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CXCL6 regulates cell permeability, proliferation, and apoptosis after ischemia-
reperfusion injury by modulating Sirt3 expression via AKT/FOXO3a activation
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ABSTRACT

Chemokine (C-X-C motif) ligand 6 (CXCL6), a member of the CXC chemokine family, reportedly mediates
several processes such as inflammation, immunoreaction, cell growth, and metastasis through interaction
with the chemokine receptors CXCR1 and CXCR2 in humans; further, CXCR1 and CXCR2 can promote
repair and regeneration of organs or tissues after ischemia-reperfusion injury (IRI). In this study, we found
that HIF-1a, CXCL6, and CXCR2 expression levels were elevated in human brain microvascular endothelial
cells (HBMEGs) after IRI, whereas silent information regulator of transcription (Sirt) 3 expression level had
reduced. HIF-1a inhibition in an IRl model potently promoted HBMEC proliferation, accompanied by
increased Sirt3 and decreased CXCL6/CXCR2 expression levels. CXCL6 knockdown in the IRl model
significantly decreased HBMEC permeability and promoted HBMEC nproliferation, concurrent with
a decrease in apoptosis; it also increased Sirt3 expression levels and decreased CXCL6/CXCR2 protein
and phosphorylated AKT (p-AKT) and class O of forkhead box (FOXO) 3a (p-FOXO3a) levels. In addition,
CXCL6-induced HBMEC permeability and inhibition of HBMEC proliferation were counteracted by Sirt3
overexpression, and the AKT inhibitor LY294002 counteracted the effect of CXCL6 recombinant proteins
on Sirt3, p-AKT, and p-FOXO3a expressions. These results suggest that CXCL6 and Sirt3 are downstream of
HIF-1a and that CXCL6 regulatesHBMEC permeability, proliferation, and apoptosis after IRl by modulating
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Sirt3 expression via AKT/FOXO3a activation.

Introduction

In recent years, with the advancement of electroconvulsive
therapy and the establishment and promotion of methods
such as arterial bypass surgery, thrombolytic therapy, cardio-
pulmonary resuscitation, limb replantation, and organ trans-
plantation, it is possible to reperfuse many tissues and organs
after ischemia. In most cases, ischemia-reperfusion (I/R) can
restore the function and structure of tissues and organs and can
reverse vascular occlusion in patients by restoring oxygen
supply. However, reperfusion after ischemia sometimes aggra-
vates the dysfunction and structural damage of tissues and
organs, which is called I/R injury (IRI). The blood-brain bar-
rier (BBB), an anatomical and a functional barrier between
blood and the brain, can block harmful substances carried by
blood from entering the brain." Brain IRI often causes BBB
dysfunction, which is an important pathological feature of
many neuronal disorders.” Here, we investigated the mechan-
isms underlying the regulation of BBB permeability after IRI.
Hypoxia-inducible factorl (HIF-1), an oxygen-sensitive
transcription factor, was originally shown to protect organs
such as the brain and heart from ischemic damage after I/R.
Prolonged activation of intestinal HIF-1 serves as a proximal
regulator in intestinal mucosal injury induced by I/R.* It has
been demonstrated that intestinal mucosal response to intest-
inal I/R is correlated to prolonged increased expression of HIF-
la, an oxygen-labile subunit of HIF-1.° Chemokine
(C-X-C motif) ligand 6 (CXCL6, also known as granulocyte

