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KLF2 alleviates endothelial cell injury and inhibits the
formation of THP‑1 macrophage‑derived foam cells
by activating Nrf2 and enhancing autophagy
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Abstract. Atherosclerosis (AS) is an important cause of
common vascular diseases. The present study aimed to inves‑
tigate whether Krüppel like transcription factor 2 (KLF2)
could protect against endothelial cell injury and promote
cholesterol excretion from foam cells through autophagy. An
in vitro AS model was established by the induction of oxidized
low‑density lipoprotein (ox‑LDL) for human umbilical vein
endothelial cells (HUVECs). Phorbol‑12‑myristate‑13‑acetate
(PMA)‑induced THP‑1 monocytes were differentiated into
macrophages which were transformed to foam cells by ox‑LDL
incubation. The expression of KLF2, adhesion factors, choles‑
terol efflux regulatory proteins and autophagy‑associated
proteins in HUVECs or/and THP‑1 monocytes was detected
by reverse transcription‑quantitative PCR and western blot
analysis. HUVECs viability, levels of inflammatory factors,
formation of foam cells and cholesterol efflux were respectively
analyzed by CCK‑8 assay, ELISA and Oil Red O staining.
KLF2 expression was decreased in ox‑LDL‑induced HUVECs.
KLF2 overexpression attenuated ox‑LDL‑induced endothe‑
lial cell injury, as evidenced by increased cell viability and
decreased levels of TNF‑α, IL‑6, IL‑1β, intercellular adhesion
molecule 1, vascular cell adhesion molecule‑1 and E‑selectin.
In addition, KLF2 overexpression inhibited the formation of
THP‑1 macrophage‑derived foam cells and promoted lipid
efflux. ox‑LDL induced decreased KLF2 expression in THP‑1
macrophage derived foam cells and KLF2 overexpression
activated Nrf2 expression and enhanced autophagy. In conclu‑
sion, KLF2 alleviated endothelial cell injury and inhibited
the formation of THP‑1 macrophage‑derived foam cells by
activating Nrf2 and enhancing autophagy.
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Introduction
Atherosclerosis (AS) is an inflammatory disease of the large
and middle arteries characterized by abnormal aggregation of
subcutaneous lipids, especially oxidized low‑density lipoprotein
(ox‑LDL), and macrophage‑derived foam cells and is a major
cause of death from cardiovascular disease (1). Ox‑LDL can act
as the main trigger of aseptic inflammation by recruiting and
attaching to a variety of inflammatory cells, mainly monocytes
and neutrophils and aggravating the inflammatory response that
damages blood vessels (2). Increased levels of intercellular adhe‑
sion molecule‑1 (ICAM‑1), vascular cell adhesion molecule‑1
(VCAM‑1) and E‑selectin are observed in atherosclerotic
vascular endothelial cells (3,4). Ox‑LDL induced increased adhe‑
sion activity of endothelial cells, which is mainly manifested by
significantly increased cell adhesion molecules expressed by
endothelial cells (5), to contribute to endothelia cell damage.
Currently, statins are the first‑line drugs in clinical treat‑
ment of AS. Statins play an anti‑AS role mainly by improving
vascular endothelial function (6), inhibiting proliferation and
migration of vascular smooth muscle cells (7) and inhibiting
formation of foam cells (8). Statin can significantly induce the
expression of Krüppel like transcription factor 2 (KLF2), a
member of the zinc finger subfamily of transcription factors
and a member of the SPL/Krüppel like transcription factor
family (9,10). KLF2 is evolutionarily conserved between
rodents and humans and maintains endothelial homeostasis
through anti‑inflammatory, anti‑thrombosis, anti‑oxidation and
anti‑proliferation effects in endothelial cells (11,12). However,
the protective role of KLF2 in the process of endothelial cell
injury has not been fully elucidated. Further exploration of
the regulatory mechanism of KLF2 on endothelial injury may
provide a new target for the clinical treatment of AS.
KLF2 has also been shown to be involved in the differentiation
of monocytes. KLF2 expression is reduced during the differentia‑
tion of monocytes to macrophages (13), which negatively regulates
the pro‑inflammatory activation of monocytes/macrophages and
is also an important regulator of innate immune response (13,14).
