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CKLF1, transcriptionally activated by FOXC1, promotes
hypoxia/reoxygenation-induced oxidative stress and inflammation
in H9¢2 cells by NLRP3 inflammasome activation
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Abstract. Myocardial ischemia/reperfusion (I/R) injury is a
clinical challenge in the treatment of ischemic heart disease.
The present study aimed to establish a hypoxia/reoxygenation
(H/R)-induced H9¢2 cell model to explore the role and mecha-
nism of chemokine-like factor 1 (CKLF1) in myocardial I/R
injury. First, CKLF1 expression was measured in H/R-induced
HOc2 cells by reverse transcription-quantitative PCR and
western blotting. Subsequently, after CKLF1 silencing, cell
viability and apoptosis were evaluated by Cell Counting Kit-8
assay and flow cytometry. In addition, 2,7-dichlorodihydro-
fluorescein diacetate staining was used to assess the levels
of cellular reactive oxygen species. Additionally, the levels of
superoxide dismutase, glutathione peroxidase and malondial-
dehyde, and the contents of inflammatory factors IL-6, IL-1p
and TNF-a were detected using corresponding commer-
cially available kits. Western blotting was used to examine
the expression levels of proteins involved in the NOD-like
receptor family, pyrin domain containing 3 (NLRP3) inflam-
masome. The JASPAR database predicted that forkhead box
protein C1 (FOXC1) would bind to the CKLF1 promoter
region, and dual luciferase and chromatin immunoprecipita-
tion assays were performed to verify it. Subsequently, FOXC1
overexpression and CKLF1 silencing were used to clarify the
regulatory mechanism of FOXC1 on CKLF1 in H/R-induced
HO9c2 cells. The results revealed that CKLF1 expression was
markedly enhanced in H/R-stimulated H9¢c2 cells. CKLF1
knockdown enhanced the viability and inhibited the apoptosis
of H9c2 cells exposed to H/R. Moreover, the oxidative stress
and inflammation induced by H/R were alleviated following
CKLF1 silencing. CKLF1 knockdown also inhibited NLRP3
inflammasome activation. Furthermore, FOXC1 bound to
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the CKLF1 promoter region to upregulate CKLF1 expres-
sion, and FOXCI1 overexpression alleviated the effects of
CKLF1 knockdown on H9c2 cell damage induced by H/R
via activation of the NLRP3 inflammasome. In conclusion,
CKLF1 transcriptionally activated by FOXC1 may promote
H/R-induced oxidative stress and inflammation in H9¢c2 cells
via NLRP3 inflammasome activation.

Introduction

Acute myocardial infarction (AMI), which has been reported
to be a main cause of death and disability worldwide, is a
severe cardiovascular disease that results from the acute loss
of viable myocardium due to hypoxia (1). Restoring blood flow
to the ischemic area, namely reperfusion therapy, is the most
common treatment for AMI, but it can sometimes abnormally
aggravate myocardial injury, myocardial cell death and cause
additional cardiac dysfunction in clinical practice in a process
known as myocardial ischemia/reperfusion (I/R) injury (2).
As a complex pathophysiological process during hypoxia and
subsequent reperfusion, myocardial I/R has been reported to
be promoted by oxidative stress radicals, inflammation and
apoptosis in previous studies (3-5). However, the exact molec-
ular mechanism remains unknown. Therefore, clarifying the
mechanisms underlying the progression of myocardial I/R
injury is necessary for identifying new therapeutic strategies
and medicines.

Chemokine-like factor 1 (CKLF1) is a member of the
CKLF protein family that has multiple biological functions,
including chemotactic activities, inducing cell growth in
multiple organs, and regulating vascular smooth muscle cell
migration and proliferation after vascular injury (6-8). An
increasing number of studies has validated the relationship
between CKLFI1 and ischemic disease. For example, CKLF1
aggravates early focal cerebral ischemic injury by regulating
the polarization of microglia/macrophages to M1 type (9).
Conversely, by promoting energy metabolism and inhibiting
apoptosis, CKLF1 knockdown improves focal cerebral isch-
emia (10). Furthermore, IMM-HO004 can downregulate the
expression of CKLF1 to restrain activation of the NOD-like
receptor family, pyrin domain containing 3 (NLRP3)
inflammasome and the subsequent inflammatory reaction,
ultimately protecting the ischemic brain (11). In addition,
CKLF1 has been reported to be upregulated during hepatic
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I/R, and CKLF]1 inhibition can reduce neutrophil infiltration
and decrease the inflammatory response to alleviate hepatic
I/R injury (12). However, the role of CKLF1 in myocardial
I/R injury has rarely been studied (13,14). The JASPAR
database (https://jaspar.genereg.net/) indicated the putative
forkhead box protein C1 (FOXC1)-binding site on the CKLF1
promoter. A previous study suggested that FOXCI is a
hypoxia-activated transcription factor that can promote lung
cancer cell growth (15). Of note, FOXCI can be induced to
promote the inflammatory response and cell damage during
myocardial ischemia (16). Therefore, the present study focused
on whether CKLF1 could be transcriptionally activated by the
transcription factor FOXC1 to participate in the progression of
myocardial I/R.