chemotactic protein 2), a member of the CXC chemokine
family, is a chemoattractant for neutrophilic granulocytes and
initiates chemotaxis through the chemokine receptors CXCR1
and CXCR2.®’Studies have shown that CXCRI can promote
liver repair and regeneration after IRI;8 on the contrary,
CXCR?2 is detrimental to liver recovery after IRL.” Inhibition
of CXCR2/CXCR?2 ligand interactions is beneficial for IRI after
lung transplant.'® Besides, it is found that CCR5 (a chemokine
receptor) knockdown significantly improved neurological def-
icits in global brain IRL'' Silent information regulator of
transcription (Sirt), class III nicotinamide adenine dinucleo-
tide-dependent histone deacetylases present in several subcel-
lular locations such as the nucleus, cytosol, and mitochondria,
is associated with gene silencing and is critical to the regulation
of cellular stress and metabolic pathways, which are key pro-
cesses during IRL'>""* Importantly, it has been reported that
Sirt-mediated protein deacetylation is a key post-translational
modification that participates in signal transduction in several
cell compartments.”> Cumulative reports have shown that
nuclear/cytosolic Sirt1 is important in cardioprotection against
IRT'®'® and that Sirt6 has a role in protecting cardiomyocytes
against IRL."” Mitochondrial Sirt3 is thought to be a responsive
deacetylase that regulates metabolism and oxidative stress.
Sirt3, with its target proteins, is reported to regulate the
response to IRI, and its deficiency prevents the recovery of
cardiac function after IRL.°°* In addition, the Sirt1/Sirt3
axis has been reported to be an important modulator of BBB
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permeability after ischemic stroke.? However, the roles of Sirt3
and CXCL6 on BBB permeability after brain IRI as well as the
underlying molecular mechanisms remain poorly understood.

In this study, increased HIF-1a, CXCL6, and CXCR2 and
decreased Sirt3 expression levels were observed in an IRI
model. HIF-1a inhibition in the IRI model potently promoted
HBMEC proliferation, accompanied by increased Sirt3 and
decreased CXCL6/CXCR2 expression levels. In the IRI
model, CXCL6 knockdown significantly promoted HBMEC
proliferation and inhibited HBMEC permeability and apopto-
sis, accompanied by increased Sirt3 expression, decreased
CXCL6/CXCR2 expression, and decreased AKT/FOXO3a
phosphorylation. In addition, CXCL6-induced HBMEC per-
meability and inhibition of proliferation was counteracted by
Sirt3 overexpression, and an AKT inhibitor counteracted the
effect of CXCL6 on Sirt3, p-AKT, and p-FOXO3a expressions.
These effects demonstrated that CXCLS6 is critical in regulating
BBB permeability after IRI, which is probably involved in Sirt3
expression and AKT/FOXO3a activation.

Materials and methods
Cell culture and establishment of the IRI model

Human brain microvascular endothelial cells (HBMEC:s), pur-
chased from the Cell Bank of the Chinese Academy of Science
(Shanghai, China), were cultured at 37°C in a5% CO, incuba-
tor (Thermo Forma 3111; Thermo, USA) with high-glucose
Dulbecco’s modified Eagle’s medium (SH30243.01; HyClone)
containing 10% fetal bovine serum (16000-044; Gibco) and 1%
antibiotic (penicillin and streptomycin; P1400-100; Solarbio,
Shanghai, China). Subsequently, HBMECswere applied to
establish anIRI model in vitro.”® The IRI model was simulated
by inducing oxygen and glucose deprivation in HBMECs, as
previously described.”® Details on the modeling process have
been reported previously.”’

Construction of a lentivirus expression vector

Three shRNAs targeting different sites of CXCL6 (Table 1)
were synthesized to form an shRNA construct, followed by
the insertion of apLKO.1-puro vector through Agel I and
Ecol I restriction sites to construct the pLKO.l-puro-
shCXCL6 plasmid. The primer was designed according to

Sirt3 (AF083108.2) gene sequences: 5'-CCC
AAGCTTATGGCGTTCTGGGGTTG-3'(HindIII), 5'-CG
GAATTCCTATTTGTCTGGTCCATCAAGC-3' (EcoRI).

Then, Sirt3-coding sequences were amplified, followed by
insertion of apCDNA3.1 vector through the HindIII and
EcoR 1 restriction sites to construct the pCDNA3.1-Sirt3

Table 2. Primers used for RT-PCR.
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Table 1. CXCL6 interference target design results.

Name Sequences

CXCL6 target sites 1 (333-351) GCTGCGTTGCACTTGTTTA
CXCL6 target sites 2 (353-371) GCGTTACGCTGAGAGTAAA
CXCL6 target sites 3 (420-438) CTCCAAGGTGGAAGTGGTA

plasmid. 293 T cells were transfected by mixing pLKO.1-puro-
shCXCL6 or pPCDNA3.1-Sirt3 and the viral packaging plasmids
psPAX2 and pMD2G (Addgen, USA) with Lipofectamine 2000
(Invitrogen, USA), and the virus was harvested after 48 h.

