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Abstract

Critical roles of several microRNAs have been implicated in atherosclerosis (AS). In this study, we studied the functional role of
miR-140-5p in AS. An AS model was constructed in THP-1 macrophages challenged with oxidized low-density lipoprotein (ox-
LDL). The expression of miR-140-5p was up- or downregulated with corresponding mimic or inhibitor regents. Our experiments
showed that the levels of cell apoptosis and fatty acid accumulation were decreased in THP-1 macrophages treated with miR-
140-5p mimic, whereas increased in those treated with miR-140-5p inhibitor. The levels of ROS (reactive oxygen species),
MDA (malondialdehyde), TC (Triglyceride), and TG (total cholesterol) were reduced and the level of SOD (superoxide
dismutase) was improved in miR-140-5p overexpressed THP-1 macrophages, which can be reversed with miR-140-5p
depletion. Moreover, through bioinformatics analysis, we found toll-like receptor 4 (TLR4) was a potential target of miR-140-5p.
Luciferase reporter assay demonstrated that miR-140-5p regulated TLR4 expression via binding 3'UTR of TLR4 in THP-1
macrophages. In ox-LDL challenged THP-1 macrophages, the expression of TLR4 was decreased after miR-140-5p mimic
transfection, whereas improved after treatment with miR-140-5p inhibitors. As a conclusion, miR-140-5p can participate in
inhibiting ox-LDL-induced oxidative stress and cell apoptosis via targeting TLR4 in macrophage-mediated ox-LDL induced AS.

Introduction

Atherosclerosis (AS) accounts for various adverse vascular
events, such as coronary artery disease, stroke, and peripheral
artery disease. AS has become the leading cause of the most
cardiovascular diseases (CVD) and is responsible for the most
of CVD-related mortality world widely [1, 2]. Previous stu-
dies have well-established AS as an inflammation-associated
disease, which appears as a persistent and chronic state [3, 4].
Generally, during the genesis of AS, the destructive incidents
mediated damage of arterial wall launch the pathophysiologic
process [5, 6]. These incidents may involve smoking,
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hypertension, and most commonly oxidized low-density
lipoprotein (ox-LDL) [7-10]. The oxidation LDL occurs
when the LDL cholesterol particles react with free radicals.
Oxidized LDL could damage the vascular endothelium tissue,
which may activate the immune responses and promote
monocytes differentiate into macrophages with unregulated
phagocytic activity [11, 12]. Ox-LDL activated macrophages
may swallow abundant lipid and result in the formation of
foam cells. Macrophages-derived foam cells is one of the
hallmark events of AS [13, 14].

Generally, overloaded ox-LDL in blood flow could be
uptake by macrophages through scavenger receptors, such
as CD36, which contributes to the macrophages activation
and increases reactive oxygen species (ROS) production
[15, 16]. Excessive ROS can cause a series of cellular
damage in macrophages, such as the structural or functional
modification of diverse vital macromolecules, like RNA,
DNA, lipids and protein, which may finally cause cell
metabolic disorder and apoptosis [17-19]. As the pivotal
role of ROS in the sequentially emerging events initiated by
impaired macrophages, therapies designed to reduce the
level of ROS may be of vital significance for the maintain of
macrophage functions, which may attenuate the damage of
ox-LDL thus eases the progression of AS.
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Previous studies have well documented that toll-like
receptor 4 (TLR4) as a significant participator in regulating
innate immune and adaptive immune responses. TLR4 is
abundantly expressed on various types of cells, particularly
macrophages. TLR4 was also well studied in ox-LDL-
induced AS as a participator in macrophage lipid accumu-
lation and cell apoptosis [20-22].

MicroRNA is a kind of noncoding RNA no longer than
22 nucleotides, which has been reported to be generally
involved in the development of AS [23-25]. MiR-140-5p
was previously studied as an inflammatory factor in cancer
and autoimmune diseases [26—-29], however, its role in AS
has not been clarified.

In this study, we reported the inhibitory role of miR-140-
S5p in the occurrence of ox-LDL induced macrophage-
mediated AS, which in combination with further mechan-
ism exploration, may provide new therapeutic targets
for AS.