In the present study, the hypoxia/reoxygenation
(H/R)-induced H9c2 rat cardiomyoblast cell injury model was
established to mimic myocardial I/R injury in vitro with the
aim of investigating the effects of CKLF1 and FOXC1 on H/R
injury from the perspectives of oxidative stress, inflammation
and apoptosis. The present findings may provide information
on the mechanisms underlying myocardial I/R and could aid
the development of future therapies.

Materials and methods

Cell culture and H/R induction. The rat cardiomyoblast
cell line H9¢2 was obtained from The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences.
The cells were placed in a constant temperature incubator
at 37°C and 5% CO,,and were maintained in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (HyClone; Cytiva). To simulate myocardial
I/R in vitro, H9c2 cells at 80% confluence were transferred
to serum- and glucose-free DMEM, and were cultivated in a
hypoxic atmosphere of 0.1% O,, 95% N, and 5% CO, for 6 h.
Subsequently, the cells were maintained in the incubator with
normal DMEM under normoxic conditions in the presence of
95% air and 5% CO, for 12 h for reoxygenation (17,18). H9c2
cells in the control group were cultured under normal culture
conditions.

Transfection. For transfection, CKLF1 small interfering
RNASs (siRNAs) (si-CKLF1#1 sense, 5'-GTCTTGACAAGA
CAATGAGATCT-3', antisense, 5'-AGATCTCATTGTCTT
GTCAAGAC-3'; si-CKLF1#2 sense, 5'-GCCTTTGCTTGA
TGTTATCAACT-3', antisense, 5'-"AGTTGATAACATCAA
GCAAAGGC-3'), negative control siRNA (si-NC sense,
5-CCTTATGTACGTTGATTCAGTACA A-3', antisense
5'-TTGTACTGAATCAACGTACATAAGG-3"), FOXC1
pcDNA3.1 plasmid (Oe-FOXC1) and empty vector (Oe-NC)
were synthesized by Shanghai GeneChem Co., Ltd. H9¢c2
cells at the logarithmic phase were seeded in a 6-well plate
(1x10° cells/well) and were incubated at 37°C until they
reached 80% confluence. Subsequently, 100 nM of recom-
binants were transfected into H9c2 cells at 37°C for 48 h
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
After 48 h, cells were collected and further experiments
were performed. For H9c2 cells both subjected to H/R stim-
ulation and co-transfection with si-CKLF1 and Oe-FOXCI1,

cells were pre-transfected for 48 h and then received H/R
stimulation.

Cell viability assay. H9c2 cells were plated into a 96-well plate
at a density of 1x10* cells/well. Following H/R stimulation and
indicated transfection, 10 ul Cell Counting Kit-8 (CCK-8)
solution (Sangon Biotech Co., Ltd.) was added to each well
and incubated for 3 h at 37°C. The absorbance was detected
at a wavelength of 450 nm using a microplate reader (BioTek
Instruments, Inc.) to evaluate the viability of H9c2 cells.

Flow cytometric analysis. The apoptotic rate of H9c2 cells was
determined following H/R stimulation and indicated transfec-
tion using an Annexin V-fluorescein isothiocyanate (FITC)
kit (Shanghai GeneChem Co., Ltd.) according to the manufac-
turer's instructions. H9¢2 cells were obtained and resuspended
in 500 g binding buffer. Subsequently, 100 pl cell suspension
was transferred to a tube, to which 5 ul Annexin V-FITC and
10 ul propidium iodide was added. The mixture was incu-
bated at room temperature for 5 min in dark. Finally, treated
cells were analyzed using a flow cytometer (FACSCalibur;
BD Biosciences) and Flowjo vX.0.7 software (FlowJo LLC)
was used. Apoptotic cells were counted and expressed as a
percentage of the total cell count.