Real-time polymerase chain reaction (RT-PCR)

After extraction of total RNA from treated HBMECsusing the
Trizol reagent (1596-026; Invitrogen), the extracted RNA was
subjected to quantification and confirmation of RNA integrity.
Following RNA reverse transcription to cDNA using a reverse
transcription kit (#K1622; Fermentas, USA), RT-PCR reac-
tions, with cDNA as templates, were performed in triplicates
on a real-time PCR system (ABI-7300; Applied Biosystems,
USA) using an SYBR Green PCR kit (#K0223; Thermo). RT-
PCR reaction procedures were as follows: denaturation at 95°C
for 10 min and (annealing at 95°C for 15 s, and extension at 60°
C for 45 s) x 40.*® After the procedures, the mRNA expression
of HIF-1a, CXCL6, CXCR?2, and Sirt3 relative to GAPDH was
calculated by the 272 method.”® Primers are listed in
Table 2.

Western blotting

After extraction of total proteins from treated HBMECs by
RIPA buffer (R0010; Solarbio, Beijing, China), complemented
with protease and phosphatase inhibitors, the extracted pro-
teins were quantified using a BCA quantification kit
(PICPI23223; Thermo). Following separation of 25 ug protein
by 10% and 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis, the proteins were semi-dry transferred onto
polyvinylidene fluoride membranes (HATF00010; Millipore,
USA). Next, at room temperature, the membranes were
blocked for 1 h with 5% skimmed milk (BYL40422; BD
Biosciences, USA) and then incubated overnight at 4°C with
primary antibodies (Table 3). Subsequently, the membranes
were washed 5-6 times using Tris-buffered saline and Tween
20 (TBST), followed by 2 h of incubation at room temperature
with horseradish peroxidase-labeled secondary antibodies
(1:1000; Beyotime, Shanghai, China) of goat anti-rabbit
(A0208) and goat anti-mouse (A0216) types. Following TBST
washing, the blots were developed for 5 min with chemilumi-
nescent reagent (WBKLS0100; Millipore) and then exposed on

Name Sequences

HIF-1a F:5 -TCGGCGAAGTAAAGAATC-3 ;R:5 -TTCCTCACACGCAAATAG-3’'
CXCL6 F:5 -GCGTTACGCTGAGAGTAAACC-3 ;R:5 -AAACTGCTCCGCTGAAGACTG-3'
CXCR2 F:5 -ATCAGTGTGGACCGTTACC-3 ;R:5 -CCGCCAGTTTGCTGTATIG-3'
Sirt3 F:5 -TGGCATTCCAGACTTCAG-3 ;R:5 -CGTTGGGCTTGTAGTTTC-3'
GAPDH F:5 -AATCCCATCACCATCTTC-3 ;R:5 -AGGCTGTTGTCATACTTC-3'
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Table 3. Information for anti-bodies used for WB.

Name Dilution ratio Cat. no Manufacturer
HIF-1a 1: 500 Ab51608  Abcam

CXCL6 (GCP2)  1: 1000 Ab15173 Abcam

CXCR2 1: 500 Ab65968  Abcam

Sirt3 1: 500 Ab189860 Abcam

AKT 1: 1000 #9272 Cell Signaling Technology (CST)
p-AKT 1: 1000 #9271 CST

Foxo3a 1: 1000 Ab109629 Abcam

p-Foxo3a 1: 5000 Ab154786  Abcam

Occludin 1: 10000 Ab167161  Abcam

Z0-1 1: 3000 Ab96587 Abcam

Claudin-4 1: 2000 Ab210796  Abcam

GAPDH 1: 2000 #5174 Abcam

an enhanced chemiluminescence imaging system (Tanon-
5200; Tanon, Shanghai, China). Subsequently, using Image]
(version 1.47 v; Bethesda, MD, USA), the protein levels relative
to GAPDH were analyzed and calculated.

Cell proliferation assay

The IRI model was treated with dimethyl sulfoxide (DMSO)/
2-methoxyestradiol (2-MeOE2, an HIF-1a inhibitor), shCXCLS6,
or CXCL6 recombinant proteins+Sirt3 overexpression. The Cell
Counting Kit-8 (CCK-8; CP002, SAB, USA) assay was performed
to evaluate proliferation of the treated HBMECs. HBMECswere
inoculated at a density of 5,000 cells/well in 96-well plates (TR4001;
TRUELINE) intriplicatesand cultured overnight. Following 24 h of
the treatment, HBMECs were treated with 100 pl of CCK-8 solu-
tion (CCK-8:serum-free medium = 1:10) for 1 h at 37°C according
to the manufacturer’s instructions. Next, the absorbance value at
450 nm was measured on a microplate reader as an indicator
ofHBMEC proliferation.