Materials and methods
Cell cultivation and transfection

THP-1 macrophages were maintained routinely in basic
RPMI Media 1640 (Gibco, Grand Island, NY) and incu-
bated at 37 °C with 5% CO,. Cells were differentiated
into macrophages by stimulation of phorbol ester (PMA,
100 ng/ml; Sigma, St. Louis, USA). THP-1 macrophages
(human macrophage cell line) were obtained from the
Shanghai Institution of Biochemistry and Cell Biology.

RNA oligonucleotides, transfection Synthetic miR-140-
Sp mimics and inhibitor, are synthetic (Realgene, Nanjing,
China). According to the manufacturer’s manual, using
lipofectmin 2000 (Lifetec., MA, USA) transiently trans-
fected for 48 h. After transfection for 48 h, cells were
collected.

Co-culture of cells and proliferation assay

The THP-1 macrophages and the smooth muscle cells
(HUVSMC) were co-cultured in an disconnect-type co-
culture system [30, 31]. Totally, THP-1 macrophages (2 x
10°) cells were challenged with ox-LDL (50 mg/L) for 24 h
and then were transferred into the upper layer of the
Transwell units. Similarly, 2 x 10° HUVSMC cells were
transferred to the lower layer of the well (In Vitro Scientific,
CA, USA). After incubation for 24 h in medium supple-
mented with FBS (10%), HUVSMC cells were harvested
and then treated using an MTT assay Kit (Thermo Scien-
tific, MA, USA) as the instruction descripts. Cell samples
were examined using a Thermo Scientific Microplate
Reader (Multiskan MK3, MA, USA).
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Real-time polymerase chain reaction (PCR)

TRIzol reagent (Invitrogen, MA, USA) was used for the
extraction of total RNAs from cells and then total RNAs
were quantized. The RNA integrity was examined by
NanoDrop 2000/2000c (Thermo Scientific, MA, USA). For
obtaining cDNA, a kit of reverse transcriptase (TaKaRa,
Tokyo, Japan) was accordingly used for reverse transcrip-
tion of total RNAs (500 ng). Finally, real-time PCR was
started to run with a Mastermix kit (Takara, Tokyo, Japan)
on Step one plus machine (Applied Biosystems, Darmstadt,
Germany) and the results were analyzed in three indepen-
dent assays. Primer sequences: Human GAPDH:

Forward: 5'- GCCTCGTCCCGTAGACAAAA -3’ and

Reverse: 5'- GATGGGCTTCCCGTTGATGA -3'.

Flow cytometry analysis

Cells were cultured with ox-LDL (50 mg/L) or not for 24 h.
Then, cell apoptosis was evaluated using Annexin V-FITC/PI
Apoptosis Detection Kit (Biosciences, NY, USA) according
to the reagent manual. In short, the cells were collected, and
then washed with PBS. The cell pellet was resuspended in
100 pL binding buffer and then PE (5 L) and Annexin APC
(5 pL) were added. The cells were slightly vortexed, followed
by incubation at room temperature for 10 minu in the dark.
The FACS Calibur flow cytometer was performed to detect
the treated cells with CellQuest software (BD Biosciences,
NY, USA).

Oil-red staining

Cells were incubated for 24h with ox-LDL (50 mg/L)
(Unionbiol, Beijing, China) and immobilized with paraf-
ormaldehyde (4%) for 10 min. The cells were washed twice
with PBS and then dyed with Oil-Red O solution which was
prepared with 60% Oil-Red O dye (Sigma, MO, USA) and
40% water, for 15 min at room temperature, followed by
washing cells twice with PBS. The microscope (Olympus,
Tokyo, Japan) was used to observe the oil-red staining, and
the intensity was detected with Image-Pro Plus 6.0.

Total cholesterol (TC) and triglyceride (TG) assay

According to the instructions, TG and TC were determined in
cell lysis using a TG Quantification Kit (Abcam, MA, USA)
and a Cholesterol Assay Kit (Abcam, MA, USA), respectively.

Evaluation of ROS and malondialdehyde (MDA) and
superoxide dismutase (SOD)

The cells were gathered, washed twice with PBS and then
suspended in 10 mM DCFHDA solution. Next, the samples
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were incubated for 20min at 37°C. The fluorescence
intensity was detected using a fluorescence spectro-
photometer (Hitachi, Tokyo, Japan) with an ROS Assay Kit
(Beyotime, Shanghai, China). The cell lysates were gath-
ered and centrifuged, and the levels of MDA and SOD in
the supernatants were measured using a kit for Lipid Per-
oxidation MDA Assay (Beyotime, Shanghai, China) and a
kit for SOD Activity Assay (BioVision, CA, USA) in
accordance with the instructions. Finally, the 450nm
absorbance was measured using a Benchmark Microplate
Reader (Bio-Rad, Hercules, CA, USA).