Myeloid cell‑specific knockout of KLF2 enhances the adhesion
of macrophages to endothelial cells and induces the uptake of
ox‑LDL by macrophages (10,15), thereby increasing the forma‑
tion of macrophage‑derived foam cells. The appearance of foam
cells is considered to be one of the early manifestations of AS
and the potential extracellular and intracellular lipid deposition is
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also a key trigger factor for the progression of AS lesions (16,17).
Therefore, it is important to enhance the outflow of cholesterol
from macrophages in the treatment process of AS, which can
effectively reduce the formation of macrophage‑derived foam
cells and contribute to plaque stability.
Autophagy may play an active role in cholesterol effluent
from macrophages. A recent study showed that interfering with
KLF2 inhibited Beclin and LC3 levels in abdominal aortic
aneurysms, suggesting that KLF2 activates autophagy‑related
genes in smooth muscle cells (18). Simvastatin maintains micro‑
vascular function by inhibiting RAC1, thereby releasing RAB7,
activating autophagy and increasing the expression of KLF2,
which in turn further promotes the activation of autophagy (19).
However, it remains to be elucidated whether KLF2 plays a role
in the process of macrophage foaming, and whether KLF2 can
participate in the process of cholesterol effusion in macrophages
by regulating autophagy is worth exploring.
Therefore, the present study aimed to investigate whether
KLF2 could protect against endothelial cell injury and promote
cholesterol excretion from foam cells through autophagy.
Materials and methods
Cell culture. Human umbilical vein endothelial cells
(HUVECs) and human acute monocytic leukemia cells
(THP‑1 monocytes) were purchased from CoBioer Biosciences
Co., Ltd. HUVECs were cultured in DMEM medium (Gibco;
Thermo Fisher Scientific Inc.) supplemented with 10% FBS
in a humidified atmosphere containing 5% CO2 at 37˚C.
An in vitro AS model was established by the induction of
100 µg/ml ox‑LDL (MilliporeSigma) for HUVECs for 24 h.
For ox‑LDL treatment, the cells were exposed to 100 µg/ml of
ox‑LDL for 24 h after transfection.
THP‑1 monocytes were cultured in RPMI‑1640 medium
(Gibco; Thermo Fisher Scientific Inc.) supplemented with 10%
FBS (Thermo Fisher Scientific, Inc.) in a humidified atmosphere
containing 5% CO2 at 37˚C. THP‑1 monocytes were treated
with 50 nM phorbol‑12‑myristate‑13‑acetate (PMA) for 48 h
to induce their differentiation into macrophages. Then, THP‑1
derived macrophages were continuously treated with 50 µg/ml
ox‑LDL for 48 h to form THP‑1 macrophage‑derived foam cells.
Cell transfection. HUVECs or THP‑1 derived macrophages were
seeded into 6‑well plates at the density of 1x106 cells/well. The
sequence of KLF2 (5'‑CAACAGCGTGCTGGACTTCA‑3')
was cloned into a pcDNA3.1 vector to generate overexpressing
plasmid (pcDNA3.1‑KLF2) by GenePharma Co., Ltd. and the
empty pcDNA3.1 vector (pcDNA3.1‑NC) was used as a nega‑
tive control. The accession no. of this KLF2 was NC_000019.
Transfection of 20 µg pcDNA3.1 plasmids into HUVECs or
THP‑1 derived macrophages was performed at 37˚C for 6 h by
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the kit instructions. At 48 h post‑transfection,
reverse transcription‑quantitative (RT‑q) PCR and western blot
analysis were used to examine gene expression levels.