Cell apoptosis assay

The IRI model was treated with shCXCL6 or CXCL6 recombi-
nant proteins+Sirt3 overexpression; then, HBMECs were col-
lected and subjected to double staining with V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) (C1063;
Beyotime). Following the manufacturer’s instructions, 500,-
000-1,000,000 treated HBMECswere resuspended in 195 pl of
Annexin-V-FITC-binding buffer. Subsequently, the resus-
pended cells were incubated in the dark at 4°C for 15 min
with 5 ul of Annexin-V-FITC, followed by 5 min of incubation
in the dark at 4°C with 5 pl of PI; a tube without both Annexin-
V-FITC and PI served as the control. On a flow cytometer, the
percentages of apoptotic cells were evaluated using BD
Accuri™ C6 (version 1.0.264.21; BD Biosciences).

Transepithelial electrical resistance (TEER) and
FITC-dextran detection

A well-established method of monitoring HBMEC permeabil-
ity in polarized endothelial cells is the measurement of TEER.
The IRI model was treated with shCXCL6 or CXCL6 recombi-
nant proteins+Sirt3 overexpression. Each cell group was inocu-
lated into the upper chamber of a 24-well Transwell plate using
10,000 cells (100,000 cells for FITC-dextran detection), and 100

and 600 pl of the medium were added to the upper and lower
chambers, respectively, followed by culture in a 37°C in a 5%
CO, incubator, with the medium refreshed after 24 h.

Regarding TEER, electrode functionality was tested with
a 0.1-0.15 M NaCl solution after calibrating the ohmmeter to
a reading of 1000 Q and 0 mV. The electrode was sterilized in
70% ethanol for 15 min (<30 min), air dried for 15 s, and rinsed
with a sterilized electrolyte solution. Subsequently, the trans-
membrane resistance of each group was measured with the
MillicellERS-2 volt ohmmeter (Millipore) after the cells had
overgrown at the bottom for 48 h. Meanwhile, blank wells
(without cells) were set up and the resistance value was mea-
sured. Electric resistance per unit area was calculated according
to the following formula: TEER (Q cm?) = (R1 - R2) (Q) x
effective membrane area (cm”), where R1 is the experimental
group and R2 is the blank group.

Regarding FITC-dextran detection, HBMECs in the loga-
rithmic growth phase were inoculated at a density of 1 x 10°
cells in the upper chamber of a 24-well Transwell plate (3422;
COSTAR). Next, 100 and 600 pl of the medium were added to
the upper and lower chambers, respectively, followed by cul-
ture at 37°C in a 5% CO, incubator. After HBMECs were fully
cultured, 1 mg/ml of FITC-dextran (Sc-263323; Santa Cruz)
was added, followed by incubation at 37°C in a 5% CO,
incubator for 5 min, and 200 pl of the basal medium was
used for determining the basic value. After continued incuba-
tion of 24 h with supplementary medium, 200 pl of basal
medium was collected for examination of FITC fluorescence
intensity (excitation wavelength: 490 nm, emission wavelength:
520 nm) with a microplate reader (E8051; Promega), and
permeability was calculated according to a standard curve.

Statistical analysis

Statistical analysis was conducted with GraphPad prism 7.0
(San Diego, CA, USA), and graphed results are expressed as
mean + SD for at least three repeated independent experi-
ments. Statistical significance among >3 comparisons was
determined by one-way analysis of variance with Tukey’s
post test. A P-value of <0.05 indicated statistical significance.

