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Abstract

The effects of current treatment strategies for ischemic stroke are weakened by

ischemia-reperfusion (I/R) injury. Effective treatments targeting I/R injury are still insufficient.

Adiponectin  (APN), a fat-derived hormone, has a wide range of antioxidative and

anti-inflammatory effects. However, the application of APN to :he central nervous system is

restricted by its limited blood-brain barrier permeability. Thurefore, an adiponectin peptide

(APNp) was chemically synthesized on the basis of the . tional area in the APN structure. The

present study was carried out to explore the effc~t ana the underlying mechanism of APNp on I/R

injury. A transient middle cerebral arwcrv occlusion (tMCAO) model with C57BL/6J mice was

used, and an in vitro oxygen-glucu. deprivation and reintroduction (OGD-R) model with

primary astrocytes was induc~d. 1he results showed that APNp decreased the cerebral infarction

volume, alleviated brain edema, improved neurological function and had antioxidative,

anti-inflammatory, and antiapoptotic effects against cerebral I/R injury. In addition, APNp

upregulated the phosphorylation of AMPK and GSK-3, promoted the nuclear translocation of

Nrf2 and increased the expression of Trx1. The protective effect of APNp was abolished by

compound C, a selective AMPK inhibitor, and P X-12, a selective Trx inhibitor. Moreover, APNp



decreased the protein level of TXNIP and suppressed the activation of the NLRP3 inflammasome

in astrocytes, which were also reversed by compound C and P X-12. These findings suggest that

APNp, as a potential substitute for adiponectin, has a great potential for clinical application in the

treatment of acute brain ischemia.

Keywords Adiponectin  peptide, cerebral ischemia-.cnerfusion injury, NLRP3

inflammasome, oxidative stress, AMP-activated protein kina e, ti ioredoxin



Introduction

Acute stroke is one of the leading causes of mortality and disability worldwide (Donnan et

al., 2008; Liu et al., 2011; Liu et al., 2007). Brain ischemia is intractable not only because of the

primary injuries caused by ischemia, but also because of the ischemia-reperfusion (I/R) injury,

which limits the benefits of reperfusion therapies. Many pat:.~logical processes, including

oxidative stress and neuroinflammation, are involved in tie LR injury (Dirnagl et al., 1999;

Eltzschig and Eckle, 2011; Lo etal., 2003).

Adiponectin (APN) is mainly derived frc:m aaipose tissue and is released into circulation

(Fasshauer and Bluher, 2015). It has w>= potential to protect against brain disorders (Jian et al.,

2019; Ng et al., 2016; Song et al 2u27). APN promotes the phosphorylation of AMP -activated

protein kinase (AMPK) by hiniing to its receptors, adiponectin receptor 1 (AdipoR1) and

adiponectin receptor 2 ( \dipoR2) (Kadowaki and Yamauchi, 2005). The upregulation of

endogenous AdipoR1 protects against cerebral I/R in diabetic mice in an AMPK- and glycogen

synthase kinase-3p (GSK-3p)- dependent manner (Duan et al., 2016).

However, as a 247-amino-acid polypeptide with a molecular weight of 30 kDa, APN has

restricted blood-brain  barrier (BBB) permeability under physiological conditions.



Intracerebroventricular (i.c.v.) injection and adenovirus-mediated supplementation are the most

frequently adopted strategies for administering exogenous APN into brain tissue (Liu et al., 2019a;

Miyatake et al., 2015; Nishimura et al., 2008; Wang et al., 2018b). However, it should be

acknowledged that i.c.v. injection and virus-mediating upregulation are not clinically compatible,

which severely restricts their translation into clinical practice. The.2fore, in the present study, an

APN peptide (APNp) (amino acid sequence: NH,-LQVY C DGL HNGLYADNVN-COOH (Li et

al., 2017; Lyzogubov et al., 2009)), regarded as a pc*er.dal APN substitute, was chemically

synthesized on the basis of the functional area m APN’s globular domain (Fruebis et al., 2001;

Rak etal., 2017; Uijiie et al., 2006).

Nucleotide-binding and  ohg"merization domain-like  receptor  family  pyrin

domain-containing 3 (NLr”3) is an intracellular sensor that detects changes in the

microenvironment and res )onds to the endogenous danger signals, which leads to the formation

and activation of the NLRP3 inflammasome (Swanson et al., 2019). The NLRP3 inflammasome,

consisting of NOD-like receptor, NLRP3, apoptosis-associated speck-like protein containing a

caspase recruitment domain (ASC) and caspase-1, has been demonstrated to be involved in the

inflammation responses in a variety of pathological conditions, including those caused by I/R



injury (Fann et al., 2013; Mangan et al., 2018; Minutoli et al., 2016).

The generation of reactive oxygen species (ROS), which are produced in mitochondria by

the electron transport chain under physiological conditions and induce oxidative stress under

pathological conditions, is considered one of the most important regulating factors of NLRP3

inflammasome activation (Tschopp and Schroder, 2010). The thic.~doxin (Trx) system is one of

the main intracellular antioxidant systems, and it detoxifies F OS nd protects cells from oxidative

damage (Cheng et al., 2011). The thioredoxin-inteio~ting protein (TXNIP) represents the

intersection of oxidative stress and inflammasc me activation (Zhou et al., 2010). As one of the

critical mechanisms in I/R injury, the ¢ erload of ROS not only induces oxidative stress damage

but also mediates inflammation «na ~poptosis (Bolanos et al., 2009; Forrester et al., 2018).

However, the role of Trx/TAMIP ROS, and the NLRP3 inflammasome in the protection of APN

against cerebral I/R injury emains unclear.

The present study was designed to explore the antioxidative and anti-inflammatory

mechanism of APNp in an invivo transient middle cerebral artery occlusion (tMCAQO) model and

an in vitro oxygen-glucose deprivation and reintroduction (OGD-R) model. The roles of

AMPK/GSK-3B/nuclear factor erythroid 2-related factor 2 (Nrf2) and Trx1/TXNIP/ROS/NLRP 3



were explored.

Materials and Methods

Animals and ethics

Healthy adult male C57BL/6J mice weighing 20-25 g were nrovided by the experimental

animal center of the Fourth Military Medical University. The mice were housed in a

pathogen-free conditions under a stable temperature (25°), a stable humidity level (60%), and a

12 h light/dark cycle, and given free access to fond and water. The experiments were approved by

the Ethics Committee of the Fourth M. *tary Medical University and performed according to The

Guide for the Care and Use of Lat.orairry Animals (National Institutes of Health Publication, No.

