, Zhang JH. An update on in�ammation in the acute phase of intracerebral
hemorrhage. Transl Stroke Res. 2015;6:4–8.

13. Kono H, Rock KL. How dying cells alert the immune system to danger. Nat Rev Immunol.
2008;8:279–289.

14. Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J, Robinson MM, Nair KS, Gygi SP,
Spiegelman BM. Detection and Quantitation of Circulating Human Irisin by Tandem Mass
Spectrometry. Cell Metab. 2015;22(4):734-740.

15. Boström P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rasbach KA, Boström EA, Choi JH, Long JZ,
Kajimura S, Zingaretti MC, Vind BF, Tu H, Cinti S, Højlund K, Gygi SP, Spiegelman BM. A PGC1-α-
dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature.
2012;481(7382):463-8.

1�. Piya MK, Harte AL, Sivakumar K, Tripathi G, Voyias PD, James S, Sabico S, Al-Daghri NM, Saravanan
P, Barber TM, Kumar S, Vatish M, McTernan PG. The identi�cation of irisin in human cerebrospinal
�uid: in�uence of adiposity, metabolic markers, and gestational diabetes. Am J Physiol Endocrinol
Metab. 2014;306(5):E512-8.

17. Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J, Ma D, Lin JD, Greenberg ME,
Spiegelman BM. Exercise induces hippocampal BDNF through a PGC-1α/FNDC5 pathway. Cell



Page 19/32

Metab. 2013;18(5):649-59.

1�. Wang K, Li H, Wang H, Wang JH, Song F, Sun Y. Irisin Exerts Neuroprotective Effects on Cultured
Neurons by Regulating Astrocytes. Mediators In�amm. 2018;2018:9070341.

19. Islam MR, Valaris S, Young MF, Haley EB, Luo R, Bond SF, Mazuera S, Kitchen RR, Caldarone BJ,
Bettio LEB, Christie BR, Schmider AB, Soberman RJ, Besnard A, Jedrychowski MP, Kim H, Tu H, Kim E,
Choi SH, Tanzi RE, Spiegelman BM, Wrann CD. Exercise hormone irisin is a critical regulator of
cognitive function. Nat Metab. 2021;3(8):1058-1070.

20. Lourenco MV, Frozza RL, de Freitas GB, Zhang H, Kincheski GC, Ribeiro FC, Gonçalves RA, Clarke JR,
Beckman D, Staniszewski A, Berman H, Guerra LA, Forny-Germano L, Meier S, Wilcock DM, de Souza
JM, Alves-Leon S, Prado VF, Prado MAM, Abisambra JF, Tovar-Moll F, Mattos P, Arancio O, Ferreira ST,
De Felice FG. Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory defects in
Alzheimer's models. Nat Med. 2019;25(1):165-175.

21. Li DJ, Li YH, Yuan HB, Qu LF, Wang P. The novel exercise-induced hormone irisin protects against
neuronal injury via activation of the Akt and ERK1/2 signaling pathways and contributes to the
neuroprotection of physical exercise in cerebral ischemia. Metabolism. 2017;68:31-42.

22. Askari H, Rajani SF, Poorebrahim M, Haghi-Aminjan H, Raeis-Abdollahi E, Abdollahi M. A glance at the
therapeutic potential of irisin against diseases involving in�ammation, oxidative stress, and
apoptosis: An introductory review. Pharmacol Res. 2018;129:44-55.

23. Kim H, Wrann CD, Jedrychowski M, Vidoni S, Kitase Y, Nagano K, Zhou C, Chou J, Parkman VA,
Novick SJ, Strutzenberg TS, Pascal BD, Le PT, Brooks DJ, Roche AM, Gerber KK, Mattheis L, Chen W,
Tu H, Bouxsein ML, Gri�n PR, Baron R, Rosen CJ, Bonewald LF, Spiegelman BM. Irisin Mediates
Effects on Bone and Fat via αV Integrin Receptors. Cell. 2019;178(2):507-508.

24. Bi J, Zhang J, Ren Y, Du Z, Li T, Wang T, Zhang L, Wang M, Wu Z, Lv Y, Wu R. Irisin reverses intestinal
epithelial barrier dysfunction during intestinal injury via binding to the integrin αVβ5 receptor. J Cell
Mol Med. 2020;24(1):996-1009.