Measurement of caspase 3 activity. Caspase 3 activity
was measured using a caspase 3 colorimetric assay kit
(cat.no. C1115; Beyotime Institute of Biotechnology) according
to the manufacturer's guidelines. H9c2 cells were lysed in
RIPA lysis buffer (cat. no. PO013B; Beyotime Institute of
Biotechnology) and the lysates were centrifuged at 12,000 x g
for 10 min at 4°C. Cell lysates were then incubated with
caspase 3 substrate (Ac-DEVD-pNA) for 2 h at 37°C in the
dark. The relative fluorescence was detected at 450 nm using a
fluorescence plate reader.

Evaluation of intracellular reactive oxygen species (ROS).
The measurement of intracellular ROS production was
performed using the ROS assay kit (cat. no. S0033S;
Beyotime Institute of Biotechnology) using the fluorescent
probe 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA).
Following transfection and/or H/R treatment, H9¢c2 cells were
incubated with 10 yzmol/l DCFH-DA for 20 min at 37°C in the
dark. After washing three times with PBS, the fluorescence
intensity of cells in each group was detected using a fluores-
cence spectrophotometer with 488 nm excitation and 525 nm
emission filters.

Detection of oxidative stress indicators. After H/R stimula-
tion and indicated transfection, H9c2 cells were centrifuged
at 1,500 x g for 10 min at 4°C. The activities of superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px), and
the content of malondialdehyde (MDA) in the supernatant of
HOc2 cells were tested using SOD assay kits (cat. no. SO086;
Beyotime Institute of Biotechnology), GSH-Px assay kits
(cat.no. A005-1-2; Nanjing Jiancheng Bioengineering Institute)
and MDA assay kits (cat. no. A003-1-2; Nanjing Jiancheng
Bioengineering Institute), respectively, according to the manu-
facturer's protocols. The optical density was measured using a
microplate reader (BioTek Instruments, Inc.).
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ELISA. After H/R stimulation and indicated transfection,
HO9c2 cells were centrifuged at 2.000 x g for 5 min at 4°C. The
levels of tumor necrosis factor-a (TNF-a), interleukin (IL)-6
and IL-1p in the culture supernatant were detected using
ELISA kits for TNF-a (cat. no. F3768; Shanghai Westang
Biotechnology Co., Ltd.), IL-6 (cat. no. F3743; Shanghai
Westang Biotechnology Co., Ltd.) and IL-1f (cat. no. F3739;
Shanghai Westang Biotechnology Co., Ltd.). All experimental
procedures were conducted in accordance with the manufac-
turer's guidelines.

Reverse transcription-quantitative PCR (RT-qPCR). After
H/R stimulation and indicated transfection, TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to isolate
total RNA from H9c2 cells according to the manufacturer's
recommendations. cDNA was synthesized from total RNA
using the Prime Script RT Reagent Kit with gDNA Eraser
(Takara Biotechnology Ltd.) according to the manufacturer's
instructions. gPCR was performed using SYBR Green master
mix (Vazyme Biotech Co., Ltd.) and detected on an ABI Prism
7500 Sequence Detector (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The following thermocycling conditions were
used for qPCR: 95°C for 10 min; followed by 40 cycles of
95°C for 10 sec and 60°C for 60 sec. The following primer
pairs were used for gPCR: CKLF1 forward, 5'-GTTGAAGTT
GTTGCGCGAGT-3' and reverse, 5-ATACGGTTCAGGGGC
TTGTG-3"; FOXC1 forward, 5'-CTATCCAGAATGCCCCGG
AC-3" and reverse, 5'-CGTACCGTTCTCCGTCTTGA-3';
GAPDH forward, 5-GCATCTTCTTGTGCAGTGCC-3' and
reverse, 5-GATGGTGATGGGTTTCCCGT-3'. GAPDH was
used as an internal reference and the 2244 method (19) was
used for the calculation of relative mRNA expression levels.