85-23, revised 1996). The pa.> sttfered by the animals was relieved as much as possible.

Reagents

APNp and fluorescein (FITC)-labelled APNp were chemically synthesized by Sangon

Biotech Co. (Shanghai, China). 1-methylpropyl 2-imidazolyl disulfide (PX-12) was purchased

from SelleckChem (Houston, USA). Compound C (CC) (ab146597) was purchased from Abcam

(Cambridge, UK). The dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (St.



Louis, MO, USA).

The 8-hydroxy-2-deoxyguanosine (8-OHdG) and 3-nitrotyrosine (3-NT) enzyme-linked

immunosorbent assay (ELISA) kits were purchased from Cell Biolabs (San Diego, USA). The

Kits used to measure glutathione peroxidase (GSH-PXx), superoxide dismutase (SOD), and

malondialdehyde (MDA) levels were purchased from the Institur. of Jiancheng Bioengineering

(Nanjing, Jiangsu, China). Bicinchoninic acid (BCA) prctein assay kit was purchased from

Beyotime (Shanghai, China). The nuclear and cytoplac™ic extraction kit was purchased from

Thermo Fisher (TX, USA). Fluoro-Jade C (T JC) was purchased from Millipore (Temecula,

USA). The terminal deoxynucleotidy: transferase UTP nick-end labeling (TUNEL) kit was

purchased from Roche (Mannheim, “ermany). The 2,3,5-triphenyltetrazoliumchloride (TTC),

ROS fluorescent probe-dihy.'*oenidium (DHE), and 4,6-diamino-2-phenylindole (DAPI) were

purchased from Sigma-Ald ich (St. Louis, MO, USA).

Rabbit polyclonal antibodies against cleaved caspase-3 (ab2302) and interleukin (IL)-1pB

(ab9722), rabbit monoclonal antibody against AdipoR1 (ab126611), and goat polyclonal antibody

against glial fibrillary acidic protein (GFAP) (ab53554) were purchased from Abcam (Cambridge,

UK). Mouse monoclonal antibody against neuronal nuclei (NeuN) (MAB377) were purchased



from Millipore (Temecula, USA). Rabbit polyclonal antibodies against nucleotide binding and

oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) (sc-66846),

ASC (sc-22514-R), IL-18 (sc-7954), goat polyclonal antibody against caspase-1 p20 (sc-1597),

and mouse monoclonal antibody against Nrf2 (sc-365949) were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Rabbit monoclonal antibo-. ‘s against B-cell lymphoma 2

(Bcl-2) (2870), Bcl-2 associated X (Bax) (14796), Trx1 (24.9S), TXNIP (14715S), AMPK

(2532S), phospho-AMPK (Thr172) (D4D6D), GSK-3p {17 56), phospho-GSK-3p (Ser9) (5558),

and histone H3 (4499S) were purchased from ““ell signaling Technology (Beverly, MA, USA).

Rabbit polyclonal antibody against [, actin (AC006) was purchased from ABclonal Biotech

(College Park, Maryland, USA).

The HRP-conjugated iohbi: anti-goat, goat anti-rabbit, and goat anti-mouse secondary

antibodies were purchaser. from Bioworld Co. (Shanghai, China). The Cy3-Conjugated goat

anti-rabbit (CWO0159), goat anti-mouse (CWO0145), and donkey anti-goat (CW0216), and

FITC-Conjugated donkey anti-rabbit (CW0219) and goat anti-mouse (CWO0113) secondary

antibodies were purchased from the ComWin Biotech Co. (Beijing, China).

Experimental design



First, with the purpose of evaluating the protective effect of APNp and exploring the

underlying mechanisms, mice were randomly and blindly separated into different groups: (1) the

sham group, (2) tMCAO group, (3) Tmcao + vehicle group, and (4) tMCAO + APNp group.

Second, with the purpose of evaluating the effect of Trx and AMPK on the protective

mechanisms, PX-12 and CC were used, which created the neec for two more groups: (1) the

tMCAO + APNp + PX-12 group, and (2) tMCAO + APNp + CC jroup.

With the purpose of investigating the effects of Ar Nir on primary astrocytes, 5 groups were

generated: (1) the control group, (2) OGD-R -oup, (3) OGD-R + APNp group, (4) OGD-R +

APNp + PX-12 group, and (5) OGD-R - APNp + CC group.

tMCAO model and treatments

The tMCAO model we.~ generated by a skillful researcher following a previously reported

method (Matsumura et al., 2019) and according to the IMPROVE guidelines (Percie du Sert et al.,

2017). Briefly, after the mice were anesthetized with a mixture of isoflurane (3% induction and

1.5% maintenance, v/v) in 30% oxygen and 70% nitrous oxide, a midline neck incision was made

to expose the right common carotid artery (CCA) bifurcation. Then, the right external carotid

artery (ECA) was ligated and dissected, and a nylon suture with a smooth, rounded tip was
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inserted into the right internal carotid artery through the bifurcation of the right ECA stump and

the right CCA for a distance of 10 £ 0.5 mm to block the right middle cerebral artery. Reperfusion

was allowed 90 min later by suture withdrawal. Similar operations were performed on the sham

animals, except that the suture was inserted for a distance of less than 8 mm to avoid occlusion.

The animals were kept warm using a heating plate to maintain bot. ' temperature at 36.5 - 37.5°C

during the surgery. Meloxicam was given as analgesic after the surgery, and 0.2 ml of normal

saline (with 5% glucose) was administered as nutritionar <1vport twice per day after the surgery.

APNp was diluted to a concentration of o mg/ml with 0.9% saline solution and

intraperitoneally injected at a dose of 70 ng/(g body weight) immediately after occlusion. For

treatment of the tMCAO + APNy + ?X-12 group and the tMCAO + APNp + CC group, the

PX-12 (25 pg/(g body weigi.V)) cr CC (2 pg/(g body weight)) was dissolved in DMSO, diluted

with normal saline and ad ninistered through tail vein injection immediately after the occlusion

was created. The final concentration of DMSO was 1%. The control mice were injected with the

same volume of the vehicle (Fig 1a).

