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Knockdown of FOXO4 protects against
OGD/R-induced cerebral microvascular endothelial cell
injury and regulates the AMPK/Nrf2/HO-1 pathway
through transcriptional activation of CTRP6
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Abstract. Cerebral ischemia is a type of cerebrovascular
disease with high disability and mortality rates. The expression
of forkhead box protein O4 (FOXO4) in the brain is increased
following traumatic brain injury. To the best of our knowledge,
however, the role of FOXO4 as well as its mechanism in cerebral
ischemia has not been reported so far. For the establishment of
an in vitro cellular injury model, human brain microvascular
endothelial HCMEC/D3 cells were induced by oxygen-glucose
deprivation/reoxygenation (OGD/R). mRNA and protein expres-
sions of FOXO4 and Clg/tumor necrosis factor-related protein 6
(CTRP6) in OGD/R-induced HCMEC/D3 cells were detected
by reverse transcription-quantitative (RT-q)PCR and western
blotting. The transfection efficacy of small interfering (si)- and
overexpression (Ov)-FOXO4 and si-CTRP6 was assessed using
RT-qPCR and western blotting. Cell Counting Kit-8 and TUNEL
assay were used to assess viability and apoptosis of HCMEC/D3
cells induced by OGD/R, respectively. A FITC-Dextran assay
kit was applied to determine endothelial permeability and
immunofluorescence assay was used for the measurement of the
tight junction protein zonula occludens-1. The levels of oxida-
tive stress markers and inflammatory cytokines were assessed
with corresponding assay kits. The binding sites of transcrip-
tion factor, FOX0O4 and CTRP6 promoter were predicted
using HDOCK SERVER. Luciferase reporter assay was used
to detect the activity of the CTRP6 promoter while chromatin
immunoprecipitation assay was used to evaluate the binding
ability of the FOXO4 and CTRP6 promoter. Western blotting
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was used for the detection of apoptosis- and AMPK/Nrf2/heme
oxygenase-1 (HO-1) pathway-associated proteins, along with
tight junction proteins. The expression of FOXO4 was increased
in OGD/R-induced HCMEC/D3 cells. After interfering
with FOXO4 in cells, the viability of the OGD/R-induced
HCMEC/D3 cells was increased while apoptosis was decreased.
Furthermore, FOXO4 interference improved cellular barrier
dysfunction but inhibited oxidative stress and the inflammatory
response in HCMEC/D3 cells induced by OGD/R. FOXO4
knockdown regulated CTRP6 transcription in HCMEC/D3
cells. Knockdown of FOXO4 regulated expression of CTRP6
and protected OGD/R-induced HCMEC/D3 cell injury via the
AMPK/Nrf2/HO-1 pathway. The present study indicated that
FOXO4 knockdown activated CTRP6 to protect against cerebral
microvascular endothelial cell injury induced by OGD/R via the
AMPK/Nrf2/HO-1 pathway.

Introduction

In 2019, there were 12 million cases of strokes and 6.55
million stroke-related deaths worldwide, with ischemic stroke
(IS) accounting for 62.4% of all stroke events, jeopardizing
the health and lives of patients (1). IS constitutes the majority
of stroke cases (2) and is primarily caused by cerebral
ischemia and hypoxia due to decreased cerebral blood flow
or insufficient oxygen supply to brain tissue. At present, the
most effective clinical treatment for cerebral ischemia is to
re-establish effective blood supply and restore cerebral perfu-
sion in the ischemic area by mechanical thrombectomy and
intravenous thrombolysis with drugs such as anticoagulants
and, antiplatelet and thrombolytic drugs (3). However, inflam-
mation and oxidative stress during reperfusion can cause
secondary injury to brain tissue, resulting in brain dysfunc-
tion (4). This pathophysiological process is known as cerebral
ischemia/reperfusion injury (CIRI).