25. Welser-Alves JV, Boroujerdi A, Tigges U, Milner R. Microglia use multiple mechanisms to mediate
interactions with vitronectin; non-essential roles for the highly-expressed αvβ3 and αvβ5 integrins. J
Neuroin�ammation. 2011;8:157.

2�. Zhou H, Wang S, Zhu P, Hu S, Chen Y, Ren J. Empagli�ozin rescues diabetic myocardial
microvascular injury via AMPK-mediated inhibition of mitochondrial �ssion. Redox Biol.
2018;15:335-346.

27. Zhang Y, Wang Y, Xu J, Tian F, Hu S, Chen Y, Fu Z. Melatonin attenuates myocardial ischemia-
reperfusion injury via improving mitochondrial fusion/mitophagy and activating the AMPK-OPA1
signaling pathways. J Pineal Res. 2019;66(2):e12542.

2�. Jiang S, Li T, Ji T, Yi W, Yang Z, Wang S, Yang Y, Gu C. AMPK: Potential Therapeutic Target for
Ischemic Stroke. Theranostics. 2018 ;8(16):4535-4551.

29. Liu B, Huang B, Hu G, He D, Li Y, Ran X, Du J, Fu S, Liu D. Isovitexin-Mediated Regulation of Microglial
Polarization in Lipopolysaccharide-Induced Neuroin�ammation via Activation of the



Page 20/32

CaMKKβ/AMPK-PGC-1α Signaling Axis. Front Immunol. 2020;11:41.

30. Xie L, Sun F, Wang J, Mao X, Xie L, Yang SH, Su DM, Simpkins JW, Greenberg DA, Jin K. mTOR
signaling inhibition modulates macrophage/microglia-mediated neuroin�ammation and secondary
injury via regulatory T cells after focal ischemia. J Immunol. 2014;192(12):6009–6019.

31. Li D, Wang C, Yao Y, Chen L, Liu G, Zhang R, Liu Q, Shi FD, Hao J. mTORC1 pathway disruption
ameliorates brain in�ammation following stroke via a shift in microglia phenotype from M1 type to
M2 type. FASEB J. 2016;30(10):3388–3399.

32. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol
Cell Biol. 2018;19(2):121-135.

33. Bi J, Zhang J, Ren Y, Du Z, Zhang Y, Liu C, Wang Y, Zhang L, Shi Z, Wu Z, Lv Y, Wu R. Exercise
hormone irisin mitigates endothelial barrier dysfunction and microvascular leakage-related diseases.
JCI Insight. 2020;5(13):e136277.

34. Yan J, Zuo G, Sherchan P, Huang L, Ocak U, Xu W, Travis ZD, Wang W, Zhang JH, Tang J. CCR1
Activation Promotes Neuroin�ammation Through CCR1/TPR1/ERK1/2 Signaling Pathway After
Intracerebral Hemorrhage in Mice. Neurotherapeutics. 2020;17(3):1170-1183.

35. Tu T, Yin S, Pang J, Zhang X, Zhang L, Zhang Y, Xie Y, Guo K, Chen L, Peng J, Jiang Y. Irisin
Contributes to Neuroprotection by Promoting Mitochondrial Biogenesis After Experimental
Subarachnoid Hemorrhage. Front Aging Neurosci. 2021;13:640215.

3�. Wang J, Wang Y, Zuo Y, Duan J, Pan A, Li JM, Yan XX, Liu F. MFGE8 mitigates brain injury in a rat
model of SAH by maintaining vascular endothelial integrity via TIGβ5/PI3K/CXCL12 signaling. Exp
Brain Res. 2021;239(7):2193-2205.

37. Zhao L, Chen S, Sherchan P, Ding Y, Zhao W, Guo Z, Yu J, Tang J, Zhang JH. Recombinant CTRP9
administration attenuates neuroin�ammation via activating adiponectin receptor 1 after intracerebral
hemorrhage in mice. J Neuroin�ammation. 2018;15(1):215.

3�. Zhao L, Chen S, Sherchan P, Ding Y, Zhao W, Guo Z, Yu J, Tang J, Zhang JH. Recombinant CTRP9
administration attenuates neuroin�ammation via activating adiponectin receptor 1 after intracerebral
hemorrhage in mice. J Neuroin�ammation. 2018;15(1):215.