Neurological scores

The neurological deficit score was evaluated by an observer blinded to the study design
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using the previously reported Garcia scoring method (Garcia et al., 1995; Matsumura et al., 2019;

Zhao et al, 2017). In brief, the evaluation consists of 6 tests: (1) spontaneous activity, (2)

symmetry in the movement of four limbs, (3) forepaw outstretching, (4) climbing, (5) body

proprioception, and (6) response to vibrissae touch. Each of these tests was graded with a 0-3

score. In this system, a higher evaluated score indicates a better ~eurological function, while a

low score indicates a functional deficit.

Cerebral infarct volume

Staining with 2,3 5-triphenyltetrazolium —hloride (TTC) was performed to evaluate the

cerebral infarct size. After being ane.thetized with 2% pentobarbital sodium, the mice were

transcardially perfused with 40 m o1 2.1 M phosphate buffer (PBS) (pH=7.4). Then, the brains

were removed and sectioneu nto 1-mm thick slices. The sections were incubated at 37°C for 20

min with 2% TTC dissolve 1 in PBS. The tissues that suffered I/R injury remained white, whereas

the other tissues were stained brick red. The slices were photographed and then analyzed blindly

using Image-Pro Plus 6.0 to calculate the infarct volume. The infarction proportion was

calculated as ((Red area on left-Red area on right) / Red area on left)x100%.

Brain water content

12



Brain water content was measured to evaluate the severity of brain edema using the standard

wet-dry method (Hatashita et al., 1988). The mice were sacrificed 72 h after I/R was induced, and

the right cerebrums were removed and immediately weighed (wet weight). After being

dehydrated in an oven (105°C) for 72 h, the dry samples were weighed (dry weight). The brain

water content was calculated as ((wet weight - dry weight)/wet we Sht) x100%.

Evaluating the penetrability of APNp to the BBB

FITC-labeled APNp was injected intraperitoneah, im0 mice at a dose of 20 pg/(g body

weight). The animals under anesthesia were pc-fused transcardially with 40 ml of ice-cold PBS

after 24 h. Then, the brain was remov. 1, frozen immediately on dry ice, and sliced into 15-pum

thick coronal slices using a free:ing microtome (CM 1950, Leica, German). The slices were

incubated with DAPI staininy so)ation (5 pg/ml) for 10 min at 37°C, washed with PBS, and then

observed under a laser scai ning confocal microscope (Al Si, Nikon, Japan).

ROS staining

DHE staining was conducted to evaluate the production of reactive oxygen species and

oxidative stress in injured tissues 24 h after I/R induction. Under anesthesia, the animals were

perfused transcardially with ice-cold PBS. Then, the brains were removed, frozen immediately on

13



dry ice, and sliced into 15-pm thick slices. The slices were dyed with DHE for 30 min and

observed under a laser scanning confocal microscope (A1l Si, Nikon, Japan). Five areas in the

cortex in the penumbra (Fig 1b c) were randomly chosen to calculate the average positive cell

count (Liu etal., 2019b).

Assays of MDA content and SOD and GSH-Px activity levels

The tissues in the penumbra area were collected 2.+ h after I/R was induced using a

previously published method (Ashwal et al., 1998). Tre collected tissues were lysed and

homogenized in lysis buffer (Beyotime Institute ~f biotechnology, Shanghai, China) on ice for 30

min and centrifuged (12,000 rpm) at 4 = for 15 min to obtain the supernatant. Then, the levels of

MDA and the activity of two oxidative stress-related enzymes, SOD and GSH-Px, were detected

following the instructions or ~ornmercial kits. The principle of the MDA level assay was that

malondialdehyde and thiot arbituric acid react under acid conditions at high temperatures, and the

maximum absorbance peak of the generated 3,5,5’-three methyloxazole-2,4-diketone (A = 532 nm)

is measured. SOD activity was tested by the WST-1 method (A = 450 nm). The GSH-PX activity

was tested by measuring the reduction in NADPH in the reaction system (A = 412 nm). The

optical density (OD) values were detected by a SpectraMax M2 spectrometer (Molecular Devices,
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Sunnyvale, CA, USA).

Evaluation of 3-NT and 8-OHdG levels

The concentrations of 3-NT and 8-OHdG were measured following the instructions of

commercial ELISA Kits 24 h after I/R induction. In brief, the samples and standards were added

to a 96-well plate and then incubated with primary antibodies ~vernight at 4°C, appropriate

secondary antibodies for 1 h at room temperature, and a s tbstr. te solution for 15 min at room

temperature in the dark. Finally, the reaction terminating <% lution was added into each well, and

the absorbance in each well was measured by o SpectraMax M2 spectrometer. A standard curve

was generated and used to determine ti.o levels of 3-NT and 8-OHdG in the samples.

TUNEL assay

Cellular apoptosis was detocted by TUNEL staining. Brains were removed after being

transcardially perfused wir1 40 ml of ice-cold PBS and 40 ml of ice-cold 4% paraformaldehyde

(PH=7.4) (PFA) solution under anesthesia and were stored in 4% paraformaldehyde at 4 °C for 2

h. Then, they were dehydrated in 10%, 20%, and 30% sucrose solutions dissolved in PBS until

they sank. The dehydrated tissues were sliced into 25-um-thick coronal slices and incubated with

0.3% hydrogen peroxide for 30 min at room temperature, 0.25% pancreatin for 45 min at 37°C,
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TUNEL reaction solution for 60 min at 37°C, and DAPI staining solution for 10 min at 37°C.

Each of these steps was followed by washing with PBS 3 times for 5 min each time. The slices

were photographed by a confocal microscope and analyzed blindly by Image-Pro Plus 6.0. The

apoptotic index was reflected by the ratio of TUNEL-positive cells to DAPI-positive cells.

Fluoro-Jade C staining

Fluoro-Jade C (F-JC) staining was performed to dete:t n. uronal degeneration 72 h after

reperfusion. Selected brain slices (Fig 1b c) were incubu*22 with 1% NaOH in 80% ethanol for 5

min and rehydrated with 70% ethanol for 2 m:~ anu distilled water for 2 min. Then, they were

incubated with 0.06% KMnO,4 for 10 ~in, rinsed with distilled water for 3 min, and incubated

with 0.0001% F-JC solution for 75 1..in. Finally, the slices were washed with distilled water 3

times for 1 min each time. T..» sl ces were observed, and the F-JC-positive neurons were counted

and calculated.