Results
IRl model was successfully established in vitro

HIF-1a is reported to be a proximal regulator of I/R-induced
intestinal mucosal damage, whereas Sirt3 regulates the
response to IRI. CXCR2 can promote IRI progression. Here,
after the construction of the IRI model using HBMECs, the
expression of HIF-1a, CXCL6, CXCR2, and Sirt3 was detected
at 0, 6, 12, and 24 h after treatment. Figure 1 shows that HIF-
la, CXCL6, and CXCR2 expression levels, at both mRNA and
protein levels, significantly increased in a time-dependent
manner in the IRI model (Figure la-c, e), whereas Sirt3 expres-
sion level decreased (Figure 1d, e). These findingsFigure 7
indicate that the IRI model was successfully established and
that CXCL6, CXCR2, and Sirt3 played crucial roles in IRI
progression.
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Figure 1. IRl model of HBMECs was successfully established in vitro. After construction of the IRl model of HBMECsin vitro, HBMECs were collected. (a-d) HIF-1q,
CXCL6, CXCR2, and Sirt3 mRNA expressions were detected by RT-PCR. (e) HIF-1a, CXCL6, CXCR2, and Sirt3 protein levels were analyzed by western blotting. All results
are expressed as mean * SD with three repeated experiments.*P < .05, **P < .01, and ***P < .001, compared with 0 h.

HIF-1a inhibition in the IRl model promoted HBMEC
proliferation

HIF-1a expression and activation have been reported to be
involved in protecting organs against IRL’°* which is
consistent with the result of our study that HIF-1a expres-
sion level increased in the IRI model. Here, 2-MeOE2was
applied to investigate the function of HIF-1la. As presented
in Figure 2, after IRI, HBMEC proliferation significantly
decreased (Figure 2a), and Sirt3 expression level signifi-
cantly decreased (Figure 2b, e), whereas CXCL6 (Figure
2¢c, e) and CXCR2 (Figure 2d, e) expression levels
increased. On the contrary, HIF-la inhibition potently
counteracted the induction of IRI. These results indicated
that HIF-1a inhibition may contribute to the remission of
IRI by promoting HBMECproliferation and that CXCL6/
CXCR2 and Sirt3 may be downstream of HIF-1a.

CXCL6 knockdown in HBMECs by lentiviral infection

In vitro, HBMECs were grouped for infection with lentiviruses
of shNC, shCXCL6-1, shCXCL6-2, and shCXCL6-3, and
HBMEQC: treated with the medium were used as the control.
As shown in Figure 3, both CXCL6 mRNA (Figure 3a) and
protein (Figure 3b) levels were significantly downregulated by
all three forms of shCXCL6. Compared with shCXCL6-3,
shCXCL6-1 and shCXCL6-2 had better efficiency, so they
were selected for the next experiment.

CXCL6 knockdown inhibited IRI-induced
HBMECpermeability and apoptosis

Research has proved that microvascular permeability to plasma
proteins is a useful and sensitive indicator for assessing the
impact of I/R on microvascular integrity.”> Thus, we performed
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Figure 2. HIF-1a inhibition in IRl model promoted HBMEC proliferation. After construction of the IRl model, HBMECs were divided for treat with DMSO or 10 uM of
2-MeOE2, with medium-treated HBMECs without IRI serving as the control. (a) HBMEC proliferation was assessed by the CCK-8 assay. (b-d) Sirt3, CXCL6, and CXCR2
mRNA levels were detected. (e) Sirt3, CXCL6, and CXCR2 protein levels were also detected. All graphs are presented as mean + SD with three repeated experiments.
***p < 001 compared with control, P < .01 and *#P < .001 compared with IRI+2-MeOE2.
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Figure 3. CXCL6 knockdown in HBMECs by lentiviral infection. HBMECs were infected with shNC/shCXCL6 (shCXCL-1, shCXCL6-2, and shCXCL6-3) lentivirus, with
medium-treated HBMECs serving as the control. (a and b) The efficiency of shCXCL6-1, shCXCL6-2, and shCXCL6-3 in regulating CXCL6 in HBMECs was determined by RT-
PCR and western blotting. Data are expressed as mean + SD with three repeated experiments.***P < .001 compared with shNC.