Western blot analysis. After H/R stimulation and indicated
transfection, H9¢2 cells were lysed in RIPA lysis buffer and
the lysates were centrifuged at 12,000 x g for 10 min at 4°C
to obtain proteins. The protein concentration was determined
using the bicinchoninic acid method. Equal amounts of protein
(40 pg) were separated by SDS-PAGE on 10% gels and were
then transferred to PVDF membranes. After blocking in 5%
non-fat milk for 1 h at room temperature, the membranes
were probed with primary antibodies overnight at 4°C,
followed by incubation with a HRP-conjugated secondary
antibody (1:5,000; cat. no. 7074P2; Cell Signaling Technology,
Inc.) at room temperature for 1 h. Immunoreactive proteins
were visualized using an enhanced chemiluminescence kit
(Thermo Fisher Scientific, Inc.) and gray intensity analysis
was performed using ImagelJ 1.8.0 software (National
Institutes of Health). The expression levels of specific protein
were normalized to GAPDH. The primary antibodies
used in the present study were as follows: CKLF1 (1:1,000;
cat. no. ab180512), Bcl-2 (1:2,000; cat. no. ab196495), NLRP3
(1:1,000; cat. no. ab263899), IL-18 (1:1,000; cat. no. ab191860)
and IL-1p (1:1,000; cat. no. ab254360) (all from Abcam);
gasdermin D N-terminal domain (GSDMD-N; 1:200;
cat. no. DF13758; Affinity Biosciences); FOXC1 (1:1,000;
cat. no. 8758S), Bax (1:1,000; cat. no. 14796S), cleaved PARP
(1:1,000; cat. no. 94885S), PARP (1:1,000; cat. no. 9532T),
caspase 1 (1:1,000; cat. no. 83383S) and GAPDH (1:1,000;
cat. no. 5174T) (all from Cell Signaling Technology, Inc.).

Dual-luciferase reporter assay. Lipofectamine 3000 was
used to co-transfect H9c2 cells with pGL3 vectors (Promega
Corporation) containing the wild-type (WT) CKLF1
promoter sequence or the corresponding mutant CKLF1
promoter sequence, and Oe-FOXC1 or Oe-NC. A total of 48 h
post-transfection, the firefly and Renilla luciferase activities
were detected using a dual luciferase reporter assay system
(Promega Corporation). The results obtained were normalized
to Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP) assay. The binding
of FOXCI to the CKLFI1 promoter was validated using a
ChIP assay kit (Beyotime Institute of Biotechnology). H9c2
cells were cross-linked with 1% formaldehyde solution for
10 min at 37°C. Subsequently, the cross-linking reaction was
quenched with 1.1 ml glycine solution (10X). DNA fragments
were extracted by sonication using a 10 sec on and 10 sec off
mode for 12 cycles at 4°C and immunoprecipitated overnight
at 4°C with anti-FOXCI1 (cat. no. ab227977; 1:50; Abcam)
or negative control IgG antibodies (cat. no. 3423; 1:20; Cell
Signaling Technology). The DNA isolated through ChIP reac-
tions was evaluated using PCR as aforementioned.

Statistical analysis. GraphPad Prism 8.0 (Dotmatics) was used
for statistical analysis. All experimental data are presented as
the mean =+ standard deviation from three experiments. The
statistical significance between two groups was analyzed using
an unpaired Student's t-test. One-way analysis of variance
followed by Tukey's post-hoc test was performed to compare
the data of multiple groups. P<0.05 was considered to indicate
a statistically significant difference.

Results

CKLF1 is significantly upregulated in H/R-induced H9c2 cells.
HOc2 cells exposed to H/R were used to establish an in vitro
model of myocardial I/R injury. The results of RT-qPCR and
western blotting indicated that H/R stimulation significantly
upregulated the expression levels of CKLF1 compared with
those in the control group (Fig. 1A and B). Subsequently,
CKLF1 was silenced by transfection with siRNAs targeting
CKLF1. Transfection with si-CKLF1#1 and si-CKLF1#2 led
to significantly reduced CKLF1 expression when compared
with the si-NC group (Fig. 1C and D). It is worthwhile to
mention that si-CKLF1#1 was selected for subsequent experi-
ments due to its better knockdown efficacy.