A previous study has shown that inhibition of bromodo-
main-containing 4 can alleviate apoptosis and endoplasmic
reperfusion injury induced by renal IRI by blocking forkhead
box protein O4 (FOXO4)-mediated oxidative stress (5).
FOXO04,amember of the FOXO family, is involved in numerous
biological behaviors including cell energy metabolism
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regulation, cell proliferation, differentiation, apoptosis, cell
senescence, homeostasis and oxidative stress (6,7). However,
it is unclear whether FOXO4 serves a regulatory role in CIRI.
A literature review showed that protein levels of FOXOI,
FOXO03a and FOXO4 are significantly increased in the brain
following traumatic brain injury (8). In addition, sevoflurane
has been shown to alleviate liver IRI by promoting expression
of microRNA-96 and inhibiting expression of FOXO4 (9).
Moreover, hypoxia/reoxygenation (H/R) induces FOXO4
upregulation in rat H9C2 cardiomyocytes, and FOXO4 overex-
pression can reverse the protective effects of ubiquitin-specific
peptidase 10 (USP10) overexpression on H/R-induced H9C2
cells by regulating the Hippo/yes-associated protein 1
signaling pathway (10). To the best of our knowledge, however,
the role of FOXO4 in cerebral ischemia has not been reported.

In the present study, the role of FOXO4 in cerebral micro-
vascular endothelial cell injury in cerebral ischemia was
investigated and its regulatory mechanisms were explored.
The present study aimed to provide a theoretical basis for
clinical treatment of cerebral ischemia with FOXO4.

Materials and methods

Database. HDOCK SERVER (hdock.phys.hust.edu.cn/) data-
base (11) and JASPAR database (https://jaspar.elixir.no/) were
used to predict the binding between FOXO4 and the CTRP6
promoter.

Cell culture. The human brain microvascular endothelial
cell (BMEC) line HCMEC/D3 (cat. no. BNCC337728; BeNa
Culture Collection) was cultured in standard DMEM with
10% FBS (both Gibco; Thermo Fisher Scientific, Inc.) at 37°C
with 5% CO,.

Induction of the oxygen-glucose deprivation/reoxygen-
ation (OGD/R) model. HCMEC/D3 cells were incubated in
glucose-free Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc.) in a hypoxic incubator
(5% CO,, 95% N,) at 37°C for 2 h. Cells were removed from
the anoxic atmosphere and transferred to a normal environ-
ment for 12 h. The cells cultured in serum-free medium at
37°C with 5% CO, were defined as the control group.

Cell transfection. siRNAs specific to FOXO4 (si-FOXO4#1
and si-FOXO4#2) or CTRP6 (si-CTRP6#1 and si-CTRP6#2),
corresponding negative control (si-NC), pc-DNA3.1 vectors
containing the complete sequence of FOXO4 [overexpression
(Ov-)FOXO04] and empty vector (Ov-NC) were synthesized by
Shanghai GenePharma Co., Ltd. The sequences of si-FOXO4
and si-CTRP6 were as follows: si-FOXO4#1, 5'-CCGTAC
TGTACCCTACTTCAAGG-3'; si-FOX04#2, 5'-AGGATC
TAGATCTTGATATGTAT-3'; si-CTRP6#1, 5'-CAACGACTT
CGACACCTACAT-3'; si-CTRP6#2, 5-GAAAGAGGCTGT
CATCCTGTA-3' and si-NC, 5-UUCUCCGAACGUGUC
ACGUTT-3'. Using Lipofectamine® 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), 100 nM recombinants were
transfected into HCMEC/D3 cells for 48 h at 37°C. The
transfection efficacy was examined with western blotting and
RT-qPCR and OGD/R induction was performed 48 h after
transfection.

Reverse transcription-quantitative (RT-q)PCR. RT-qPCR
was applied to assess the transfection efficiency of small
interfering RNAs 48 h post-transfection. Total RNA was
isolated from cells using Trizol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) in accordance with the manufacturer's
protocol. A total of 500 ng total RNA was used as a template
to synthesize cDNA using iScript Reverse Transcription
Supermix (Bio-Rad Laboratories, Inc.) according to the
manufacturer's protocol. SYBR-based qPCR was performed
to detect the total mRNA transcripts of the target genes on
an ABI 7500 platform (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The relative expression of target genes was
assessed using the 224°4 method and normalized to the house-
keeping gene GAPDH (12). The following primers were used:
FOXO04 forward, 5-GGCTGCCGCGATCATAGAC-3' and
reverse, 5'-GGCTGGTTAGCGATCTCTGG-3'; Clg/tumor
necrosis factor-related protein 6 (CTRP6) forward, 5'-TGC
CTGAGATCAGACCCTACA-3' and reverse, 5'-GCCCAC
TGAGAAGGCGAAG-3' and GAPDH forward, 5-AATGGG
CAGCCGTTAGGAAA-3" and reverse, 5'-GCGCCCAAT
ACGACCAAATC-3.