Immunofluorescence staining

The tissues were perfused, collected, fixed, dehydrated, and sliced as described above. The

slices were treated with 0.3% Triton X-100 for 30 min at room temperature, blocked with 10 %

donkey serum for 60 min at room temperature, and incubated overnight with rabbit polyclonal
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anti-AdipoR1 (1:200, Abcam), goat polyclonal anti-GFAP (1:200, Abcam), or mouse monoclonal

anti-NeuN (1:200, Millipore) primary antibodies at 4°C. Next, the slices were incubated with the

appropriate secondary antibody for 2 h at room temperature and with DAPI (5 ug/ml,

Sigma-Aldrich) for 10 min at 37°C. Each of these steps was followed by washing with PBS 3

times for 5 mins each time. The average number of positive cells .~ five randomly chosen views

in the penumbra was calculated.

Western blot analysis

The samples in the penumbra area and ti>» cuitured cells were lysed and homogenized in

lysis buffer containing 1% protease in. ibitor and 1% phosphatase inhibitor (Roche, Mannheim,

Germany) on ice for 30 min and tten _~nicated. Nuclear and cytoplasmic proteins were extracted

using a nuclear and cytopla.mic extraction kit. Protein concentrations were measured using a

BCA protein assay kit. Eqi al amounts of protein samples (30 pg per lane) were separated in 8-15%

SDS-polyacrylamide gels and transferred onto polyvinylidene difluoride (PVDF) membranes

(Millipore Corporation, Billerica, MA, USA). The membranes were blocked with 5% nonfat milk

in Tris-buffered saline and Tween 20 (pH 7.6) (TBST) for 120 min at room temperature, and

incubated overnight at 4°C with primary rabbit polyclonal antibody against Bax (14796, 1:1000),
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Bcl-2 (2870, 1:1000), cleaved caspase-3 (ab2302, 1:1000), cleaved caspase-9(Asp330)(7237,

1:1000), Trx 1 (2429S, 1:1000), TXNIP (14715S, 1:1000), NLRP3 (sc-66846, 1:500), ASC

(sc-22514-R, 1:500), caspase-1 p20 (sc-1597, 1:500), IL-1B (ab9722, 1:1000), IL-18 (sc-7954,

1:500), AMPK(2532S, 1:1000), phospho-AMPK (D4D6D, 1:1000), GSK-3B (12456, 1:1000),

phospho-GSK-3B (5558, 1:1000), Nrf2 (sc-365949, 1:500), B-act:. (AC006, 1:1000), histone H3

(4499S, 1:1000). Then they were incubated with the apyropr ate HRP-conjugated secondary

antibody (1:10000) for 1.5 h at room temperature. Fina''v, the membranes were visualized by a

Bio-Rad imaging system (Bio-Rad, Hercules, C.\. USA).

Transmission electron microscopy ob.ervations

The ultrastructural changes i the neurons in the penumbra were observed by transmission

electron microscopy using a reviously reported method (Li et al., 2017). Briefly, animals were

anesthetized and perfused vith PBS and PFA 72 h after I/R induction. The cortical tissues in the

penumbra region were cut perpendicular to the long axis and trimmed into 1.5mmx1.5mmx3mm

blocks. Then, the specimens were fixed in 4% glutaraldehyde for 12 h, postfixed in 1% osmium

tetroxide for 1 h, dehydrated in graded ethanol, embedded in resin, and cut into 80 nm sections by

an ultramicrotome (Leica, Vienna, Austria). The ultrathin sections were fixed on 200-slot grids

18



coated with pioloform membrane and observed with a JEM-1400 electron microscope (JEOL,

Tokyo, Japan). The images of the micrographs were captured by a charge-coupled device camera

(Olympus, Tokyo, Japan).

Cell culture and the OGD-R model

Primary astrocytes were obtained from the brains of postne.~l (P1 to P2) C57BL/6J mice

using a previously described method (Feng et al., 2015; F an ¢* al., 2018). Briefly, mice were

sacrificed, and the brain cortices were removed qu.~k'y and placed into ice-cold Hank’s

magnesium- and calcium-free solution. The ti.~ues were digested with trypsin-EDTA after the

large blood vessels and membranes were removed. Then, the cells were resuspended in

Dulbecco’s modified Eagle’s med um ‘DMEM) (Corning, MT10013CV) with 10% fetal bovine

serum (FBS) (Gibco, 1009v:41), 100 U/ml penicillin and 100 U/ml streptomycin, planted on

poly-L-lysine precoated ce | culture flasks, and cultured in a humidified incubator (5% C02/95%

air). After 7-8 days, the flasks were shaken for 20 h at 220 rpm to obtain purified astrocytes.

Astrocytes were harvested at 10 days and reseeded at a density of 2.5x10° cells/cm? for the

following experiments.

The OGD-R model was induced following a previously reported method (Bernstein et al.,
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2020; Liu et al, 2019b; Shan et al., 2019). Briefly, the culture medium was replaced with

glucose-free DMEM, and the cells were transferred to a hypoxic chamber (95% N, 5% CO,) at

37°C. Three hours later, the glucose-free DMEM was replaced by normal DMEM, and oxygen

was reintroduced to the cells quickly. Then, the cells were treated with APNp, CC, PX-12, or the

vehicle according to the study design. APNp was dissolved in 1.MSO and diluted into a final

concentration of 50 pM with culture medium (DMSO < 0.)1% ' immediately prior to use. The

culture medium with 0.01% DMSO was used in the conco! group. PX-12 and CC were dissolved

in DMSO and used at the concentration of 2 puvi and 10 pM, respectively. The cells were

harvested at 24 h after OGD-R.

Statistical analysis

The statistical analyses ‘were conducted blindly using the GraphPad Prism 6 (GraphPad

Software, San Diego, CA, USA) and SPSS 20.0 (IBM, Chicago, IL, USA). Neurological scores

were expressed as median and 25th - 75th percentile values. They were analyzed by Kruskal-

Wallis one-way analysis of variance (ANOVA) on ranks, followed by Tukey’s post hoc analysis.

Other data were expressed as means * standard deviation (SD) and analyzed by one-way ANOVA

followed by Tukey’s post hoc analysis. Multiple comparisons were performed using Tukey’s
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honest significant difference post hoc test after a one-way ANOVA was completed. One-way

ANOVAs, as well as Bonferroni multiple comparison tests, were adopted for intergroup

comparisons. P < 0.05 was considered statistically significant.