CKLFI knockdown inhibits the apoptosis, oxidative stress
and inflammation of H/R-induced H9c2 cells. Cell viability
was evaluated using the CCK-8 assay in the presence or
absence of H/R and si-CKLFI1. As shown in Fig. 2A, H/R
stimulation significantly decreased the viability of H9¢c2 cells
when compared with the control group; however, this was
reversed by CKLF1 silencing. In addition, the percentage of
apoptotic H9¢2 cells was significantly elevated following H/R
induction, whereas CKLF1 knockdown partially alleviated the
H/R-triggered increase in apoptosis (Fig. 2B). Furthermore,
HO9c2 cells under H/R conditions exhibited enhanced caspase
3 activity, upregulated Bax and cleaved PARP expression, and
downregulated Bcl-2 expression compared with that in the
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Figure 1. CKLF1 is significantly upregulated in H/R-induced H9¢2 cells. CKLF1 mRNA and protein expression levels were detected in H/R-induced H9¢c2
cells using (A) RT-qPCR and (B) western blotting. “P<0.01, “"P<0.001 vs. control. CKLF1 mRNA and protein expression levels were detected in H9¢2 cells
post-transfection with si-CKLF1#1 and si-CKLF1#2 using (C) RT-qPCR and (D) western blotting. ““"P<0.001 vs. si-NC. CKLF1, chemokine-like factor 1; H/R,
hypoxia/reoxygenation; NC, negative control; RT-qPCR, reverse transcription-quantitative PCR; si, small interfering.

control group (Fig. 2C and D). However, CKLF1 knockdown
attenuated the effects of H/R on the levels of caspase 3, Bax,
cleaved PARP and Bcl-2. Subsequently, the levels of intracel-
lular ROS were evaluated using DCFH-DA as a fluorescent
probe in H9c2 cells exposed to H/R conditions. Markedly
enhanced fluorescence intensity was observed in the H/R
group compared with that in the control group (Fig. 2E). By
contrast, CKLF1 silencing reduced the fluorescence intensity
induced by H/R exposure. Furthermore, compared with that
in the control group, H/R stimulation promoted the oxida-
tive stress and inflammation of H9¢c2 cells, as evidenced by
decreased SOD and GSH-Px activities, and increased MDA,
TNF-a, IL-6 and IL-1p contents (Fig. 2F-K). Conversely,
CKLF1 knockdown relieved the effects of H/R on the afore-
mentioned oxidative stress and inflammation-related factors.
These findings indicated that interference with CKLF1
inhibited the apoptosis, oxidative stress and inflammation of
H/R-induced H9¢2 cells.

CKLF1 knockdown suppresses NLRP3 inflammasome
activation in H/R-induced H9c2 cells. The results of
western blotting indicated that H/R led to the activation of
NLRP3 inflammasome signaling by upregulating NLRP3,
GSDMD-N, IL-18, IL-1p and caspase 1 expression (Fig. 3).
Notably, CKLF1 knockdown contributed to the inactivation
of NLRP3 inflammasome signaling compared with the H/R
+ si-NC group. These results suggested that CKLF1 silencing
suppressed the oxidative stress, inflammation and NLRP3
inflammasome activation in H/R-induced H9c2 cells.

CKLF] is transcriptionally activated by FOXCI in H9c2
cells. The putative FOXCI-binding site on the CKLF1

promoter was identified using the JASPAR database
(Fig. 4A). As shown in Fig. 4B and C, H9c2 cells under H/R
conditions exhibited higher FOXC1 expression than that in
the control group. Significantly elevated FOXC1 expression
was observed after Oe-FOXC1 transfection (Fig. 4D and E).
Moreover, FOXCI1 overexpression significantly increased the
luciferase activity in the CKLF1-WT group when compared
with the Oe-NC group (Fig. 4F). ChIP assay also demon-
strated that FOXC1 could bind with the CKLF1 promoter
region (Fig. 4G). Furthermore, enhanced CKLF1 mRNA
and protein expression levels were found in HO9c2 cells
in the Oe-FOXC1 group compared with the Oe-NC group
(Fig. 4H and I). These results suggested that FOXC1 could
transcriptionally activate CKLF1 and upregulate CKLF1
expression in H9¢2 cells.