Western blot analysis

Total proteins of cultured cells extracting using RIPA buffer
added with protease and phosphatase inhibitors and then
were quantified by the method of Bradford assay (Bio-Rad
Laboratories, Hercules, CA). The same amount of protein
samples (40-50 pg) was isolated with SDS-PAGE, followed
by transfer to the PVDF membrane. Immunoblotting was
performed using antibodies for TLR4 (Santa Cruz, CA,
USA), CD36 (CST, Ala, USA), and GAPDH (CST, Ala,
USA). ECL kit (Pierce, Rockford, IL, USA) was used to
visualize the bands, and the ImageJ software (NIH,
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Bethesda, MD, USA) was used to quantify the integration
density of the bands. Antibody used are listed in Supple-
mentary Table 1.

Statistical analysis

Statistical analysis was conducted with GraphPad and SPSS
software (SPSS Inc., Chicago, IL, USA) and presented in the
way of mean + SEM. The evaluation of statistical differences
between the different groups were assessed using Student’s ¢
test and 47 test. If not specified, all data was used for two-
tailed tests. Single factor analysis of variance and LSD were
conducted with the aim of making multiple comparisons. All
experiments were conducted for three times. Finally, P <
0.05 was recognized statistically significant.

Results

Ox-LDL induces cell apoptosis and miR-140-5p
expression

To evaluate the dynamic changes emerging in ox-LDL
challenging macrophages, we established a serial of AS
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Fig. 2 Influence of miR-140-5p on the development of ox-LDL-
induced macrophages derived foam cells. a Expression of miR-140-
S5p were detected in THP-1 macrophages. b The expression levels of
CD36 were assayed in THP-1 macrophages after ox-LDL (50 mg/L)
treatment for 24h (n=4). ¢, d Oil-red staining results in THP-1

cell model in THP-1 macrophages treated with different
concentration of ox-LDL for diverse time periods (Fig. 1).
We observed that when challenging with ox-LDL for 24 h
under different concentrations (0, 25, 50, and 100 mg/L),
a dose-dependent matter presented in the promotion of
cell apoptosis and the decrease of miR-140-5p expression
(Fig. 1a, c). Following challenge with ox-LDL at 50 mg/L
for different time periods (0, 12, 24, and 48 h), it indicated
a time-dependent way in the improvement of cell apop-
tosis and the depression of miR-140-5p expression
(Fig. 1b, d). These prompted that miR-140-5p may be
involved as a potential participator in ox-LDL-induced
macrophage apoptosis.

SPRINGER NATURE

macrophages (Scale bar presented as 50 um). e, f The levels of TC and
TG in THP-1 macrophages were measured as indicated. (NC indicates
negative control) (n =4) Data were from independent experiments
performed for triple times. P < 0.05 vs. untreated group; *P < 0.05 vs.
control group.

MiR-140-5p promotes the development of ox-LDL-
induced macrophage-derived foam cells

As the formation of foam cells is one of the hallmarks in
AS, we designed to investigate the potential role of miR-
140-5p in the development of ox-LDL-induced
macrophage-derived foam cells. Mimics and inhibitor of
miR-140-5p were used to increase or decrease the level of
miR-140-5p in THP-1 macrophages, respectively (Fig. 2a).
THP-1 macrophages with miR-140-5p overexpression or
downregulation were treated with ox-LDL (50 mg/L) for 24
h. It showed that ox-LDL-induced CD36 expression was
significantly improved in miR-140-5p overexpressing cells
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Fig. 3 Effect of miR-140-5p on oxidative stress and apoptosis
caused by ox-LDL in THP-1 macrophages. Cells were treated with
ox-LDL at 50 mg/L for 24 h. a, b, ¢ The levels of ROS, MDA and
SOD, were evaluated. d The ratios of cell apoptosis were assayed by

and decreased in miR-140-5p knockdown cells (Fig. 2b).
Lower levels of oil-red staining (Fig. 2¢, d), TC and TG
were observed when miR-140-5p was overexpressed,
whereas miR-140-5p depletion increased the accumulation
of oil and reduced the production of TC and TG (Fig. 2e, f).