Western blotting. Cell lysates were collected using RIPA
(Beijing Solarbio Science & Technology Co., Ltd.). The protein
concentration of cell lysates were measured with a BCA
Protein Assay Kit (Sangon Biotech Co., Ltd.). Equal protein
samples (30 ug per lane) were separated by 10% SDS-PAGE
and transferred to PVDF membrane. The membranes, blocked
using 5% BSA (Beijing Solarbio Science & Technology Co.,
Ltd.) for 1 h at room temperature, were incubated with primary
antibodies including FOXO4 (1:1,000; cat. no. ab128908), Bcl-2
(1:2,000; cat. no. ab182858), Bax (1:1,000; cat. no. ab32503),
cleaved caspase 3 (1:500; cat. no. ab32042), caspase 3
(1:5,000; cat. no. ab32351), ZO-1 (1:1,000; cat. no. ab276131),
Occludin (1:1,000; cat. no. ab216327), Claudin-5 (1:1,000; cat.
no. ab131259), CTRP6 (1:1,000; cat. no. ab300583) and B-actin
(1:1,000; cat. no. ab8227), all from Abcam, overnight at 4°C
and then incubated with goat anti-rabbit horseradish peroxi-
dase-conjugated IgG (1:2,000; cat. no. ab6721; Abcam) for
2 h at room temperature. Protein bands were visualized using
ECL Prime Western Blotting Detection Reagent (Amersham;
Cytiva) and the density of the bands was determined using
Imagel] software (version 1.8.0; National Institutes of Health).

Cellviability. Cell viability was detected using a Cell Counting
Kit-8 (CCK-8) assay. HCMEC/D3 cells were cultured in a
96-well plate for 24 h at 37°C. Then, 10 ul CCK-8 solution
(Dojindo Laboratories, Inc.) was added to each well and cells
were incubated for 2 h. Absorbance was detected at 490 nm
with a microplate reader (Bio-Rad Laboratories, Inc.).

TUNEL assay. To determine apoptosis of HCMEC/D3 cells, a
TUNEL assay with an In Situ Cell Death Detection kit, POD
(Roche Diagnostics GmbH) was performed. Apoptotic cells
were fixed with 4% formaldehyde for 25 min at 4°C and then
permeabilized by 0.2% TritonX-100 for 5 min at 4°C. The cells
were equilibrated with 100 pl equilibration buffer for 10 min
at room temperature. Cells were labeled with 50 u1 TdT reac-
tion mix at 37°C for 1 h. Saline-sodium citrate (SSC) buffer
was used to stop the reaction and cell nuclei were mounted
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with mounting medium containing 1 mg/ml DAPI for 5 min
at room temperature. The images in five random fields were
obtained by fluorescence microscopy (magnification, x100).

Endothelial permeability. FITC-Dextran assay kit (cat.
no. ECM644; MilliporeSigma) was used to determine endo-
thelial permeability in accordance with the manufacturer's
instructions. HCMEC/D3 cells were seeded into a Transwell
chamber (1x10* cells/well; 8-um pore size; Costar; Corning,
Inc.) for 72 h at 37°C. Then, the DMEM (Gibco; Thermo Fisher
Scientific, Inc.) was discarded and cells in the upper chamber
were incubated with 10 kDa FITC-dextran (10 mg/ml; 10 ul)
for 1 h at 37°C, and 50 ul of DMEM was added to the lower
compartment. The plates were incubated in the dark for
60 min at 37°C, after which the fluorescence intensity in the
upper chamber was determined with a fluorescence micro-
scope (magnification, x200) and was measured using ImagelJ
software (version 1.8.0; National Institutes of Health).

Immunofluorescence (IF) staining. HCMEC/D3 cells were
fixed with 4% formaldehyde for 15 min at room temperature
and subsequently penetrated with 0.5% Triton X-100 (Sangon
Biotech Co., Ltd.) at room temperature for 20 min. Following
blocking with 5% normal goat serum (Beijing Solarbio
Science & Technology Co., Ltd.) for 1 h at room temperature,
HCMEC/D3 cells were incubated with primary antibodies
against zonula occludens-1 (ZO-1; cat. no. ab221547; 1:100;
Abcam) overnight at 4°C. The Alexa Fluor® 488-conjugated
goat anti-rabbit IgG secondary antibodies (cat. no. ab150077;
1:400; Abcam) were then added to the slides at 37°C for 1 h.
Cells were incubated with DAPI for 5 min at room tempera-
ture in the dark. The cell slides were finally analyzed under
a fluorescent microscope (magnification, x200; Olympus
Corporation). Integrated optical density or positive cell
numbers in each image were assessed using ImageJ software
(version 1.8.0; National Institutes of Health).