Results

APNp alleviated the neurological deficit, brain edema, nfai:t size, and cellular apoptosis

after cerebral I/R in mice.

The APN peptide was chemically synthosizeu in the present study on the basis of the

globular domain, the functional area f the APN at the C-terminal end of its amino acid

sequence(Fruebis et al., 2001; Rik et al., 2017; Ujiie et al., 2006). FITC-labeled APNp was

intraperitoneally administere to the mice. The BBB penetrability of APNp was observed and

verified under a laser scan ing confocal microscope 24 h after the APNp injection (Fig 1d). Then,

the effects of the APNp on cerebral I/R were explored in mice.

Twenty animals in each group were observed for 14 days to evaluate the postinjury survival

rate. The survival rates in the sham, I/R, I/R + vehicle, and I/R + APNp groups were 20, 10, 9,

and 13 out of 20, respectively (Fig 1le). Six mice in each group were maintained for 4 days to
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evaluate the postinjury neurological functions. The neurological score in the I/R and I/R + vehicle

groups decreased significantly compared with the sham group, while the APNp administration

significantly improved neurological functions after I/R (Fig 1f). In addition, the brain edema and

cerebral infarction volume were also alleviated by APNp after I/R induction (Fig 1g-i).

Then, apoptosis in the penumbra tissue was evaluated. AP:.n administration significantly

decreased the apoptosis index 24 h after I/R induction (vs. tf 2 I/k + vehicle group, P < 0.05) (Fig

2a b). In addition, the increase in the protein levels of =~v,Bcl-2 and cleaved caspase-3 induced

by I/R were reversed by the APNp treatment (F.x 2c-e).

APNp ameliorated oxidative stress a*=rcerebral I/R in mice.

The capacity of APNp to treat o. idative stress was evaluated 24 h after I/R induction. The

DHE-positive cells in the I/Rh + APNp group decreased dramatically (vs. the I/R + vehicle group,

P < 0.05) (Fig 3a b). In #ddition, the activity levels of SOD and GSH-Px, two main oxidative

stress-related enzymes; the level of MDA, a product of lipid peroxidation; the level of 3-NT, a

product of tyrosine oxidation; and the level of 8-OHdG, one of the most sensitive DNA damage

markers of oxidative stress injury, were measured. The impairments to the SOD and GSH-Px
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activity levels and the increase in MDA, 3-NT and 8-OHdG levels in the penumbra area after I/R

induction were significantly alleviated by the APNp treatment (Fig 3c-g).

APNp inhibited the activity of the NLRP3 inflammasome after cerebral I/R, which were

regulated by AMPK phosphorylation.

The effects of APNp on NLRP3 inflammasome activatic.> at 72 h after cerebral I/R

induction were measured to explore their protective mechaiism.. The protein levels of TXNIP,

NLRP3, ASC, caspase-1 p20, IL-1pB, and IL-18 increas.q remarkably, while the protein level of

Trx1 decreased significantly in the I/R and I/R + venicle groups (vs. the sham group, P < 0.05).

APNp administration reversed this *rend to promote Trx1 downregulation and NLRP3

inflammasome activation (Fig 4=-f). Then, PX-12, a Trx1 inhibitor, was introduced into this

study as a negative control. ™e cuppression effects of APNp against the upregulation of TXNIP,

NLRP3, ASC, and caspas¢ -1 p20 were reversed by the addition of P X-12 (Fig 4g-l). Moreover,

F-JC staining showed that P X-12 decreased the neuron-protecting effect of APNp after I/R (Fig

4m n), which suggested that Trx1 was indispensable to the protective mechanism of APNp.

The activation of AMPK plays a critical role in the physiology and pathology activity of

adiponectin(lwabu et al., 2010; Kadowaki and Yamauchi, 2005; Miller et al., 2008). GSK-3p is
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another important signal transduction molecule activated upon AdipoR1 induction(Duan et al.,

2016; Guo et al, 2015; Wang et al., 2006). In the present study, we investigated the

phosphorylation of AMPK and GSK-38. The protein levels of p-AMPK (Thr172)/AMPK and

p-GSK-3B (Ser9)/GSK-3p in the penumbra were significantly upregulated by APNp (Fig 5a-c).

Moreover, CC, a selective AMPK inhibitor, significantly decr.ased the phosphorylation of

GSK-3p, downregulated the protein level of Trx1, and upr:gulk ted the protein level of TXNIP

(Fig 5d-h).

Furthermore, the protective effect of APN» can be reversed by AMPK inhibition and Trx1

inhibition. The alleviation of cerebra, infarction and brain edema by APNp was inhibited by

PX-12 and CC (Fig 6a-c). The increas~ of NeuN-positive cells in the penumbra area after APNp

treatment was also inhibite.! by PX-12 and CC (Fig 6d-e). PX-12 and CC impaired the

antioxidative effect of AP \p. DHE staining showed that the decrease in ROS production after

APNp administration was abolished by PX-12 and CC (Fig 6f g). In addition, PX-12 and CC

significantly increased the levels of MDA and decreased the activity of SOD and GSH-Px (Fig

6h-j). The accumulation of ROS is observed during mitochondrial dysfunction, which leads to

cell death(Navarro-Yepes et al., 2014). Thus, ultrastructural changes in mitochondria and
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endoplasmic reticulum in neurons were observed. Neurons of the APNp + I/R group were nearly

intact, with more mitochondrial cristae and nearly normal endoplasmic reticulum morphology.

However, swollen mitochondria, loss of mitochondrial cristae, and morphological changes in the

endoplasmic reticulum were observed in the neurons of the I/R, I/R + APNp + PX-12, and I/R +

APNp + CC groups (Fig 6k). In addition, the protein levels of B:."/Bcl-2 and cleaved caspase-3

were upregulated when PX-12 and CC were administered to ethe - with APNp (Fig 61-n).

APNp alleviated NLRP3 inflammasome activatc™ «n primary astrocytes by regulating

AMPK phosphorylation.

Adiponectin acts through two 1. eptors: AdipoR1 and AdipoR2(Tanabe et al., 2015).