MiR-140-5p promotes ox-LDL-induced oxidative
stress and macrophage apoptosis

In order to study the underlying mechanism of miR-140-5p
in regulating the damage of macrophage under ox-LDL
treatment, we evaluated the production of ROS, MDA, and
SOD in THP-1 macrophages with miR-140-5p over-
expression or downregulation. As it showed, significantly
improved levels of ROS and MDA, but decreased SOD was
found in miR-140-5p overexpressing cells (Fig. 3a—c).
However, in miR-140-5p depletion cells, increased SOD,
but depressed ROS production and MDA were observed
(Fig. 3a—c). Flow cytometry assay indicated that cell
apoptosis was promoted when miR-140-5p was upregu-
lated, but attenuated after miR-140-5p downregulation

flow cytometry. PE: nucleus staining; APC: cell membrane staining;
NC indicates negative control. (n =4) Data were from independent
experiments performed for triple times. P <0.05 vs. untreated group;
*P <0.05 vs. control group.

(Fig. 3d, e). Moreover, to delineate the AS events, we
performed the co-culture of macrophage and smooth muscle
cells to explore their underlying crosstalk. As we found, in
THP-1 macrophages challenged with ox-LDL (50 mg/L) for
24 h, miR-140-5p upregulation significantly promoted the
proliferation of smooth muscle cells, HUVSMC (Fig. 4a, b).
These indicated miR-140-5p as an inhibitor in AS events
via enhancing the development of ox-LDL-induced
macrophage-derived foam cells and improving the func-
tion of smooth muscle cells.

MiR-140-5p functions in ox-LDL-treated
macrophages via targeting TLR4

To further explore the molecular mechanisms of miR-140-
5p involved in ox-LDL-induced AS, we retrieved the well-
known database, miRanda, TargetScan and PicTar, as a
result, TLR4 was predicted as a potential target of miR-140-
5p. In addition, we found that miR-140-5p contained a seed
complementary sequence to TLR4 3'UTR (Fig. 4¢). As a
validation, luciferase reporter assay was performed. The

SPRINGER NATURE
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Fig. 4 The proliferation of HUVSMC cells; TLR4 as a target of
miR-140-5p. a, b The cell proliferation was evaluated with MTT
assay. NC indicates negative control (n =4). *P <0.05, compared to
co-cultured with THP-1 macrophages-NC group; *P < 0.05, compared
to not co-cultured group. ¢ The target regions of miR-140-5p on the 3’
UTRs of TLR4. The seed sequence also exists in the recombinant
luciferase mRNA transcribed from the wild-type plasmid TLR4-WT,

pGL3-TLR4-WT-3’'UTR and pGL3-TLR4-MT-3'UTR
were designed, and consequently, miR-140-5p could regu-
lated TLR4 expression through binding 3'UTR of TLR4 in
THP-1 macrophages (Fig. 4d). Further, we also observed
that TLR4 expression was increased in miR-140-5p deple-
tion THP-1 macrophages and reduced when miR-140-5p
was overexpressed (Fig. 4e, f). In addition, the mechanism
of miR-140-5p involved in AS is shown in Fig. 5.
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but the seven nucleotides in these regions were deleted in the mutant
sequence of plasmid TLR4-MT. d Dual luciferase reporter assay
results. Luciferase activity of control group was normalized to 100%.
e, f TLR4 and GAPDH expression were assayed by western blot and
present in column. (NC indicates negative control) Data were from
independent experiments performed for triple times. “P <0.05, com-
pared to untreated group; *P <0.05, compared to control group.

Discussion

In our present study, we designed to investigate the potential
role of miR-140-5p in the development of AS. With an AS
in vitro model established in ox-LDL challenging macro-
phages, we found miR-140-5p could interact with TLR4, thus
inhibited the production of several AS associated molecules
and protected macrophages from apoptosis.
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Fig. 5 In AS, miR-140-5p expression was downregulated. During
the progression of AS, miR-140-5p can participate in inhibiting ox-
LDL-induced oxidative stress (ROS production) and cell apoptosis via
targeting TLR4 in macrophage-mediated ox-LDL induced AS.