RT‑qPCR. HUVECs or THP‑1 monocytes in each group
(24‑well plates at a density of 2x105 cells per well) were
treated with TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) to obtain the total RNA according to the

manufacturer's protocols. RNA purity was assessed by spec‑
trophotometric analysis (CWBIO) wherein the A260/280
ratios were between 1.8 and 2.2. Equal RNA was used for
cDNA generation by using a PrimeScript RT reagent kit
with a gDNA eraser (Takara Bio, Inc.) according to the
manufacturer's protocols. Subsequently, SYBR Premix Ex
Taq II (Takara Bio, Inc.) was then used to amplify cDNA
through qPCR according to the manufacturer's protocols
using an ABI Prism 7500 Fast Real‑time PCR instrument
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
amplification efficiencies of the qPCRs were 90‑110%. The
thermocycling conditions were: Initial denaturation at 95˚C
for 10 min; followed by 40 cycles of 95˚C for 1 min and 60˚C
for 1 min. The sequences of oligonucleotide primers used for
qPCR were: KLF2 forward, 5'‑AGACCTACACCAAGAGTT
CGCATC‑3' and reverse, 5'‑ATCG CACAGATGG CAC TG
GAATG‑3'; ICAM‑1 forward, 5'‑GCCCGAG CTCAAGTG
TCTA A‑3' and reverse, 5'‑GGAGAGCACATTCACGGCA‑3';
VCAM‑1 forward, 5'‑AATT TAT GTGTGT GAAGGAG‑3'
and reverse, 5'‑GCATGTCATATTCACAGAA‑3'; E‑selectin
forward, 5'‑TGTGGGTCTGGGTAGGAACC‑3' and reverse,
5'‑AGCT GTG TAG CATAGG GCA AG‑3'; ATP‑binding
cassette transporters A1 (ABCA1) forward, 5'‑GCTG GT
GTG  GAC C CT  TAC  T C‑3' and reverse, 5'‑GCAG CT T CA
TATG GCAGCAC‑3'; ATP‑binding cassette transporter G1
(ABCG1) forward, 5'‑TGTC TGATG G CCG CT T TC T C‑3'
and reverse, 5'‑GGACCCATA ATG G CCACCA A‑3'; scav‑
enger receptor BI (SR‑BI) forward, 5'‑ATGACTCCTGAG
TCC T CG C T‑3' and reverse, 5'‑GGTCAG C GT T GAG GA
AGTGA‑3'; peroxisome proliferator‑activated receptor‑ γ
(PPARγ) forward, 5'‑CCAGAAG CCT GCATTT CTG C‑3'
and reverse, 5'‑CACG GAG CTGATCCCA AAGT‑3'; liver X
receptor (LXR) α forward, 5'‑TCTGGACAGGAAACTGCA
CC‑3' and reverse, 5'‑AAGA ATCCC T TG CAG CCC T C‑3';
GAPDH forward, 5'‑CCTCAAGATCATCAGCAATG‑3' and
reverse, 5'‑CCATCC ACAGTCT TCTGG GT‑3'. The 2 -ΔΔCq
method was used to analyze the relative expression of KLF2,
ICAM‑1, VCAM‑1 and E‑selectin (20), which were normal‑
ized to GAPDH. The experiment was repeated three times.
Western blotting. For the detection of nuclear factor erythroid
2‑related factor 2 (Nrf2), nucleoprotein and cytoplasmic protein
extraction kit obtained from Nanjing KeyGen Biotech Co., Ltd.
was used to extract the nucleoprotein and cytoplasmic proteins
from HUVECs or THP‑1 monocytes. For the detection of
other proteins, HUVECs or THP‑1 monocytes in each group
were homogenized in RIPA lysis buffer [50 mM Tris (pH 7.4),
150 mM NaCl, 1% NP‑40, 0.5% sodium deoxycholate, 0.1%
SDS; Beyotime institute of Biotechnology], which was centri‑
fuged at 4˚C at 850 x g for 15 min to collect the total protein.
The protein concentration was determined by bicinchoninic
acid (BCA) method. The equivalent amount of 50 µg protein
was separated by 12% SDS‑PAGE and then transferred to a
PVDF membranes (MilliporeSigma) which were then blocked
with 5% non‑fat milk for 2 h at room temperature. Subsequently,
the membranes were incubated with primary antibodies as
KLF2 (cat. no. ab236507; 1:1,000; Abcam), ICAM‑1 (cat.