AdipoR1 is upregulated after braii isc“emia(Thundyil et al., 2012). However, it remains unclear

that which type of cells adipcecin mainly targets after I/R. The cellular localization of AdipoR1

in the penumbra was inv:stigated in the present study. A greater amount of AdipoR1 was

expressed in astrocytes (Fig 7b), although AdipoR1 was also expressed in neurons (Fig 7a).

Thus, the effects of APNp on AMPK phosphorylation and NLRP3 inflammasome activation

were investigated in primary astrocytes. The phosphorylation of AMPK (Thrl72) and GSK-3p

(Ser9) and nuclear translocation of Nrf2 were notably promoted by APNp and were
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downregulated by CC (Fig 7c e-g). These preliminary results warranted a particular and in-depth

study into the intracellular signal transduction pathway induced by APNp treatment. In addition,

APNp administration ameliorated the increase in the protein levels of TXNIP, NLRP3, ASC,

caspase-1 p20, IL-1B, and IL-18, and notably alleviated the decrease in Trx1 after OGD-R.

However, PX-12 and CC inhibited this effect of APNp (Fig 7d h-..} These results suggested that

APNp could inhibit the activation of the NLRP3 inflammas yme 'n the OGD-R-treated astrocytes

in an AMPK phosphorylation-dependent manner.

Discussion

In the present study, it was rev.aled that (1) APNp can cross the BBB and ameliorated

oxidative stress and inflamn.~tion, inhibit cellular apoptosis, reduce infarct size, alleviate brain

edema, and enhance neurc logical function after cerebral I/R injury in mice. (2) APNp can also

inhibit the activation of the NLRP3 inflammasome after cerebral I/R injury in mice, and this

effect can be regulated by AMPK (Thrl72) phosphorylation. The protective effects of APNp

were abolished by the Trx1 inhibitor and AMPK inhibitor. (3) APNp inhibited the activation of

the NLRP3 inflammasome in astrocytes by regulating the phosphorylation of AMPK (Thrl72)
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and GSK-3pB (Ser9), the nuclear translocation of Nrf2, and the levels of Trx1 and TXNIP after

OGD-R. These results verified the protective effect of APNp, revealed its underlying mechanisms,

and provided a new strategy for the clinical applications of adiponectin (Fig 8).

A series of complex mechanisms are involved in the pathological process of cerebral

ischemia. Excitotoxicity and ionic imbalance, oxidative <.=ss and nitrosative stress,

apoptosis-associated and autophagy-associated cell death, ana necrosis all contribute to this

process(Dirnagl et al., 1999; Eltzschig and Eckle, 20.2" _o et al., 2003). In clinical practice,

intravenous thrombolysis within the initial 4.C h aier onset of injury is the mainstay of acute

ischemia stroke therapy(Catanese et «'. 2017). However, the ROS, a key mediator of tissue

damage, is produced abundantly vpoi. reperfusion, which creates a tremendous problem for the

use of this strategy(Lo et 2!, 2003). The complicated mechanism of ischemia injury and

reperfusion injury makes tding better treatments for cerebral ischemia an arduous endeavor.

Adiponectin is an insulin-sensitizing protein secreted by adipose cells to a high plasma

concentration(Tilg and Moschen, 2006). APN regulates the metabolism of glucose and

lipids(Fang and Judd, 2018; Wang and Scherer, 2016). In addition, it has protective effects in a

variety of cardiovascular diseases, including myocardial I/R and inflammatory cardiomyopathy
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byc inhibiting inflammation and oxidative/nitrative stress(Bobbert et al., 2011; Tao et al., 2007;

Wang et al., 2014). It has been reported that APN potentially confers cerebral protection through

an endothelial nitric oxide synthase-related mechanism and AMPK pathway after stroke(Liu et al.,

2019a; Nishimura et al., 2008). However, in these studies, the exogenous APN was added in an

adenovirus-mediated manner or by lateral ventricle injection, wi..~h are not clinically practical

methods. Therefore, APNpP, as a potential substitute that mirics he protective effect of APN, has

been chemically synthesized. Our data suggest that AF>!'n nad potential to ameliorate oxidative

stress, neuroinflammation, and apoptosis in mic* win induced cerebral I/R injury. These findings

were consistent with those of previous ~tudies(Bai et al., 2018; Li et al., 2017; Liu et al., 2019a;

Wang et al., 2018a; Yue et al., 201¢).

The function of APN acnenas on the binding of APN to its receptors (AdipoR1, AdipoR2,

and T-cadherin), which ac ivates numerous signaling molecules, including AMPK, p38-MAPK,

JNK, PPARa and the NF-«B transcription factor. These receptors are widely expressed in the

brain(Fang and Judd, 2018; Thundyil et al., 2012). The expression of AdipoR1 in mouse cortical

neurons is much higher than that of AdipoR2(Thundyil et al., 2012). AdipoR1 is also expressed in

microglia and astrocytes(Zhao et al., 2018). However, the precise roles of these receptors as
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potential therapeutic targets in cerebral I/R injury remain unclear. In the present study, most

AdipoR1 colocalized with astrocytes, indicating that the anti-inflammatory effect of APN might

be achieved by acting on astrocytes.

AMPK, a central regulator of energy homeostasis, is activated by the phosphorylation of

Thr172 in its T-loop (activation loop)(Steinberg and Carling, 20: .. APN protected against cell

apoptosis induced by myocardial I/R injury by activating AN IPK,Shibata et al., 2005). In addition,

APN attenuated neuronal apoptosis after neonata. hypoxia-ischemia by activating the

AdipoR1/APPLL/LKB1/AMPK pathway(Xu -t ai., 2018). Moreover, the upregulation of

endogenous APN and AdipoR1 inducaed by Chikusetsu saponin IVa pretreatment protected

against focal cerebral I/R in diabe:ic 1. ice by enhancing the phosphorylation of AMPK (Thrl72)

and GSK-3B (Ser9)(Duan et .'. 2U16).

GSK-3B plays a crit cal role in the resistance of oxidative stress and apoptosis-related

neuron damage. Phosphorylation of GSK-3f at tyrosine-216 enhances the enzymatic activity of

GSK-3, while phosphorylation at serine-9 significantly decreases its activity(Beurel et al., 2015).

In the present study, APNp alleviated neuron damage by promoting the activity of AMPK and

inhibiting the activity of GSK-3p.
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The nuclear accumulation of Nrf2, an antioxidant transcription factor that regulates a series

of downstream neuroprotective proteins, including Trx1, can be promoted by AMPK

activation(Joo et al., 2016; Yang et al., 2015). LPS-induced inflammation can be alleviated by the

phosphorylation of AMPK/GSK-3p and the upregulation of the Nrf2 pathway(Lv et al., 2017).