transmembrane resistance and FITC leakage assays to analyze
the effect of CXCL6 interference on HBMECpermeability. As
illustrated in Figure 4a, b, IRI significantly suppressed TEER and
inducedHBMECpermeability, which was potently counteracted
by CXCL6 knockdown. Furthermore, CXCL6 knockdown sig-
nificantly promoted IRI-inhibited proliferation (Figure 4c) but
reduced apoptosis (Figure 4d). In addition, IRI-inhibited Sirt3
expression was significantly increased by CXCL6 knockdown
(Figure 4e, f), whereas IRI-induced CXCL6/CXCR2, p-AKT,
and p-FOXO3a levels significantly decreased (Figure 4f-g).
These results demonstrated that CXCL6 knockdown could inhi-
bit IRI-induced HBMECpermeability and apoptosis as well as
AKT/FOXO3a activation and that Sirt3 may be downstream of

CXCL6-regulated IRI-induced HBMECpermeability and
apoptosis may modulate Sirt3 expression via AKT/
FOXO3a activation

We also investigated the underlying molecular mechanism
of CXCL6 regulation of IRI. Studies have shown that the
AKT pathway is involved in IRI progression.”* FOXO tran-
scription factors such as FOXO3a can be phosphorylated
and inactivated by AKT.*?® In this study, after the treat-
ment with CXCL6 recombinant proteins and LY294002, an
AKT inhibitor, at both mRNA (Figure 5a) and protein
(Figure 5b) levels, Sirt3 expression was significantly inhib-
ited by CXCL6 recombinant proteins; however, AKT and

CXCL6 FOXO3a phosphorylation (Figure 5c) significantly
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Figure 4. CXCL6 knockdown inhibited IRI-induced HBMECpermeability and apoptosis. After construction of the IRl model of HBMECsin vitro, CXCL6 expression in
the IRI model was knocked down by shCXCL6 infection, with medium-treated HBMECs without IRI serving as the control. (a and b) TEER and FITC leakage assays were
performed to analyze the effect of CXCL6 interference on HBMECpermeability. (c and d) HBMEC proliferation and apoptosis after IRl were evaluated. Lower right
quadrant presents early apoptotic cells stained with Annexin-V, whereas late apoptotic or necrotic cells stained with Annexin-V and PI are located in the upper right
quadrant. At the lower left are living cells. (e) Sirt3 mRNA expression was detected. (f) Sirt3, CXCL6, and CXCR2 protein levels were detected. (g) AKT and FOXO3a
expressions and phosphorylation were evaluated. All data are shown as mean =+ SD with three repeated experiments.***P < 001 compared with control, **P < .01 and

#ip < 001 compared with IRI+shNC.
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Figure 5. CXCL6-regulated IRI-induced HBMECpermeability and apoptosis may modulate Sirt3 expression AKT/FOX03a activation. Groups of HBMECs were
treated with medium, 10 ng/ml of CXCL6 recombinant proteins+DMSO, or 10 ng/ml of CXCL6 recombinant proteins+10 uM of LY294002 (an AKT inhibitor). (a and b)
Sirt3 mRNA and protein expression levels were determined. (c) AKT and FOXO3a expressions and phosphorylation were evaluated. The results are expressed as mean +
SD with three repeated experiments.***P < .001 compared with control, *#P < .001 compared with CXCL6+ DMSO.

increased, whereas AKT and FOXO3aexpressions remained
unchanged. In addition, LY294002 potently counteracted
the effect of CXCL6 recombinant proteins. These results
indicated that CXCL6 regulation of IRI-induced
HBMECpermeability and apoptosis possibly modulated
Sirt3 expression via AKT/FOXO3a activation.

CXCL6 regulation of IRI-induced HBMECpermeability
and apoptosis possibly through modulation of Sirt3
expression

Sirt3 expression in HBMECs was upregulated by Sirt3 lenti-
virus (Figure 6a, b). Sirt3 overexpression in HBMECs signifi-
cantly suppressed CXCL6-induced HBMECpermeability
(Figure 6¢, d), whereas CXCL6-induced inhibition of prolifera-
tion was also counteracted by Sirt3 upregulation, concurrent
with apoptosis reduction (Figure 6e, f). Moreover, the CXCL6-
inhibited levels of claudin-4, occludin, and zonula occludens-1
(ZO-1) which are tight junction proteins, were markedly
increased by Sirt3 upregulation (Figure 6g). These results pro-
vided further evidence that CXCL6 regulated IRI-induced
HBMEC permeability and apoptosis, probably by modulating
Sirt3 expression.