no. ab282575; 1:1,000; Abcam), VCAM‑1 (cat. no. ab174279;
1:1,000; Abcam), E‑selectin (cat. no. 20894‑1‑AP; 1:800;
ProteinTech Group, Inc.), ABCA1 (cat. no. 96292S; 1:1,000;

EXPERIMENTAL AND THERAPEUTIC MEDICINE 24: 737, 2022

Cell Signaling Technology, Inc.), ABCG1 (cat. no. ab52617;
1:1,000; Abcam), SR‑BI (cat. no. ab217318; 1:1,000; Abcam),
PPARγ (cat. no. 16643‑1‑AP; 1:1,000; ProteinTech Group,
Inc.), LXRα (cat. no. 14351‑1‑AP; 1:1,000; ProteinTech Group,
Inc.), Nrf2 (cat. no. ab62352; 1:1,000; Abcam), Lamin B (cat.
no. 12987‑1‑AP; 1:1,000; ProteinTech Group, Inc.), LC3II (cat.
no. 4108S; 1:1,000; Cell Signaling Technology, Inc.), Beclin1
(cat. no. 3495T; 1:1,000; Cell Signaling Technology, Inc.), p62
(cat. no. 18420‑1‑AP; 1:1,000; ProteinTech Group, Inc.) and
GAPDH (cat. no. 5174T; 1:1,000; Cell Signaling Technology,
Inc.) at 4˚C overnight. Following incubation with the horse‑
radish peroxidase‑conjugated anti‑rabbit secondary antibody
(cat. no. 7074P2, 1:3,000; Cell Signaling Technology, Inc.)
for 1 h at room temperature, protein bands were visualized
by a chemiluminescent detection system (ECL; Cytiva) using
an ECL reagent (Thermo Fisher Scientific, Inc.). Bands grey
values were semi‑quantified analyzed using ImageJ software
(v1.46; National Institutes of Health). Protein expression was
normalized to the internal reference gene GAPDH or Lamin B.
CCK‑8 assay. HUVECs (5x103 cells per well) were seeded into
96‑well plates and transfection performed for 48 h. Then, the
transfected HUVECs were treated with 100 µg/ml of ox‑LDL
for 24 h. After PBS washing, each well was added with 10 µl
CCK‑8 solution and the 96‑well plates were incubated at 37˚C
for 2 h. The absorbance of each well was detected by a micro‑
plate reader (Bio‑Rad Laboratories, Inc.) at 450 nm.
ELISA. HUVECs were cultured in 96‑well plates at a density
of 1x104 cells/ml. HUVECs were transfected for 48 h and then
exposed to ox‑LDL (100 µg/ml) for 24 h, then the medium
was obtained and centrifuged at 4˚C at 850 x g for 10 min to
collect the culture supernatant. The levels of TNF‑α, IL‑6 and
IL‑1β in the supernatant was assessed using a TNF‑α ELISA
Kit (cat. no. PT518), IL‑1β ELISA Kit (cat. no. PI305) and
IL‑6 ELISA Kit (cat. no. PI330) all from Beyotime Institute
of Biotechnology.
Oil Red O staining. After THP‑1 monocytes were induced
with 50 nM PMA and/or 50 µg/ml ox‑LDL, Oil Red O
staining was used to evaluate the formation of THP‑1
macrophage‑derived foam cells. Following the treatment,
cells were fixed with 4% paraformaldehyde (MilliporeSigma)
for 30 min and then incubated with filtered 0.5% Oil Red O
solution (MilliporeSigma) for 15 min at room temperature.
Images were captured under a confocal microscope (Olympus
Corporation) and positive Oil Red O areas (staining areas)
was used to reflect the total lipid content. The % positive
Oil Red O areas was calculated by ImageJ (v.1.8.0; National
Institutes of Health).
Liquid scintillation counting. Cholesterol efflux was analyzed
as previously described (21). The macrophages and foam cells
were cultured and labeled with 0.4 µCi/ml [3H]‑cholesterol
for 24 h and incubated overnight in RPMI‑1640 medium
with 0.1% BSA to allow equilibration of [3H]‑cholesterol
in all cellular pools. Following PBS washing, equilibrated
[3H] cholesterol‑labeled cells were incubated in RPMI‑1640
medium containing 0.1% BSA with or without 15 µg/ml apoA‑I
for 12 h. A 150 µl sample of efflux medium was obtained at
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and passed through a 0.45 µm filter to remove any floating
cells. Monolayers were washed twice in PBS and cellular lipids
were extracted with isopropanol. Medium and cell‑associated
[3H] cholesterol was then determined by liquid scintillation
counting through detecting the α‑rays derived from [3H]
cholesterol. Percent efflux was evaluated according to the
equation: [total media counts/(total cellular counts + total
media counts)] x100%.