Nrf-2 also plays a protective role in cerebral I/R injury by int .Yiting the formulation of the

NLPR3 inflammasome by regulating the Trx1/TXNIP comy lex( 1ou et al., 2018). In the present

study, our data showed that the nuclear translocation ¢ Mrf2 was enhanced by APNp-induced

AMPK activation.

The Trx system is a main intrac=llular antioxidant systems, which detoxifies ROS and

protects cells from oxidative dam: ge\"heng et al., 2011). Our previous study demonstrated that

the administration of recomw.art human Trx1 exerted an antioxidative and antiapoptotic effect

against I/R injury(Wang e al., 2015). As an intersection of oxidative stress and inflammasome

activation, TXNIP, also known as vitamin D3 upregulated protein 1 (VDUPl) or

thioredoxin-binding protein-2 (TBP-2), was essential in post I/R inflammatory injury and

oxidative damage(Zhou et al., 2010). ROS promoted the expression of TXNIP, the dissociation of

TXNIP from thioredoxin, and the binding of TXNIP to NLRP3, which led to the activation of the
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NLRP3 inflammasome(Nasoohi et al., 2018; Zhou et al., 2010). Excessive TXNIP also decreased

the activity and expression of Trx1(Watanabe et al., 2010). In contrast, TXNIP deficiency

inhibited the activation of the NLRP 3 inflammasome. AMPK could regulate the TXNIP level by

promoting the phosphorylation and degradation of TXNIP and modulating the activity of

carbohydrate response element-binding protein (ChREBP). v work verified that Trx

insufficiency and TXNIP overload are important initiators f N'_RP3 inflammasome activation

and oxidative stress injury after cerebral I/R injury. AP:i!" raaintained the function of Trx/T XNIP

system.

As a cytosolic macromolecular «»mplex, the NLRP inflammasome recruits and cleaves

precursor caspase-1 into caspasc-1 20 via proximity-induced autoactivation, and therefore

induces the cleaving of pro-:' -15 and pro-IL-18 into their active forms(Swanson et al., 2019).

The mature IL-1B and 1-18, as pro-inflammatory cytokines, can be released into the

extracellular environment and induce neuroinflammation. In the present study, this

pro-inflammatory process was inhibited by APNp in an AMPK- and Trx- dependent manner.

Apoptosis, as a type of programmed cell death pathway, is controlled by the Bcl-2 family.

The balance of proapoptotic proteins, such as Bax, and antiapoptotic proteins, such as Bcl-2,
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control the mitochondrial apoptosis pathway(Singh et al., 2019). When liberated from the

antiapoptotic Bcl-2 family members, Bax could cause mitochondrial membrane permeabilization

and activate caspase-9, which could activate caspase-3(Fricker et al., 2018; Hotchkiss et al.,

2009). The ultrastructure of mitochondria in neurons and the levels of proteins in the

mitochondrial apoptosis pathway were investigated in this ctudy, which confirmed the

antiapoptotic effect of APNp.

It is of great significance to explore the effeci: of reatments at certain time points or
time periods considering that the injury mechaicm evolves over time. In the present study,
the effects of APNp on oxidative stress 7.nd 'ieuroinflammation after cerebral I/R injury were
observed. However, the development ¥ these two mechanisms over time is not completely
synchronized. Oxidative stress wuotns very early after the onset of stroke. ROS, a key
mediator of oxidative stress, is enerated abundantly during cerebral ischemia/reperfusion
and induces oxidative st ess -apidly (Chen et al., 2011; Granger and Kvietys, 2015; Lo et al.,
2003). Multiple cells a~= multiple mechanisms are involved in the inflammatory response.
The glial cells are activated and inflammatory responses are initiated within several hours
after stroke. However, this is just the first stage of the neuroinflammation. The inflammatory
response evolves gradually after initiation and peaks several days after injury (Dirnagl et al.,
1999; Heiss et al.,, 1999; Jayaraj et al., 2019; Petrovic-Djergovic et al., 2016; Stoll et al.,
1998). Thus, in the present study, the oxidative stress was tested 24 h after injury, while the

inflammation was tested 72 h after injury. Besides, animals suffered the most severe damage
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2-4 days post-surgery. In the present study, mice have a higher mortality rate on the third day
after surgery (Fig 1e), and the differences in neurological scores between the I/R + vehicle
and I/R + APNp group became more significant at 72 hours post-surgery (Fig 1f). It was also
shown in the previous studies that the deference of brain water content between the MCAO
group and MCAQO + treatment group might continue to increase in the first 72 hours after
surgery (Austin et al., 2019; Cheng et al., 2015; Huang et al., 2013). Therefore, the brain
water content was tested at 72 hours after surgery in th: present study. However, the
protective mechanism of APNp at other post-injury time ocints are also quite significant,

which is worthy to be further explored in the future.

In summary, APNp, a substitute for APN, reila’2d the activity of AMPK and GSK-3p and

alleviated the ROS/Trx1/TXNIP-related oxiu. tive stress, inflammation, and apoptosis induced by

I/R in the mice. The ameliorating effect »f APNp against NLRP3 inflammasome activation was

realized in an AMPK-depender.: manner. Our findings suggest that APNp has great potential for

clinical application in the treatment of acute brain ischemia. However, evidence about a particular

intracellular signal transduction mechanism of the APNp/AdipoR signal remains insufficient. The

underlying mechanisms are to be revealed before APNp can be transformed for clinical use.
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Figure Legends

Fig 1: Protocol of in vivo experiment, BBB permeability of APNp, and the alleviating effect of

APNp on survival rate, neurological deficits, brain edema, and cerebral infarction after I/R. (a)

Experimental protocol of the in vivo study. The red diamonds represent the surgical procedure. (b

c¢) Schematic diagram of the location of the penumbra area. The <.:»tch in (b) is referenced from

Page 77, The Mouse Brain in Stereotaxic Coordinates (<zcor 1 edition), 2001, ACADEMIC

PRESS. (d) Representative images of FITC-labelea AYNp in mice’s brain 24h after it’s

intraperitoneally administrated. Scale bar is 50 , m 1n zoom-in images and 100um in other images.