ELISA. The levels of IL-1p, IL-10 and tumor necrosis factor-a
(TNF-a) in the supernatants of HCMEC/D3 cells were exam-
ined using commercial IL-1f (cat. no. H002-1-2), IL-10 (cat.
no. H009-1-2) and TNF-a (cat. no. H052-1-2) ELISA kits (all
from Nanjing Jiancheng Bioengineering Institute) according
to the manufacturer's instructions. Absorbance was detected
at 450 nm. Cellular reactive oxygen species (ROS) assay (cat.
no. E004-1-1), superoxide dismutase (SOD) activity assay (cat.
no. A001-2-2) and glutathione peroxidase (GSH-Px) assay kits
(cat. no. A005-1-2) all from Nanjing Jiancheng Bioengineering
Institute were used to determine ROS, SOD and GSH-Px
activity, respectively, according to the manufacturer's
instructions.

Luciferase reporter assay. The CTRP6 promoter reporter
vector [CTRP6-mutant (MUT) or wild-type (WT)] was
designed and synthesized by Sangon Biotech Co., Ltd. The
reporter construct was transiently transfected along with a
Renilla control plasmid and either Ov-FOXO4 or Ov-NC using
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Following transfection for 6 h at 37°C, the DMEM (Gibco;
Thermo Fisher Scientific, Inc.) was replaced with DMEM/F12

(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
0.2% FBS (Gibco; Thermo Fisher Scientific, Inc.). At 48 h
post-transfection, the luciferase activity was detected using a
dual-luciferase reporter assay system (Promega Corporation)
and normalized to Renilla luciferase activities.

Chromatin immunoprecipitation (ChIP) assay. HCMEC/D3
cells were sonicated at 150 Hz and sheared with four sets of
10 sec pulses on wet ice to generate 200-500 bp DNA frag-
ments. The lysate (100 ul) was immunoprecipitated with
anti-FOXO4 (1:100; cat. no. ab128908; Abcam) or IgG anti-
bodies (negative control; 1:100; cat. no. ab205718; Abcam)
overnight at 4°C. Immunoprecipitated DNAs were obtained
by phenol/chloroform extraction and analyzed by RT-qPCR
according to the aforementioned protocol.

Statistical analysis. All data were analyzed with GraphPad
Prism 6.0 (Dotmatics) and are presented as the mean + SD. All
experiments were performed in triplicate. One-way analysis
of variance followed by Tukey's post hoc test was used to
assess the differences and P<0.05 was considered to indicate a
statistically significant difference.

Results

Knockdown of FOX0O4 enhances OGD/R-induced HCMEC/D3
cell viability. Following OGD/R induction, the expression of
FOXO4 was detected by RT-qPCR and western blotting. mnRNA
and protein expressions of FOXO4 were significantly increased
in HCMEC/D3 cells induced by OGD/R (Fig. 1A and B).
FOXO4 interference plasmid was constructed and RT-qPCR
and western blotting showed successful cell transfection
(Fig. 1C and D). si-FOXO4#1 was selected for follow-up experi-
ments because it exhibited the highest interference efficacy.
CCK-8 assay showed that the cell viability of OGD/R group
was significantly decreased compared with the control group.
Compared with the OGD/R + si-NC group, viability of the
OGD/R + 5i-FOXO04 group was significantly increased (Fig. 1E).
Apoptosis was detected by TUNEL assay; cell apoptosis was
significantly increased after OGD/R induction compared
with the control group and significantly inhibited by FOX0O4
interference (Fig. 2A). Western blotting of apoptosis-associated
proteins showed that after OGD/R induction, the expression of
Bcl-2 was significantly decreased, while expression of Bax and
cleaved caspase 3 was significantly increased. These effects
were all significantly reversed by si-FOXO4 in comparison with
the OGD/R + si-NC group (Fig. 2B).