39. Tong LS, Shao AW, Ou YB, Guo ZN, Manaenko A, Dixon BJ, Tang J, Lou M, Zhang JH. Recombinant
Gas6 augments Axl and facilitates immune restoration in an intracerebral hemorrhage mouse model.
J Cereb Blood Flow Metab. 2017;37:1971–1981.

40. Wang G, Guo Z, Tong L, Xue F, Krafft PR, Budbazar E, Zhang JH, Tang J. TLR7 (Toll-like receptor 7)
facilitates heme scavenging through the BTK (Bruton Tyrosine Kinase)-CRT (Calreticulin)-LRP1 (Low-
Density Lipoprotein Receptor-Related Protein-1)-Hx (Hemopexin) pathway in murine intracerebral
hemorrhage. Stroke. 2018;49:3020–3029.

41. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc.
2008;3(6):1101-8.

42. Chen S, Zhao L, Sherchan P, Ding Y, Yu J, Nowrangi D, Tang J, Xia Y, Zhang JH. Activation of
melanocortin receptor 4 with RO27-3225 attenuates neuroin�ammation through AMPK/JNK/p38



Page 21/32

MAPK pathway after intracerebral hemorrhage in mice. J Neuroin�ammation. 2018;15(1):106.

43. Mo J, Enkhjargal B, Travis ZD, Zhou K, Wu P, Zhang G, Zhu Q, Zhang T, Peng J, Xu W, Ocak U, Chen Y,
Tang J, Zhang J, Zhang JH. AVE 0991 attenuates oxidative stress and neuronal apoptosis via
Mas/PKA/CREB/UCP-2 pathway after subarachnoid hemorrhage in rats. Redox Biol. 2019;20:75-86.

44. Zuo G, Zhang T, Huang L, Araujo C, Peng J, Travis Z, Okada T, Ocak U, Zhang G, Tang J, Lu X, Zhang
JH. Activation of TGR5 with INT-777 attenuates oxidative stress and neuronal apoptosis via
cAMP/PKCε/ALDH2 pathway after subarachnoid hemorrhage in rats. Free Radical Biol Med.
2019;143:441–453.

45. Lobaina Mato Y. Nasal route for vaccine and drug delivery: Features and current opportunities. Int J
Pharm. 2019;572:118813.

4�. Liu Y, Zhu C, Guo J, Chen Y, Meng C. The Neuroprotective Effect of Irisin in Ischemic Stroke. Front
Aging Neurosci. 2020;12:588958.

47. Asadi Y, Gorjipour F, Behrouzifar S, Vakili A. Irisin Peptide Protects Brain Against Ischemic Injury
Through Reducing Apoptosis and Enhancing BDNF in a Rodent Model of Stroke. Neurochem Res.
2018;43(8):1549-1560.

4�. Tu WJ, Qiu HC, Liu Q, Li X, Zhao JZ, Zeng X. Decreased level of irisin, a skeletal muscle cell-derived
myokine, is associated with post-stroke depression in the ischemic stroke population. J
Neuroin�ammation. 2018;15(1):133.

49. Tu WJ, Qiu HC, Cao JL, Liu Q, Zeng XW, Zhao JZ. Decreased Concentration of Irisin Is Associated
with Poor Functional Outcome in Ischemic Stroke. Neurotherapeutics. 2018;15(4):1158-1167.

50. Dal-Pizzol F, Tomasi CD, Ritter C. Septic encephalopathy: does in�ammation drive the brain crazy?
Braz J Psychiatry. 2014;36(3):251-8.

51. Kim E, Cho S. Microglia and Monocyte-Derived Macrophages in Stroke. Neurotherapeutics.
2016;13(4):702-718.

52. Chang CF, Wan J, Li Q, Renfroe SC, Heller NM, Wang J. Alternative activation-skewed
microglia/macrophages promote hematoma resolution in experimental intracerebral hemorrhage.
Neurobiol Dis. 2017;103:54-69.

53. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist? Nat Neurosci. 2016;19(8):987-
91.

54. Zhu YP, Brown JR, Sag D, Zhang L, Suttles J. Adenosine 5′-monophosphate-activated protein kinase
regulates IL-10-mediated anti-in�ammatory signaling pathways in macrophages. J Immunol.
2015;194:584–94.