FOXCI overexpression alleviates the inhibitory effects of
CKLFI knockdown on the apoptosis, oxidative stress and
inflammation of H/R-induced H9c2 cells. FOXCI1 was over-
expressed in H9c2 cells to further explore whether FOXCI
transcriptionally activated CKLF]1 to regulate H/R-induced
damage. As shown in Fig. 5A, compared with in the H/R +
si-CKLF1 + Oe-NC group, FOXC1 overexpression increased
the apoptotic rate of H9c2 cells. In addition, FOXCI1 overex-
pression elevated caspase 3 activity in H9c2 cells exposed
to H/R; however, there was no significant difference when
compared with the Oe-NC group (Fig. 5B). Furthermore,
Bcl-2 expression was significantly decreased, and Bax and
cleaved PARP expression was significantly increased in the
H/R + si-CKLF1 + Oe-FOXCI1 group when compared with
the H/R + si-CKLF1 + Oe-NC group (Fig. 5C). As shown in
Fig. 5D-G, FOXCI overexpression in H9c2 cells transfected
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Figure 2. CKLF1 knockdown inhibits the apoptosis, oxidative stress and inflammation of H/R-induced H9c2 cells. (A) Cell viability was assessed by Cell
Counting Kit-8 assay. (B) Apoptotic rate was measured by flow cytometric analysis. (C) Caspase 3 activity was detected using a caspase 3 colorimetric assay
kit. (D) Western blotting was used to evaluate the expression levels of apoptosis-related proteins. (E) Intracellular reactive oxygen species were evaluated
using 2,7-dichlorodihydrofluorescein diacetate as a fluorescent probe in H9¢2 cells exposed to H/R conditions. The activities of (F) SOD and (G) GSH-Px,
and the levels of (H) MDA, (I) TNF-a, (J) IL-6 and (K) IL-1f3 were examined using commercially available kits. ““P<0.001 vs. control; “#P<0.001 vs. H/R +
si-NC. CKLF1, chemokine-like factor 1; GSH-Px, glutathione peroxidase; H/R, hypoxia/reoxygenation; IL, interleukin; MDA, malondialdehyde; NC, negative
control; si, small interfering; SOD, superoxide dismutase; TNF-o, tumor necrosis factor-a.

with si-CKLF1 under H/R conditions exhibited elevated
oxidative stress compared with that in the H/R + si-CKLF1
+ Oe-NC group, as evidenced by the enhanced fluorescence
intensity, increased MDA content, and decreased SOD and
GSH-Px activities. Furthermore, the levels of inflammatory
factors, including TNF-a, IL-6 and IL-1§, were significantly
elevated in the H/R + si-CKLF1 + Oe-FOXCI1 group compared
with those in the H/R + si-CKLF1 + Oe-NC group (Fig. 5H-J).
These findings indicated that FOXC1 overexpression partially
reversed the inhibitory effects of CKLF1 knockdown on the
apoptosis, oxidative stress and inflammation of H/R-induced
HO9c2 cells.

FOXCI overexpression reverses the effects of CKLFI
knockdown on H/R-induced H9c2 cell damage via NLRP3
inflammasome signaling. Post-transfection with Oe-FOXC1
and si-CKLF1 in H9c2 cells exposed to H/R, the expression
levels of proteins associated with NLRP3 inflammasome

signaling were assessed by western blotting. As shown in Fig. 6,
FOXC1 overexpression in H9c2 cells with CKLF1 knock-
down led to markedly increased expression levels of NLRP3,
GSDMD-N, IL-18, IL-1p and caspase 1. Taken together, these
findings indicated that CKLF1 silencing, potentially mediated
by FOXC1 downregulation, suppressed H/R-induced H9c2
cell damage by inhibiting NLRP3 inflammasome activation.

Discussion

Excessive apoptosis has long been considered a promoting
factor for the pathological progression of myocardial I/R injury,
and intervening in myocardial apoptosis is considered a prom-
ising approach in the prevention and reduction of myocardial
I/R injury (20,21). Bcl-2 and Bax are two important proteins
in the Bcl-2 protein family, which serve anti-apoptotic and
pro-apoptotic roles in intrinsic apoptosis, respectively (22).
PARP has a crucial role in DNA damage repair and loses its
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Figure 3. CKLF1 suppresses NLRP3 inflammasome activation in H/R-induced H9¢c2 cells. Proteins related to NLRP3 inflammasome signaling were assessed