Knockdown of FOXO4 improves OGD/R-induced HCMEC/D3
cell barrier dysfunction. The effect of FOXO4 on cellular barrier
dysfunction was examined. FITC-Dextran kit was used to
detect endothelial permeability; endothelial permeability was
significantly increased after OGD/R induction. Compared with
the OGD/R + si-NC group, FOXO4 depletion significantly
decreased endothelial permeability (Fig. 3A). IF assay detected
the expression of tight junction protein ZO-1; expression of
Z0-1 was decreased after OGD/R induction, while FOX0O4
interference increased the expression of ZO-1 in the OGD/R +
si-FOXO04 group (Fig. 3B). Western blotting detected the expres-
sion of tight junction proteins ZO-1, occludin and claudin-5;
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Figure 1. Knockdown of FOXO4 enhances OGD/R-induced HCMEC/D3 cell viability. Expression of FOXO4 was detected by (A) RT-qPCR and (B) western
blotting. ““P<0.001 vs. control. FOXO4 interference plasmid was transfected. (C) RT-gPCR and (D) western blotting were used to detect transfection efficiency.
""P<0.001 vs. si-NC. (E) Cell Counting Kit-8 was used to detect cell viability. ““P<0.001 vs. control; #P<0.01 vs. OGD/R + si-NC. OGD/R, oxygen-glucose
deprivation/reoxygenation; FOXO4, forkhead box protein O4; NC, negative control; si, small interfering; RT-q, reverse transcription-quantitative.

compared with the control group, the expression of ZO-1,
occludin and claudin-5 was decreased significantly following
OGD/R induction. Compared with the OGD/R + si-NC group,
the expression of ZO-1, occludin and claudin-5 was significantly
increased in the OGD/R + si-FOXO04 group (Fig. 3C).

Knockdown of FOXO04 alleviates OGD/R-induced oxida-
tive stress and inflammation in HCMEC/D3 cells. Levels of
cellular oxidative stress and inflammation were measured.
After OGD/R induction, the activities of SOD and GSH-Px
in HCMEC/D3 cells were significantly decreased, while the
activity of ROS increased. Compared with the OGD/R +
si-NC group, the activities of SOD and GSH-Px in the OGD/R
+ si-FOXO04 group were significantly increased, while activity
of ROS was decreased (Fig. 4A). ELISA was used to detect
levels of inflammatory cytokines; levels of IL-6, IL-1f and
TNF-a were significantly increased after OGD/R induction.
Interference with FOXO4 significantly reversed the increase in
IL-6,IL-1B and TNF-o (Fig. 4B). These results suggested that
knockdown of FOXO4 alleviated OGD/R-induced oxidative
stress and inflammation in HCMEC/D3 cells.

Knockdown of FOXO4 regulates CTRP6 transcription in
HCMEC/D3 cells. The HDOCK SERVER database showed the
binding of FOXO4 to CTRP6 with a -257.66 docking score and
0.8960 confidence score (Fig. 5A). Potential binding sequences
between FOXO4 and CTRP6 promoter were also predicted
using the JASPAR database (Fig. 5B). Moreover, nRNA and
protein expression of CTRP6 was significantly decreased in
OGD/R-induced HCMEC/D3 cells (Fig. 5C and D). FOXO4

was overexpressed in HCMEC/D3 cells and its transfec-
tion efficiency was assessed (Fig. SE and F). RT-qPCR and
western blotting results showed that the mRNA and protein
expression of CTRP6 in Ov-FOXO4 group was significantly
decreased compared with the Ov-NC group. Following inter-
ference with FOXO4, CTRP6 expression in si-FOXO4 group
was significantly increased compared with the si-NC group
(Fig. 5G and H). Moreover, luciferase detection and ChIP
assay both demonstrated the binding ability of FOXO4 and
CTRP6 promoter (Fig. 51 and J). These results indicated that
FOXO4 inhibited expression of CTRP6.