Discussion

During the 1970s, IRI was first encountered in coronary’’ and
peripheral vascular circulation.”® IRT has become a major pro-
blem that interferes with the benefit of reperfusion therapy for
ischemic tissues and organs. In this study, high HIF-1a,
CXCL6, and CXCR2 expression levels in the IRI model and
decreased Sirt3 expression level were observed, indicating that
HIF-1a, CXCL6/CXCR?2, and Sirt3 possibly play key roles in
brain IRI. IRI-inhibited cell proliferation was significantly
increased by HIF-1a inhibition, and CXCL6/CXCR2 expres-
sion levels decreased, which is consistent with previous studies
showing that prolonged increased expression of HIF-lais
involved in IRL> Furthermore, CXCL6 knockdown signifi-
cantly suppressed IRI-induced HBMECpermeability and
increased HBMEC proliferation, concurrent with decreased
apoptosis, suggesting a critical role of CXCL6 in IRI-induced
HBMECpermeability and proliferation. A study showed that
HIF-1a could mediate cell functions by modulating CXCL6
expression.”” From these points, it can be inferred that HIF-1a
response to brain IRI may occur through the modulation of
CXCL6 expression. We also explored the molecular mechan-
isms of CXCL6 underlyingHBMECpermeability and prolifera-
tion after brain IRI. Studies have reported that human CXCL6
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Figure 7. A schematic diagram of the signal pathway A schematic diagram to show the signal pathway that is revealed in this study.

could exert a mediating function through CXCR2,”** which
agrees with the observation that CXCR2 protein level
decreased with CXCL6 knockdown. It has been shown that
activation of the AKT pathway could prevent adverse remodel-
ing after IRL.>* Moreover, AKT activation can promote cell
survival through substrate phosphorylation such as with the
FOXO family.*' Recently, the PTEN/AKT/FOXO3a pathway

has been reported to participate in neuronal apoptosis in devel-
oping rat brain after hypoxia-ischemia.*? In line with these
results, we found that CXCL6 recombinant proteins induced
HBMECpermeability and inhibition of proliferation, concur-
rent with reduced apoptosis as well as decreased Sirt3 expres-
sion level and increased AKT and FOXO3a phosphorylation,
and this induction was potently counteracted by LY294002.



These results suggested that CXCL6 regulated IRI-induced
HBMECpermeability and proliferation by modulating Sirt3
expression via AKT/FOXO3a activation. This is consistent
with previous reports indicating that the AKT-1/FOXO3a
pathway is involved in the proliferation of human neural
progenitor cells.*’ In addition, Sirt3 overexpression potently
counteracted the effects of CXCL6 recombinant proteins on
HBMECpermeability and proliferation, accompanied by
increased claudin-4, occludin, and ZO-1 levels. These tight
junction proteins are important in the formation of BBB.
Claudin-4 has been confirmed to regulate paracellular ion
conductivity, and occludin is localized to tight junctions.**~*®
ZO-1, a cytoplasmic protein, forms a scaffold to link tight
junction-related transmembrane proteins to the perijunctional
actin cytoskeleton.”” ZO-1 is also considered critical in trans-
ducing regulatory signals, which control the paracellular
barrier.*” Based on these considerations, it is conjectured that
CXCL6-regulated HBMEC permeability, proliferation, and
apoptosis after IRI occurs through modulation of Sirt3 expres-
sion via AKT/FOXO3a activation. Remarkably, higher TEER
values were consistently observed compared with the values in
the literature (hCMEC/D3 and hBMEC: TEER range: 40-200
Qcm?).**% A possible explanation is that we used a different
system for the assessment of TEER. Higher TEER values might
also arise from higher Sirt3 expression levels, which has been
reported to decrease BBB permeability and promote tight junc-
tion formation.”

In conclusion, this study demonstrated the critical roles of
HIF-1a, CXCL6, and Sirt3 in regulating HBMEC permeability
and proliferation after IRI and that CXCL6 and Sirt3 may be
downstream of HIF-la. Both HIF-la inhibition and CXCL6
knockdown significantly =~ counteracted IRI-induced
HBMECpermeability and inhibition of proliferation, probably
by modulating Sirt3 expression via AKT/FOXO3a inactivation
(shown in Figure 7). Therefore, these genes exhibit the potential
to be effective therapeutic targets for the treatment of organs or
tissues after IRI.
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