AS is a chronic inflammation associated disease char-
acterized by injured vascular endothelium, enrolled
inflammatory cell infiltration, along with lipid deposition
and abundantly uptake by macrophages and smooth muscle
cells [32, 33]. Functional impaired macrophages is one of
the key points involved in AS, which may, as a result, lead
to the disordered metabolism and aggrieved cell viability
[12, 14].

When treating THP-1 macrophages with diverse den-
sity of ox-LDL for several time periods, we observed
that the level of miR-140-5p was depressed in a dose-
dependent and time-dependent way, with the cell apop-
tosis appearing in the similar manner. This provided
miR-140-5p as a possible participator in the regulation of
cell apoptosis and the occurrence of AS. For the sub-
sequent experiments, we use THP-1 macrophages chal-
lenged with the density of ox-LDL (50 mg/L) for 24 h to
study the functional participation of miR-140-5p in AS.
Macrophage-derived foam cells are one of the symbolic
features of AS, so we investigated the role of miR-140-5p
in the development of foam cells. As it showed in miR-
140-5p overexpressing cells, lipid accumulation, and the
production of TC and TG were markedly decreased.
Conversely, increased levels of oil-red staining, TC and
TG were showed in miR-140-5p-inhibited cells. After
challenging with 50 mg/L ox-LDL for 24 h, miR-140-5p
overexpressing cells presented higher level of CD36,
whereas in miR-140-5p depletion cells, CD36 expression
was reduced. These demonstrated that miR-140-5p was
involved in ox-LDL induced formation of macrophage-
derived foam cells.

Previous studies have well demonstrated that cell apop-
tosis and oxidative stress of macrophages is a primary
mechanism in ox-LDL induced AS [20, 34, 35]. In our
study, we found that the apoptotic rates and oxidative stress
level of macrophages were improved in miR-140-5p over-
expressing cells, but decreased in miR-140-5p knockdown

cells. We also found that the production of MDA was
increased, but SOD was decreased in miR-140-5p over-
expressing cells. However, in miR-140-5p depletion cells,
increased level of SOD, but depressed level of MDA was
observed.

To further probe into the potential targets of miR-140-5p
in AS, we retrieved several databases, miRanda, TargetScan
and PicTar. As a result, we found that miR-140-5p may
bind to 3’UTR of TLR4 in THP-1 macrophages, which was
subsequently demonstrated by luciferase report assay. We
additionally evaluated the expression of TLR4 in ox-LDL-
treated macrophages, which indicated that TLR4 was a
downstream target of miR-140-5p in ox-LDL induced
macrophage-mediated AS.

TLR4 is one of the most well-studied TLRs in immune
responses. TLR4 has been reported in AS through inter-
acting with several important proteins, such as PTPRO [20],
PCSKO9 [21], PKC-epsilon [22], SIRT1 [36], and so forth.
Mutations and polymorphisms of TLR4 was also found in
AS [37-39]. Therefore, TLR4 can be a potential therapeutic
target for AS prevention.

In our present study, we found a novel miRNA, miR-
140-5p, which was involved in the development of AS. In
an ox-LDL challenging THP-1 macrophages cell model, we
demonstrated the role of miR-140-5p in the inhibition of the
formation of macrophage-derived foam cells through
attenuating cell apoptosis and production of ROS. More-
over, we found the functional mechanism of miR-140-5p in
preventing the genesis of AS was through targeting the 3’
UTR region in the mRNA sequence of TLR4, thus
decreasing the level of TLR4.

There are also several limitations in our study. First,
in vivo study to validate the function of miR-140-5p in AS,
and the interaction of miR-140-5p and TLR4 was not per-
formed. Second, due to the limited number of AS samples
we currently have, the diagnostic value of miR-140-5p was
not investigated in this study. Third, the potential involve-
ment of miR-140-5p in regulating other functions of mac-
rophages, such as polarization, the production of
inflammatory cytokines and so forth was not investigated in
the present study. These will be well addressed in our
further study.

In conclusion, we for the first time reported the protective
roles of miR-140-5p in the development of AS, and further
demonstrated a miR-140-5p/TLR4 pathway in macrophage-
associated AS. With the addition of previous studies, our
findings further provided miR-140-5p and TLR4 as pro-
mising therapeutic targets for AS.

Data availability

The data sets used in this study are available from the
corresponding author on reasonable request.
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