Statistical analysis. All of the experiments were repeated three
times and the data were conformed to normal distribution
using Shapiro‑Wilk test. Data are presented as means ± stan‑
dard deviation and analyzed by GraphPad 8.0 (GraphPad
Software, Inc.). Two‑group comparisons were analyzed with
Student's t‑test. Comparisons between three or more groups
were analyzed by One way analysis of variance, followed by
Tukey's test. P<0.05 was considered to indicate a statistically
significant difference.
Results
KLF2 overexpression attenuates ox‑LDL‑induced endothe‑
lial cell injury. The expression of KLF2 in HUVECs was
downregulated after ox‑LDL induction compared to the
control group (Fig. 1A and B). The expression of KLF2 in
HUVECs transfected with pcDNA3.1‑KLF2 was upregu‑
lated (Fig. 1C and D). When ox‑LDL‑induced HUVECs were
transfected with pcDNA3.1‑KLF2, KLF2 protein and mRNA
expression was significantly upregulated (Fig. 1E and F).
The result of Fig. 1E indicated that ox‑LDL suppressed
the HUVECs viability while the further KLF2 overexpres‑
sion improved the decreased viability of ox‑LDL‑induced
HUVECs (Fig. 1G). The levels of TNF‑ α, IL‑1β and IL‑6
were increased in ox‑LDL‑induced HUVECs, which was
suppressed by KLF2 overexpression (Fig. 2A). The expres‑
sion of adhesion factors (ICAM‑1, VCAM‑1 and E‑selectin)
was increased in HUVECs treated with ox‑LDL and
decreased in ox‑LDL‑induced HUVECs transfected with
pcDNA3.1‑KLF2 (Fig. 2B and C). These data suggested that
KLF2 overexpression attenuated ox‑LDL‑induced endothe‑
lial cell injury.
KLF2 overexpression inhibits the formation of THP‑1
macrophage‑derived foam cells. After PMA induced
THP‑1 monocytes for 48 h, the cells were fusiform in shape
with extended pseudopods to differentiate into macro‑
phages. The mature macrophages were differentiated. The
mature differentiated macrophages were incubated with
ox‑LDL for 48 h and the cells were stained with oil red
O. Under the light microscope, there were a large number
of red lipid particles in the cells and the cell volume
increased (Fig. 3A). The expression of KLF2 in THP‑1
macrophage‑derived foam cells was decreased compared
with that in THP‑1 monocytes and THP‑1 derived macro‑
phages (Fig. 3B and C). After THP‑1 derived macrophages
(control) were transfected with pcDNA3.1‑KLF2, KLF2
expression was upregulated (Fig. 3D and E). A large
number of red lipid particles were observed in the THP‑1
derived macrophages induced by ox‑LDL, which were
decreased by KLF2 overexpression (Fig. 3F). On the whole,
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Figure 1. KLF2 overexpression increases viability of ox‑LDL‑induced HUVECs. The (A) protein and (B) mRNA expressions of KLF2 in ox‑LDL‑induced
HUVECs were determined by western blotting and RT‑qPCR analysis. The (C) protein and (D) mRNA expressions of KLF2 in HUVECs transfected with
pcDNA3.1‑KLF2 were determined by western blotting and RT‑qPCR analysis. The (E) protein and (F) mRNA expressions of KLF2 in ox‑LDL‑induced
HUVECs transfected with pcDNA3.1‑KLF2 were determined by western blotting and RT‑qPCR analysis. (G) The viability of ox‑LDL‑induced HUVECs
transfected with pcDNA3.1‑KLF2 was detected by CCK‑8 assay. **P<0.01 and ***P<0.001. KLF2, Krüppel like transcription factor 2; ox‑LDL, oxidized
low‑density lipoprotein; HUVECs, human umbilical vein endothelial cells; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control.

KLF2 overexpression inhibited the formation of THP‑1
macrophage‑derived foam cells.