Knockdown of FOXO4 regulates expression of CTRP6
to protect against OGD/R-induced HCMEC/D3 cell
damage. CTRPG6 interference plasmid was constructed and
si-CTRP6#2 was selected for subsequent experiments due
to its strong interference efficiency (Fig. 6A and B). TUNEL
assay and western blotting showed that, compared with
the OGD/R + si-FOXO04 + si-NC group, cell apoptosis in
OGD/R + si-FOXO04 + si-CTRP6 group was significantly
increased, accompanied by decreased expression of Bcl-2
and increased expression of Bax and cleaved caspase 3
(Fig. 6C and D). FITC-Dextran assay results showed that
interference with CTRPG6 significantly reversed the inhibitory
effect of FOXO4 interference on OGD/R-induced endothe-
lial permeability (Fig. 7A). IF assay showed that compared
with the OGD/R + si-FOXO04 + si-NC group, expression of
Z0O-1 in the OGD/R + si-FOXO4 + si-CTRP6 group was
significantly decreased (Fig. 7B). Moreover, western blot-
ting showed that compared with the OGD/R + si-FOXO4 +
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Figure 2. Knockdown of FOXO4 promotes OGD/R-induced HCMEC/D3 cell apoptosis. (A) Apoptosis was detected by TUNEL assay. (B) Western blotting
detected expression of apoptosis-associated proteins. ““P<0.001 vs. control; #P<0.01, #*P<0.001 vs. OGD/R + si-NC. OGD/R, oxygen-glucose depriva-
tion/reoxygenation; FOXO4, forkhead box protein O4; NC, negative control; si, small interfering.

si-NC group, expression of ZO-1, occludin and claudin-5 in
the OGD/R + si-FOXO4 + si-CTRP6 group was significantly
decreased (Fig. 7C). In addition, compared with the OGD/R +
si-FOXO4 + si-NC group, the activities of oxidative stress
indicators SOD and GSH-Px were decreased in the OGD/R
+ si-FOXO04 + si-CTRP6 group, while ROS levels increased
(Fig. 7D). Moreover, decreased levels of inflammatory cyto-
kines IL-6, IL-1 and TNF-a in the OGD/R + si-FOXO4 +
si-NC group were significantly increased in the OGD/R +
si-FOXO4 + si-CTRP6 group (Fig. 7E).

Knockdown of FOXO4 regulates CTRP6 expression to
protect against OGD/R-induced HCMEC/D3 cell injury
via the AMPK/Nrf2/heme oxygenase-1 (HO-1) pathway.
Expression of AMPK/Nrf2/HO-1 pathway-associated
proteins phosphorylated (p-)AMPK, Nrf2 and HO-1 were
significantly decreased following OGD/R induction. After
interfering with the expression of FOXO4, expression of
p-AMPK, Nrf2 and HO-1 in OGD/R-induced HCMEC/D3
cells was increased. Compared with the OGD/R + si-FOX04
+ si-NC group, the expression of p-AMPK, Nrf2 and HO-1
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Figure 3. Knockdown of FOXO4 improves OGD/R-induced HCMEC/D3 cell barrier dysfunction. (A) FITC-Dextran kit was used to detect endothelial perme-
ability. (B) Immunofluorescence detected expression of tight junction protein ZO-1. (C) Western blotting detected the expression of tight junction proteins
Z0-1, occludin and claudin-5. *“P<0.001 vs. control; “P<0.05, #P<0.01, ##P<0.001 vs. OGD/R + si-NC. OGD/R, oxygen-glucose deprivation/reoxygenation;
FOXO04, forkhead box protein O4; NC, negative control; ZO-1, zonula occludens-1; si, small interfering.

in the OGD/R + si-FOXO4 + SI-NC group was significantly
decreased (Fig. 8).

Discussion

IS exerts damaging effects on cerebral microcirculation
such as oxidative stress, excessive secretion of inflammatory
mediators, leukocyte infiltration, increased permeability of
microvessels, destruction of the blood-brain barrier (BBB) and
calcium overload (13). BMECs, highly specialized endothelial
cells, are a core component of the BBB and play an impor-
tant role in maintaining the function of the BBB, dynamic
balance of the cerebral microvascular system and normal
cerebral blood flow (14). BMECs are key targets affected
by cerebral ischemic injury (15,16). BMECs are sensitive to
ischemia and hypoxia (17). Multiple studies have used OGD/R
to induce BMEC ischemic injury in vitro (18,19). After