(e) The post-injury 14-day survival ra.> Values are represented as survival percentage. (f) The

Neurological scores at 2 h, 1d, 2d 3d, ond 4d after reperfusion. (g) The brain water content of the

injured side cerebrums at 2h after reperfusion. (h i) Representative images and statistical

analysis of TTC staining, ' vhich reflect the effect of APNp on the cerebral infarct volumes 24h

after I/R. Values are represented as mean £ SD, n=6 for each group except n=20 for survival rate

assessment. ~ P < 0.01 vs. sham group, "P < 0.01 vs. I/R + vehicle group.

Fig 2: The anti-apoptosis effects of APNp against I/R injury. (a b) Representative images and
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statistical analysis of TUNEL stained cortex in the penumbra 24 h after I/R. Scale bar is 50 um.

(c-e) The anti-apoptosis effects of APNp. Representative western blot images and statistical

analysis of the protein levels of Bax, Bcl-2, and cleaved caspase-3 are shown. Values are

represented as mean + SD, n = 6 for each group. P < 0.01 vs. sham group, *P < 0.01 vs. IR +

vehicle group.

Fig 3: The anti-oxidative stress effects of APNp agains. /X injury. (a b) Representative images

and statistical analysis of DHE staining, wh:"h ndicates the production of reactive oxygen

species. Scale bar is 50 um. (c-g) The e*ects of APNp on the levels of MDA, the activity of SOD

and GSH-Px, and the concentratir.ns .* 3-NT and 8-OHdG 24h after I/R. Values are represented

as mean + SD, n=6 for each y~our. ~ P < 0.01 vs. sham group, P < 0.01 vs. I/R + vehicle group.

Fig 4: The inhibiting effects of APNp on NLRP3 inflammasome activation at 72h after I/R injury,

which are regulated by Trx and TXNIP. (a-f) The inhibiting effect of APNp against NLRP3

inflammasomes after I/R. Representative western blot images and statistical analysis of the

protein levels of Trx, TXNIP, NLRP 3, ASC, and caspase-1 p20 are shown. (g-1) PX-12 abolished
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the NLRP3 inflammasome inhibiting effect of APNp. The protein level of Trx is down-regulated

by PX-12. Whereas, the protein levels of TXNIP, NLRP3, ASC, and caspase-1 p20 are

up-regulated by PX-12, compared to the I/R + APNp group. (m n) Representative images and

statistical analysis of F-JC staining 72h after I/R, which reflex the neuronal degeneration. Scale

bar is 50 um. Values are represented as mean + SD, n=6 for ea.~ group. P < 0.01 vs. sham

group, P < 0.01 vs. I/R group, P < 0.01 vs. I/R + APNp ¢ oup.

Fig 5: The role of AMPK in the protective effe.* of APNp. (a-c) The phosphorylations of AMPK

and Gsk-3p are up-regulated by AFM'n. Representative western blot images and statistical

analysis are shown. Then, CC, a s:lec:'ve AMPK inhibitor, is used to explore the role of AMPK

in the APNp’s Trx/TXNIP 1. ~ulating effect. (d-h) CC counteracted the Trx up-regulating and

TXNIP down-regulating ¢ ffect of APNp. Representative western blot images and statistical

analysis are shown. Values are represented as mean + SD, n=6 for each group. P < 0.05 vs. sham

group, “P < 0.01 vs. sham group, P < 0.01 vs. I/R group, *P < 0.01 vs. I/R + APNp group.

Fig 6: The roles of AMPK and Trx in the protective effect of APNp. PX-12 and CC abolish the
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protective effect of APNp on cerebral infarction, brain edema, oxidative stress, mitochondria

impairment, and neuron damage. (a b) Representative images and statistical analysis of TTC

staining. (c) Brain water content. (d e) Representative images of NeuN staining and NeuN

positive cell count. Scale bar is 50 um. (f g) Representative images and statistical analysis of

DHE staining. Scale bar is 50 um. (h-j) The level of MDA and the ¢ tivities of SOD and GSH-P x

24h after I/R. (k) Representative ultrastructure of neuron: in he penumbra. klb-k5b are the

enlarged images of kla-k5a. Scale bar is 2 pm in kla-k’» =nd 1 pm in k1b-k5b. Arrows indicate

the mitochondria. (I-n) Representative western lot images and statistical analysis of the protein

level of Bax, Bcl-2, and cleaved caspace-3. Values are represented as mean £ SD. n=6 for each

group. “P < 0.01 vs. sham group “F < 0.01 vs. I/R group, P < 0.05 vs. I/R + APNp group, **P

< 0.01vs. I/R + APNp group.

Fig 7: APNp’s anti-inflammation effect in primary astrocyte after OGD-R. (a) Representative

immunofluorescence images indicate that a handful of AdipoR1 is expressed in neurons. Scale

bar is 50 um. (b) AdipoR1 is highly expressed in astrocytes. Scale bar is 50 um. Then, the

primary astrocytes are cultured to test the APNp’s effect. (c e-g) The phosphorylation levels of
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AMPK and Gsk-3p are detected by western blot. The nuclear translocation of Nrf2 is evaluated

by nuclear-cytoplasmic extraction followed by western blot. Histone H3 and B-actin are used as

loading controls for nuclear protein and cytoplasmic protein respectively. (d h-n) The protein

levels of Trx/TXNIP and NLRP3 inflammasome activation in astrocyte. The representative

western blot images and statistical analysis of the protein level .~ shown. n=6 for each group.

Values are represented as mean + SD, n=6 for each group e ‘cep n=8 for cell viability and LDH

release assessment. P < 0.01 vs. control group, P < & 07 vs. OGD group, **P < 0.01 vs. OGD

+ APNp group.

Fig 8: Signaling pathway of A¥Np - protective effect against cerebral I/R injury which is

suggested in the present sicdy. APNp binds to the adiponectin receptor, thus promotes the

phosphorylation of AMPk and Gsk-3p, which reduces Gsk-3B’s inhibition to Nrf2’s function.

The nuclear translocation of Nrf2 promotes the expression of Trx, which inhibits ROS production

and oxidative stress. Trx also binds to TXNIP thus inhibits the activation of NLRP3

inflammasome. As a result, the neuroinflammation is inhibited. Other intracellular molecules

might also be involved in this mechanism, which deserves further exploration.
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