by western blotting. ““P<0.001 vs. control; “*P<0.001 vs. H/R + si-NC. CKLF1, chemokine-like factor 1; GSDMD-N, gasdermin D N-terminal domain; H/R,
hypoxia/reoxygenation; IL, interleukin; NC, negative control; NLRP3, NOD-like receptor family, pyrin domain containing 3; si, small interfering.
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Figure 4. CKLFI may be transcriptionally activated by FOXC1 in H9¢c2 cells. (A) Binding sites between FOXC1 and CKLFI1. The expression of FOXC1 was
detected in H/R-induced H9c2 cells using (B) RT-gPCR and (C) western blotting. ““P<0.001 vs. control. The expression of FOXC1 was detected in H9¢2
cells post-transfection with OE-FOXC1 by (D) RT-qPCR and (E) western blotting. ““P<0.001 vs. Oe-NC. Binding between FOXC1 and CKLF1 promoter was
confirmed by (F) dual-luciferase reporter assay and (G) chromatin immunoprecipitation assay. “"P<0.001 vs. IgG. The expression of CKLF1 was detected in
HOc¢2 cells post-transfection with Oe-FOXC1 using (H) RT-qPCR and (I) western blotting. ““P<0.001 vs. Oe-NC. CKLF1, chemokine-like factor 1; FOXCI1,
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Figure 5. Oe-FOXCI alleviates the inhibitory effects of CKLF1 knockdown on the apoptosis, oxidative stress and inflammation of H/R-induced H9¢c2 cells.
(A) Cell apoptosis was measured using flow cytometry. (B) Caspase 3 activity was detected using a caspase 3 colorimetric assay kit. (C) Western blotting was
used to evaluate the expression of apoptosis-related proteins. (D) Intracellular reactive oxygen species were evaluated using 2,7-dichlorodihydrofluorescein
diacetate as a fluorescent probe. The activities of (E) SOD and (F) GSH-Px, and the levels of (G) MDA, (H) TNF-a, (I) IL-6 and (J) IL-1p were examined using
commercially available kits. ““P<0.001 vs. control; #*P<0.001 vs. H/R; $P<0.05, %**P<0.001 vs. H/R + si-CKLF1 + Oe-NC. CKLF1, chemokine-like factor
1; GSH-Px, glutathione peroxidase; FOXC1, forkhead box protein C1; H/R, hypoxia/reoxygenation; IL, interleukin; MDA, malondialdehyde; NC, negative

control; OE, overexpression; si, small interfering; SOD, superoxide dismutase;

activity once PARP cleavage occurs, thus accelerating the
apoptotic process (23). CKLF1, a novel chemokine discovered
in 2001, is implicated in neuronal apoptosis following cerebral
I/R, and CKLF1 inhibition has been shown to reduce Bax
expression and elevate Bcl-2 expression in brain tissues (10).
Furthermore, by attenuating CKLF1-mediated inflammation
and apoptosis, hydroxytyrosol has been reported to exert
protective effects on cisplatin-induced nephrotoxicity (24).
In the present study, to the best of our knowledge, the role of
CKLFI in H/R-induced cardiomyocyte damage was explored
for the first time. The results demonstrated that CKLF1 was
highly expressed in H/R-stimulated H9c2 cells, and CKLF1
knockdown decreased the apoptotic rate of cells, accompanied

TNF-a, tumor necrosis factor-o.

by upregulated Bcl-2 expression, and downregulated Bax and
cleaved PARP expression.

Cardiomyocytes are more susceptible to free radical
damage because they contain fewer antioxidants and antioxi-
dant enzymes, such as SOD and GSH-Px (25,26). MDA is the
crucial indicator of membrane lipid peroxidation. Excessive
ROS can cause extensive oxidative damage to cardiomyocytes,
leading to loss of cell viability and myocardial stunning (27).
Numerous studies have shown that ROS production is a hall-
mark of I/R injury, and myocardial injury caused by H/R is
closely associated with ROS production and oxidative stress
in cardiomyocytes (28,29). Inhibition of oxidative stress
and reduction of ROS production can effectively alleviate
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Figure 6. Oe-FOXCI reverses the effects of CKLF1 knockdown on H/R-induced H9¢2 cell damage via NLRP3 inflammasome signaling. The expression levels
of proteins associated with NLRP3 inflammasome signaling were assessed by western blotting post-transfection with Oe-FOXC1 and si-CKLF1 in H9¢2 cells
exposed to H/R. ""P<0.001 vs. control; ##P<0.001 vs. H/R; **P<0.01, ¥P<0.001 vs. H/R + si-CKLF1 + Oe-NC. CKLF1, chemokine-like factor 1; FOXCI,
forkhead box protein C1; GSDMD-N, gasdermin D N-terminal domain; H/R, hypoxia/reoxygenation; IL, interleukin; NC, negative control; NLRP3, NOD-like
receptor family, pyrin domain containing 3; OE, overexpression; si, small interfering.