cerebral ischemic injury, BMECs shed and denature from
the vascular wall, leading to release of inflammatory factors
TNF-a, IL-1p and IL-6 (20). The permeability of the BBB is
increased, and the structural and functional integrity of cells
is damaged, resulting in endothelial cell dysfunction and
brain parenchymal injury (21). In the present study, following
OGD/R induction, cell viability was decreased and apoptosis,
inflammatory factor release and oxidative stress levels were
increased. Moreover, HCMEC/D3 cell barrier function was
impaired following OGD/R induction. These results indicated
that a BMEC injury model was successfully constructed.
Previous studies have shown that FOXO4 is highly
expressed during IRI in the liver (9), kidney (5) and heart (22).
In addition, FOXO4 is expressed in OGD/R-treated human
cortical neurons, suggesting that FOXO4 may participate in
cerebral stroke (23). To the best of our knowledge, the present
study is the first to demonstrate that FOXO4 expression is
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Figure 4. Knockdown of FOXO4 alleviates OGD/R-induced oxidative stress and inflammation in HCMEC/D3 cells. (A) Levels of oxidative stress-associated
indicators SOD, GSH-Px and ROS. (B) ELISA was used to detect levels of inflammatory cytokines in cells. ““P<0.001 vs. control; “P<0.01, ##P<0.001 vs.
OGD/R + si-NC. OGD/R, oxygen-glucose deprivation/reoxygenation; FOXO4, forkhead box protein O4; NC, negative control; SOD, superoxide dismutase,
GSH-Px, glutathione peroxidase; ROS, reactive oxygen species; si, small interfering.

abnormally elevated in OGD/R-induced HCMEC/D3 cells.
Apoptosis is a process of programmed cell death that is
involved in the pathogenesis of CIRI (24,25). FOXO4 can
contribute to apoptosis during hepatic (9), myocardial (22)
and renal IRI (5). In the present study, it was observed that
interference with FOXO4 expression significantly inhibited
OGD/R-induced HCMEC/D3 cell apoptosis, accompanied
by elevated anti-apoptotic Bcl-2 expression and decreased
pro-apoptotic Bax and cleaved caspase 3 expression. The
destruction of the BBB is a key factor in the occurrence and
development of IS (26,27). The BBB is mainly composed of
BMEC:s, tight junction structures, pericytes, astrocytes, foot
processes and basement membranes (14). These structures
and biological properties enable it to selectively control the
exchange of substances between blood and brain tissue,
serving a key role in maintaining the homeostasis of the central
nervous system environment (14). Tight junction proteins,
including ZO-1, claudin-5 and occludin, are key in regulating
the integrity and permeability of BBB and are disrupted and
redistributed following IS (28). In the present study, FOXO4
silencing promoted ZO-1, claudin-5 and occludin expression,
indicating that FOXO4 downregulation improved the barrier
dysfunction in OGD/R-exposed HCMEC/D3 cells. Oxidative

stress and inflammatory response are common events
responsible for CIRI (29). Oxidative stress-activated FOXO
proteins (30) regulate the expression of oxidative stress-related
genes (31). Moreover, FOXO4 knockdown decreases ROS
generation and increases SOD and GSH-Px activities following
IRI (10,22). Here, in OGD/R-exposed HCMEC/D3 cells,
interference with FOXO4 served a protective role in oxidative
stress, demonstrated by improved SOD and GSH-Px activi-
ties and decreased ROS levels. Furthermore, downregulation
of FOXO4 decreased levels of proinflammatory cytokines
including IL-6,IL-1$ and TNF-a. These results suggested that
interference with FOXO4 expression might inhibit oxidative
stress, inflammation and apoptosis in cell damage in CIRI.
FOXO4 is a transcription factor that binds to the promoters
of a broad variety of target genes and controls several cellular
processes (32). For example, FOXO4 aggravates apoptosis
and oxidative stress of H/R-induced cardiomyocytes through
negative modulation of USP10 transcription (10). In the
present study, the binding sites of transcription factor FOXO4
and CTRP6 promoter were predicted using the HDOCK
SERVER database. The binding between FOXO4 and the
CTRP6 promoter was further verified by mechanism assays
and CTRP6 expression was demonstrated to be depleted
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Figure 5. Knockdown of FOXO4 regulates CTRP6 transcription in HCMEC/D3 cells. (A) HDOCK SERVER database predicted the binding of FOXO4 to
CTRP6. (B) Potential binding sequences between FOXO4 and CTRP6 promoter were predicted by JASPAR database. Expression of CTRP6 was detected
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after FOXO4 was overexpressed and to be raised when OGD/R-induced HCMEC/D3 cell damage. CTRP is a highly
FOXO4 was down-regulated, suggesting that FOXO4 could conserved family of adiponectin-like proteins involved in a
transcriptionally inhibit expression of CTRP6. Furthermore,  variety of physiological processes, such as cell proliferation,
it was hypothesized that knockdown of FOXO4 could upregu-  lipid metabolism, insulin sensitivity, energy balance and
late the expression of CTRP6, thereby protecting against  cardiac protection (33). CTRP6 decreases damage of the central
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Figure 6. Knockdown of FOXO4 regulates expression of CTRP6 to protect against OGD/R-induced HCMEC/D3 cell damage. CTRP6 interference plasmid
was transfected. (A) Reverse transcription-quantitative PCR and (B) western blotting detected transfection efficiency. ““P<0.001 vs. si-NC. (C) Apoptosis was
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CTRP6, Clg/tumor necrosis factor-related protein 6; si, small interfering.
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Figure 8. Knockdown of FOXO4 regulates expression of CTRP6 to protect against OGD/R-induced HCMEC/D3 cell damage via the AMPK/Nrf2/HO-1
pathway. Western blotting detected expression of AMPK/Nrf2/HO-1 pathway-associated proteins p-AMPK, Nrf2 and HO-1. "“P<0.001 vs. control; "*P<0.001
vs. OGD/R; ©P<0.05, ®®P<0.01 vs. OGD/R + si-FOXO4 + si-NC. OGD/R, oxygen-glucose deprivation/reoxygenation; FOXO4, forkhead box protein O4; NC,
negative control; CTRP6, Clg/tumor necrosis factor-related protein 6; HO-1, heme oxygenase-1; si, small interfering; p-, phosphorylated.