55. Hurn PD. 2014 Thomas Willis Award Lecture: sex, stroke, and innovation.Stroke. 2014;45:3725–9.

5�. Gong Y, Hua Y, Keep RF, Hoff JT, Xi G. Intracerebral hemorrhage: effects ofaging on brain edema and
neurological de�cits. Stroke. 2004;35:2571–5.

57. Nakamura T, Hua Y, Keep RF, Park JW, Xi G, Hoff JT. Estrogen therapy forexperimental intracerebral
hemorrhage in rats. J Neurosurg. 2005;103:97–103.



Page 22/32

5�. Xie Y, Li YJ, Lei B, Kernagis D, Liu WW, Bennett ER, Venkatraman T, Lascola CD, Laskowitz DT, Warner
DS, James ML. Sex Differences in Gene and Protein Expression After Intracerebral Hemorrhage in
Mice. Transl Stroke Res. 2019;10(2):231-239.

Figures

Figure 1
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Expression pro�le of irisin and integrin αVβ5 after ICH. A. Representative western blot bands of time
course and quantitative analyses of irisin and integrin αVβ5 expression in the ipsilateral hemisphere after
ICH. *p< 0.05, **p < 0.01, ***p < 0.001 vs. sham group. Error bars are represented as mean ± SD. n = 6 per
group. B. Comparison of plasma irisin levels between Sham and ICH mice at 6 h and 24 h after ICH
surgery. *p< 0.05, **p < 0.01, ***p < 0.001 vs. sham group, n = 6 per group. C. The schematic illustration of
brain tissue showing the area in perihematomal region (indicated by white box) from where the images
were taken for immuno�uorescence staining. D. Representative images of colocalization of integrin αVβ5
(red) with microglia/macrophage (Iba-1, green), astrocytes (GFAP, green) and neurons (NeuN, green) in
sham group andthe perihematomal area of ICH (24 h) group. Nuclei were stained with DAPI (blue). Scale
bar = 50 μm, n = 2/group. E. Triple-label immuno�uorescence confocal microscopy for
microglia/macrophage marker Iba-1 (magenta), integrin αVβ5 (red) and irisin (green) in the
perihematomal region at 24 h after ICH. Rectangle: cell enlarged and 3-dimensional (3D)-rendered by
Imaris 9.2 (Bitplane,Switzerland) in the down panel. Nuclei were stained with DAPI (blue). Scale bar of the
3D-rendered cell = 10 μm. 
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Figure 2

The effects of different doses of irisin on neurobehavior tests, brain water content (BWC) at 24 h and 72 h
post-ICH. A. Modi�ed Garcia test, B. forelimb placement test, C. corner turn test, and G. BWC at 24 h post-
ICH. D. Modi�ed Garcia test, E. forelimb placement test, F. corner turn test, and H. BWC at 72 h after ICH.
*p< 0.05, **p< 0.01, ***p< 0.001 vs. sham or sham + vehicle group; #p< 0.05, ##p< 0.01 vs. ICH + vehicle
group. Error bars are represented as mean ± SD. One-way ANOVA, Tukey post hoc test, n = 6 per group.
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Ipsi-BG, ipsilateral basal ganglia; Cont-BG, contralateral basal ganglia; Ipsi-CX, ipsilateral cortex; Cont-
CX,contralateral cortex. 

Figure 3

The effects of irisin on long-term neurobehavioral outcomes after ICH. A. Representative swim paths of
Morris water maze during the learning and memory phases of the test. B, C. Spatial learning was
assessed by the escape latency of Morris water maze on days 21 to 25 after ICH. D. Spatial memory was
assessed by the time spent in the target quadrant on day 26 after ICH. E. Average swim speed for mice in
the Morris water maze. F. Rotarod test on days 7, 14, and 21 post-ICH. *p< 0.05, **p < 0.01, ***p< 0.001 vs.
sham + vehicle group; #p < 0.05, ##p< 0.01 vs. ICH + vehicle group; ^p< 0.05, ^^p< 0.01, ^^^p< 0.001 vs.
NT. Error bars are represented as mean ± SD. n = 10 per group.
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Figure 4