KLF2 overexpression promotes lipid efflux in THP‑1 macro‑
phage‑derived foam cells. As shown in Fig. 4A, Ox‑LDL
reduced the cholesterol efflux in THP‑1 derived macrophages,
which was promoted by KLF2 overexpression. Ox‑LDL
suppressed the expression of cholesterol efflux regulatory
proteins (ABCA1, ABCG1, SR‑BI, PPARγ and LXRα) in
THP‑1 derived macrophages and KLF2 overexpression could
reverse the above changes (Fig. 4B). Consistently, the mRNA
expression levels of ABCA1, ABCG1, SR‑BI, PPARγ and
LXRα showed the same changing tendency as their protein
expression levels (Fig. 4C). In brief, KLF2 overexpression
promoted lipid efflux in THP‑1 macrophage‑derived foam
cells.
KLF2 overexpression activities Nrf2 expression and enhances
autophagy in ox‑LDL‑induced HUVECs and THP‑1 macrophage
derived foam cells. In HUVECs, ox‑LDL promoted the expression
of Nrf2 (nucleus), LC3II/LC3I and Beclin1 while suppressing the

expression of Nrf2 (cytoplasm) and p62. KLF2 overexpression
further enhanced the expression of Nrf2 (nucleus), LC3II/LC3I and
Beclin1 while downregulating the expression of Nrf2 (cytoplasm)
and p62 in ox‑LDL induced HUVECs (Fig. 5A). As shown in
Fig. 5B, the expression of Nrf2 (nucleus), LC3II/LC3I and Beclin1
was increased while the expression of Nrf2 (cytoplasm) and p62
was decreased in THP‑1 derived macrophages induced by ox‑LDL
and the expression of Nrf2 (nucleus), LC3II/LC3I and Beclin1
was further increased while the expression of Nrf2 (cytoplasm)
and p62 was further decreased by KLF2 overexpression in THP‑1
derived macrophages induced by ox‑LDL. These observations
revealed that KLF2 overexpression activates Nrf2 expression and
enhances autophagy in ox‑LDL‑induced HUVECs and THP‑1
macrophage‑derived foam cells.
Discussion
The expression of KLF2 can be significantly induced by statins
in the clinical treatment of AS. The present study indicated that
KLF2 expression was decreased in ox‑LDL induced HUVECs.
In vivo animal experiments have shown that the specific loss
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Figure 2. KLF2 overexpression downregulates the levels of inflammatory factors and adhesion factors in ox‑LDL‑induced HUVECs. (A) The levels of inflam‑
matory factors in ox‑LDL‑induced HUVECs transfected with pcDNA3.1‑KLF2 were determined by ELISA kits. The (B) protein and (C) mRNA expressions
of adhesion factors in ox‑LDL‑induced HUVECs transfected with pcDNA3.1‑KLF2 were determined by western blotting and reverse transcription‑quanti‑
tative PCR. **P<0.01 and ***P<0.001. KLF2, Krüppel like transcription factor 2; ox‑LDL, oxidized low‑density lipoprotein; HUVECs, human umbilical vein
endothelial cells; NC, negative control.

of KLF2 in endothelial cells is prone to the occurrence of
AS (22). In addition, KLF2 can also reduce endothelial perme‑
ability and enhance endothelial barrier function by activating
endothelial RAP guanine nucleotide exchange factor 3 (23).
Fork head transcription factor 1, regulated by KLF2, directly
inhibits the activation of endothelial inflammasome and delays
the formation of AS lesions (24). In the present study, KLF2
overexpression improved viability and alleviated inflamma‑
tion of ox‑LDL‑induced HUVECs, which indicated that KLF2
could protect against injury in HUVECs induced by ox‑LDL.
Aggregation of macrophage‑derived foam cells in the
vascular wall is the main pathological feature of AS (25,26).