nervous system induced by sevoflurane by promoting expres-
sion of p-Akt (34). CTRP6 protects against CIRI by reducing
inflammation, oxidative stress and apoptosis of rat pheochro-
mocytoma (PC12) cells (35). CTRP6 improves peroxisome
proliferator-activated receptor 7y activation to relieve vascular
endothelial dysfunction in angiotensin II-induced hyperten-
sion and spontaneously hypertensive rats (36). These results
indicate that CTRP6 serves an important role in the occur-
rence and development of cerebral ischemia. In the present
study, inhibition of CTRP6 partially reversed the suppressive
effect of FOXO4 knockdown on apoptosis, BBB dysfunction
and oxidative stress in OGD/R-exposed HCMEC/D3 cells.
The downstream pathway of CTRP6 was investigated.
CTRP6 regulates microRNA-34a-5p expression via the
AMPK/sirtuin 1 pathway to inhibit TNF-a-induced apoptosis

of salivary gland cells (37). In renal fibrosis, CTRP6 inhibits
extracellular matrix deposition and promotes AMPK phos-
phorylation by promoting fatty acid oxidation (38). Palmatine
prevents CIRI by activating the AMPK/Nrf2 pathway (39).
Salvinorin A alleviates BBB and brain microvascular endo-
thelial cell injury following IRI and alleviates endoplasmic
reticulum stress of endothelial cells viathe AMPK pathway (40).
MitoQ protects against BMEC damage induced by high
glucose levels via the Nrf2/HO-1 pathway (41). Therefore, it
was hypothesized that FOXO4 could regulate CTRP6 and
downstream AMPK/Nrf2/HO-1 signaling, thus serving a role
in OGD/R-induced BMEC injury. In the present study, FOXO4
depletion regulated expression of CTRP6, thereby modulating
the AMPK/Nrf2/HO-1 signaling pathway. However, inhibitors
or activators of the AMPK/Nrf2/HO-1 pathway were not used
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to explore the mechanism, which is a limitation of the present
study and requires further exploration in future experiments.
Furthermore, middle cerebral artery occlusion is the most
widely used IS model (42). Hence, animal experiments should
be performed to focus on the effects of FOXO4 and CTRP6
on CIRI using middle cerebral artery occlusion models to
corroborate the findings of the present study. Moreover, the
specific role of FOXO4 and CTRP6 in the infarction area in
the brain needs to be investigated in in vivo models.

Overall, FOX0O4 knockdown activated expression of
CTRP6 to protect against cerebral microvascular endothelial
cell injury induced by OGD/R via the AMPK/Nrf2/HO-1
pathway. The present study suggested that FOXO4 and CTRP6
might serve as promising biomarkers for IS.
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