myocardial I/R injury and protect the myocardium (30). In
addition, H/R-injured cardiomyocytes undergo processes,
such as inflammatory reactions, which lead to the overproduc-
tion and excessive release of inflammatory factors, including
TNF-a, IL-1p and IL-6 (31). Attenuating CKLF1-mediated
inflammation, oxidative stress and apoptosis has been shown
to exert protective effects on cisplatin-induced nephrotox-
icity (24). Furthermore, CKLF1 is highly expressed during
hepatic I/R, and CKLF1 inhibition attenuates neutrophil
infiltration and reduces the inflammatory response to improve
hepatic I/R injury (12). A previous study reported that
IMM-H004 downregulates the levels of CKLFI in adult and
aged rats to inhibit the inflammatory response, and further
protects from cerebral ischemia injury (32). The results of the
present study suggested that knockdown of CKLFI improved
H/R-triggered oxidative stress and inflammation in H9¢2 cells
by decreasing the contents of ROS, MDA, TNF-a, IL-1f and
IL-6, and increasing the activities of SOD and GSH-Px.
Using the JASPAR database, FOXC1 was identified as
a putative transcription factor that can bind to the CKLF1
promoter. FOXCI serves a significant role in the develop-
ment of the heart and cardiovascular system, and abnormal
FOXCI1 function has been shown to be closely related to
congenital heart disease and myocardial ischemia (16,33).
Notably, FOXCI expression can be induced by hypoxia and

it can subsequently initiate inflammatory responses and cell
injury (16). During myocardial I/R, FOXCI has been reported
to transcriptionally activate ELAVLI to induce myocardial
injury (34). Notably, suppressing FOXCI1 expression exerts
protective effects on human osteoarthritic synovial fibroblasts
by inhibiting inflammation (35). Furthermore, endogenous
ROS production in the early differentiation state of human
cells inhibits endodermal differentiation via transient FOXC1
upregulation (36). In the present study, CKLF1 was identified
as a novel target of FOXC1 via luciferase reporter and ChIP
assays. FOXC1 directly bound to the CKLFI promoter region
to upregulate CKLF1 transcription and expression.

The NLRP3 inflammasome refers to a group of multimeric
protein complexes consisting of NLRP3 and caspase 1, and
is known to be associated with multiple cellular functions,
including inflammation and apoptosis (37). Caspase 1 is the
promoter of the NLRP3 inflammasome, which induces the
production of mature IL-1f3 and IL-18 (38). Caspase 1 can also
cleave GSDMD and generate GSDMD-N oligomers within
the cell membrane, leading to disruption of the cell membrane
integrity and promoting the release of cellular contents (39).
H/R-induced upregulation of ROS production increases
NLRP3 and caspase 1 expression, and promotes the release of
pro-inflammatory cytokines (IL-18 and IL-1f) in rat cardio-
myocytes (40). An increasing number of studies has validated
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that suppression of the NLRP3 inflammasome can reduce
myocardial infarct size and limit the inflammatory response
following myocardial I/R in mice (41-43). Therefore, inhibi-
tion of NLRP3 inflammasome activation may help to mitigate
myocardial I/R injury, and the NLRP3 inflammasome may
thus be an important target for the prevention and treatment of
myocardial I/R injury. Notably, IMM-H004 can downregulate
the expression of CKLF1, thereby restraining activation of the
NLRP3 inflammasome and subsequent inflammatory reaction,
ultimately protecting the ischemic brain (11). Consistently, the
present data showed that H/R led to the activation of NLRP3
inflammasome signaling, as evidenced by upregulated expres-
sion levels of NLRP3, GSDMD-N, IL-18, IL-1f and caspase
1 in H9¢2 cells. CKLF]1 silencing inhibited activation of the
NLRP3 inflammasome, which was restored by FOXCI1 over-
expression.

In conclusion, to the best of our knowledge, this is the
first report showing that CKLF1 expression is significantly
increased in H/R-induced cardiomyocytes and CKLF1
knockdown plays inhibitory effects on H/R-triggered oxida-
tive stress and inflammation. Mechanistically, CKLF1
could be transcriptionally activated by FOXCI1 to aggravate
H/R-induced damage of H9c2 cells by regulating NLRP3
inflammasome activation. These findings may provide new
insights into the pathogenesis and treatment of myocardial
I/R injury.
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