Macrophages phagocytize excess ox‑LDL, resulting in
intracellular lipid metabolism disorder and excessive lipid
accumulation in macrophages formed foam cells. The
formation of foam cells is closely associated with excessive
lipid uptake by cells and intracellular bile sterol outflow

disorder (27). It has been shown that inhibiting cholesterol
outflow can lead to cholesterol accumulation in macrophages
and accelerate the formation of foam cells (25). Therefore,
the key to inhibiting the formation of foam cells depends on
the cholesterol outflow pathway. There are three vectors for
cholesterol outflow: ABCA1, ABCG1 and SR‑BI (28). PPARγ
is expressed in a variety of vascular cells, including mono‑
cytes/macrophages (29), endothelial cells (30) and smooth
muscle cells (31), which are involved in the AS process. As
members of the nuclear receptor superfamily, PPARα and
LXRα bind corresponding ligands and then form active
heterodimer with retinoid X receptor, which is mainly involved
in lipid metabolism and promotes cholesterol excretion (32).
The present study demonstrated that KLF2 overexpression
suppressed the formation of macrophage‑derived foam cells
by increasing cholesterol outflow through the promotion of the
expression of ABCA1, ABCG1, SR‑BI, PPARγ and LXRα.
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Figure 3. KLF2 overexpression inhibits the formation of THP‑1 macrophage‑derived foam cells. (A) The formation of THP‑1 macrophage‑derived foam cells
was confirmed by Oil Red O staining. Magnification, x200. The (B) protein and (C) mRNA expressions of adhesion factors in THP‑1 monocytes, THP‑1
derived macrophages and THP‑1 macrophage‑derived foam cells were determined by western blotting and RT‑qPCR analysis. The (D) protein and (E) mRNA
expressions of adhesion factors in THP‑1 derived macrophages transfected with pcDNA3.1‑KLF2 were determined by western blotting and RT‑qPCR analysis.
(F) The formation of THP‑1 macrophage‑derived foam cells affected by KLF2 overexpression was confirmed by Oil Red O staining. Magnification, x200.
**
P<0.01 and ***P<0.001. KLF2, Krüppel like transcription factor 2; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control.

Under basal conditions, autophagy may help maintain cell
balance. As a stress response to hunger or oxidative, autophagy
can be activated as an adaptive process (33). Evidence suggests

that dysregulation of autophagy could result in AS and that
autophagy is implicated in endothelial cells response to patho‑
physiological stimuli during AS (34). Autophagy participates
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Figure 4. KLF2 overexpression promotes lipid efflux from THP‑1 macrophage‑derived foam cells. (A) The cholesterol efflux in ox‑LDL induced THP‑1
derived macrophages transfected with pcDNA3.1‑KLF2 was analyzed by liquid scintillation counting. (B) The expression of cholesterol efflux related proteins
in ox‑LDL induced THP‑1 derived macrophages transfected with pcDNA3.1‑KLF2 was determined by western blotting. (C) The mRNA expression of ABCA1,
ABCG1, SR‑BI, PPARγ and LXRα in ox‑LDL induced THP‑1 derived macrophages transfected with pcDNA3.1‑KLF2 was tested with RT‑qPCR. *P<0.05,
**
P<0.01 and ***P<0.001. KLF2, Krüppel like transcription factor 2; ox‑LDL, oxidized low‑density lipoprotein; NC, negative control.

in the defense mechanism against oxidative stress and inflam‑
mation, thereby preventing vascular cell death (35). Ox‑LDL
is reported to be an inducer of autophagy in HUVECs (36,37),
which is in agreement with the present study, as evidenced by
increased LC3II/LC3I, Beclin1 expression and decreased p62
expression in HUVECs. Additionally, a previous study shows
that enhanced autophagy can improve age‑related phenotypes,
reduce age‑related heart and kidney disease and improve the
health status of mice (38). It can also protect the body from
stress injury and delay the development of AS (39). Macrophage
autophagy serves an important role in the occurrence and
development of AS by promoting the efflux of intracellular
cholesterol (40). Defective autophagy of macrophages in
AS impairs cholesterol metabolism and inflammatory body
activation (41,42). Ox‑LDL exposure has been shown to
promote the expression of autophagosome marker proteins in
cultures, possibly by increasing oxidative stress and inflamma‑
tion (43,44). However, there is currently disagreement regarding

the reported autophagic activity in ox‑LDL‑treated macro‑
phages, as some reports suggest that autophagic flux is inhibited
in ox‑LDL‑stimulated macrophages (45,46) and others insisted
that that ox‑LDL could lead to activation of autophagy (47,48).