The effects of irisin post-treatment on neuronal apoptosis and neuronal apoptotic molecular markers
after ICH. A, B. Representative images ofthe co-localization of TUNEL (green) with neurons (NeuN, red)
and FJC (green) staining in the perihematomal area at 24 h after ICH. C. Brainsample with schematic
illustration showing the area (indicated by white square) used for TUNEL and FJC-positive cell counting in
theperihematomal region. D. Quantitative analyses of TUNEL and FJC-positive cells in the perihematomal
area at 24 h after ICH (n=6/group). E, F.Representative western blot bands and quantitative analyses of
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Bax and Bcl-2 protein levels at 24 h after ICH. *p< 0.05, **p< 0.01, ***p< 0.001 vs. sham group; #p< 0.05,
##p< 0.01 vs. ICH + vehicle group, mean ± SD, one-way ANOVA, Tukey test, n=6/group, scale bar=50 μm.

Figure 5

The effects of irisin on microglia/macrophage activation and neutrophil in�ltration after ICH. A.
Representative images of immuno�uorescence staining of Iba-1 (green), MPO (green), and IL-1β (green)
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in the perihematomal area at 24 h after ICH. B, C, D. Quantitative analyses of Iba-1, MPO and IL-1β-
positive cells in the perihematomal area at 24 h after ICH, n = 6 per group. E, F, G. Representative Western
blot bands and quantitative analyses of Iba-1, MPO and IL-1β protein levels in the ipsilateral hemisphere
at 24 h after ICH. *p< 0.05, **p< 0.01, ***p< 0.001 vs. sham group; #p< 0.05, ##p< 0.01 vs. ICH + vehicle
group. Error bars are represented as mean ± SD. One-way ANOVA, Tukey’s test, n = 6 per group, scale
bar=50 μm.
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Figure 6

Irisin promotes the phenotype of microglia/macrophage from pro-in�ammatory into anti-in�ammatory at
72 h post-ICH. A. Representative double immuno�uorescence staining for Iba1 (green) and CD16 (red) in
the perihematomal area. Scale bar = 50 μm. B. Representative images of Iba1 (green) and CD206 (red)
immunostaining in the perihematomal area. Scale bar = 50 μm. C, D, E. Quantitative analyses of Iba1+

microglia/macrophage, Iba1+/CD16+ M1 microglia/macrophage and Iba1+/CD206+ M2
microglia/macrophage in the perihematomal area at 72 h after ICH. F. The M1-associated mRNA levels
were evaluated including CD16, CD32, IL-1β, iNOS, IL-6 and CD11b. G. The M2-associated mRNA levels
were evaluated including CD206, Arg1, CCL22, TGF-β, IL-13 and YM1/2. Data was represented as mean ± 
SD. *p< 0.05, **p< 0.01, ***p< 0.001 vs. sham group; #p< 0.05, ##p< 0.01 vs. ICH + vehicle group. One-
way ANOVA, Tukey test, n = 6/group.
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Figure 7

Integrin αVβ5 inhibition reverses the effects of irisin on neurological functions and
in�ammatory/apoptotic proteins expression at 24 h after ICH. A, B, C. Modi�ed Garcia test, forelimb
placement test, and corner turn test. D. Representative western blot images and quantitativeanalyses of
integrin αV, integrin β5, p-AMPK/AMPK, IL-1β, TNF-α, MPO, Bax and Bcl-2 at 24 h post-ICH. Values are
expressed as mean ± SD. *p< 0.05,**p< 0.01, ***p< 0.001 vs. sham group; #p< 0.05, ##p< 0.01 vs. ICH +
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vehicle group; @p< 0.05, @@p< 0.01 vs. irisin + DMSO group. Data was represented as mean ± SD. One-
way ANOVA, Tukey test, n = 6/group.

Figure 8

AMPK inhibition reverses the effects of irisin on neurological functions and in�ammatory proteins
expression at 24 h after ICH. A, B, C. Modi�ed Garcia test, forelimb placement test, and corner turn test. D.
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Representative western blot images and quantitative analyses of p-AMPK/AMPK, IL-1β, TNF-α at 24 h
post-ICH. Values are expressed as mean ± SD. *p< 0.05, **p< 0.01, ***p < 0.001 vs. sham group; #p < 0.05,
##p< 0.01 vs. ICH + vehicle group; @p< 0.05, @@p< 0.01 vs. irisin + DMSO group. Data was represented
as mean ± SD. One-way ANOVA, Tukey test, n = 6/group.
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