The present study also suggested that autophagy was induced
after ox‑LDL exposure in THP‑1 derived macrophages. It has
been reported that metformin could inhibit foam cell formation
by activating KLF2‑mediated autophagy (49). KLF2 possibly
contributes to regulation of autophagy in a model of acute liver
injury (19). KLF‑autophagy pathway modulates the life span of
nematodes and regulates mammalian age‑associated vascular
dysfunction (50). A recent study showed that interfering with
KLF2 inhibits Beclin and LC3 levels in abdominal aortic
aneurysms (18). The present study demonstrated that overex‑
pression of KLF2 increased the autophagy in ox‑LDL‑induced
HUVECs and THP‑1 macrophage derived foam cells.
Nrf2 is a transcription factor involved in cellular redox
homeostasis. Under oxidative stress, Nrf2 separates from its
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Figure 5. KLF2 overexpression activities Nrf2 expression and enhances autophagy in ox‑LDL‑induced HUVECs and THP‑1 macrophage derived foam cells.
The expression of Nrf2 and autophagy‑related proteins in (A) ox‑LDL induced HUVECs and (B) THP‑1 macrophages transfected with pcDNA3.1‑KLF2
was analyzed by western blotting. *P<0.05, **P<0.01 and ***P<0.001. KLF2, Krüppel like transcription factor 2; ox‑LDL, oxidized low‑density lipoprotein;
HUVECs, human umbilical vein endothelial cells; NC, negative control.

inhibitor KEAP‑1 and translocates into the nucleus, leading to
transcriptional activation of cellular defense genes (51,52). Nrf2
activation can protect human coronary endothelial cells from
oxidative stress and knockdown of Nrf2 expression promotes
hydrogen peroxide‑induced apoptosis (53). Hu et al (54) found
that activation of Nrf2 signaling pathway reduced the level of
reactive oxygen species in vascular endothelial cells and inhib‑
ited NLRP3 dependent endothelial cell pyrolysis. Induction
of Nrf2/HO‑1 activation can upregulate the expression of
ABCA1 and ABCG1 and enhance cholesterol excretion (55,56).
Wang et al (57) found that Nrf2 induces the formation of cytolyso‑
some and enhances autophagy activity, thereby inhibiting tumor

cell apoptosis. It is noteworthy that Nrf2 inducer upregulates the
gene and protein expression of autophagy‑related molecules and
also enhances autophagic flux in diabetic mouse aorta, suggesting
that Nrf2 could activate autophagy in AS (58). Notably, KLF2
can stimulate Nrf2 to enter into the nucleus and initiate activa‑
tion of the Nrf2 pathway (59) and artesunate enhances nuclear
translocation of Nrf2 in vascular smooth muscle cells by
upregulating KLF2 expression (60). The present study indicated
that KLF2 overexpression stimulated Nrf2 to transport into the
nucleus and enhanced autophagy by increasing the expression
of LC3II/LC3I and Beclin1 and decreasing the p62 expression
in ox‑LDL induced HUVECs and THP‑1 macrophage‑derived
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foam cells. The addition of some siRNA‑Nrf2 or some inhibitor
of autophagy might provide stronger evidence for the present
findings, which is a limitation of the present study and will be
conducted in the next experiments.
In conclusion, KLF2 expression was decreased in ox‑LDL
induced HUVECs and THP‑1 macrophage‑derived foam cells.
In addition, KLF2 alleviated endothelial cell injury and promotes
lipid outflow by inhibiting the formation of THP‑1 macro‑
phage‑derived foam cells through enhancing autophagy mediated
by Nrf2. The findings provided a promising target for the treat‑
ment of AS. Some limitations that need to be addressed later. The
addition of some siRNA‑Nrf2 or some inhibitor of autophagy
might provide stronger evidence for the present findings. Whether
the changes in steady‑state nuclear and cytoplasmic levels of
Nrf2 are transcriptional, due to changes in the stability of Nrf2,
or release of Nrf2 from KEAP1 in the cytoplasm needs to be
explored. The use of commercial fluorescent sensors (LC3B‑RFP
and LC3B‑GFP) and electron microscopy to measure the process
of autophagy will be considered in future study.
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