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Abstract. – OBJECTIVE: The dysfunction of 
immune cells plays important roles in promoting 
the progression of atherosclerosis (AS). This 
study aims to investigate the role of miR-140a in 
modulating the function of AS-associated mac-
rophages.

PATIENTS AND METHODS: The expression 
of miR-140a in human monocytes was evaluated 
by quantitative PCR. For in vitro studies, macro-
phages were transfected with miR140a mimic or 
miR140a inhibitor, and then, stimulated with oxi-
dized low-density lipoprotein (ox-LDL). The pro-
duction of cytokines was evaluated by quantita-
tive PCR and enzyme-linked immunosorbent as-
say (ELISA). Flow cytometry was used to deter-
mine the phosphorylation of Signal Transducer 
and Activator of Transcription 3 (STAT3).

RESULTS: MiR-140a expression was upregu-
lated in monocytes from AS patients. MiR140a 
overexpression enhanced the pro-inflammato-
ry ability of ox-LDL-stimulated human macro-
phages. In addition, miR140a was found to tar-
get interleukin-10 (IL-10) in macrophages, thus 
reducing IL-10-mediated anti-inflammatory re-
sponses. 

CONCLUSIONS: MiR-140a serves as a pro-ath-
erosclerotic microRNA by modulating the phe-
notypic switch of AS-associated macrophages.
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Introduction

The incidence and mortality of cardio- and 
cerebrovascular diseases (CCVDs) have been ris-
ing continuously in recent years, becoming a 
leading threat to human health worldwide1. Ath-
erosclerosis (AS) is widely considered to be the 
critical pathological hallmark of CCVDs. AS is 
characterized by the aggregation of lipoproteins, 
immune cells, and extracellular matrix in arterial 

intima2. Although AS is initially thought to be 
a consequence of the dysregulated lipid mecha-
nism, it is increasingly recognized that chronic 
inflammatory plays indispensable roles in the 
pathological processes of AS3. Accumulated lipo-
proteins in arterial intima resulted in the recruit-
ment of monocytes and the subsequent activation 
of innate and adaptive immune responses, lead-
ing to plaque formation. The sustained inflam-
matory responses contribute to the thinning of 
the fibrous cap and the eventual occurrence of 
plaque rupture2,4.

Macrophages, a vital component of the host 
innate immunity, are involved in all stages 
of AS. Macrophages play dual roles in AS 
progression2. Generally, classically-activated 
macrophages (M1 macrophages) contribute to 
the development of plaque rupture by secret-
ing various pro-inflammatory cytokines (such 
as TNF-α, IL-6, IL-18, IL-12, IL-15) and lipid 
mediators2,5. On the other hand, alternatively-ac-
tivated macrophages (M2 macrophages) often 
inhibit the formation of plaque by clearing dead 
cells and enhancing tissue repair6. Environmen-
tal factors7 and cell energy metabolism status8 
have been implicated in regulating the func-
tions of AS-associated macrophages. However, 
the molecular elements modulating macrophage 
phenotypic switch in the development of AS 
remain further identification.

Some studies9,10 have implicated that non-cod-
ing RNAs play important roles in affecting AS 
pathology. MicroRNAs (MiRNAs) are highly 
conserved small non-coding RNAs (18-24 nu-
cleotides) which are known as gene expression 
regulators at the post-transcriptional level. Over 
the past decade, miRNAs have been found to 
serve as versatile regulators in the pathogenic 
immune responses in AS development, such as 
modulating the production of inflammatory cy-
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tokines, or affecting lipid metabolism9,11-14. Of 
note, miR-33 disrupted efferocytosis, lysosomal 
synthesis, and apoptotic cell clearance functions 
of macrophages by modulating cell autophagy13; 
miR-210 improved fibrous cap stability by down-
regulating the expression of adenomatous polyp-
osis coli (APC) and promoting smooth muscle 
cell survival11; miR-30c inhibited the secretion 
and accumulation of apoB proteins, thus reducing 
plaque formation in AS15. Thus, further identifi-
cation of miRNAs that regulate AS progression 
is of potential significance for the diagnosis or 
treatment of this disease16. 

In the present study, we investigated the role 
of miR-140a in modulating the pro-inflammatory 
capability of AS-associated macrophages. The 
results showed that miR140a plays a pro-athero-
sclerotic role by downregulating the expression of 
IL-10, an anti-inflammatory cytokine.  

 

Patients and Methods

Human Samples 
Human peripheral blood samples were collect-

ed from AS patients and healthy volunteers using 
sodium-heparin containing collection tubes in 
Xintian County Hospital of Traditional Chinese 
Medicine. This study was approved by Ethics 
Committee of Xintian County Hospital of Tradi-
tional Chinese Medicine and the informed con-
sent was obtained from all subjects. 

Isolation of Monocytes
Monocytes were isolated from human periph-

eral blood samples in accordance with the in-
structions of Monocyte Isolation Kit (Haoyang 
Biological Manufacture, Tianjin, China). Briefly, 
the density gradient medium was prepared in a 
tube and whole blood was added. After centrifug-
ing for 30 min (500 g), monocytes in the second 
layer were drawn into a new tube and washed 
twice. Thereafter, monocytes were collected for 
miR-140a quantification. 

Cell Culture 
Human acute monocytic leukemia cell line, 

THP-1, was purchased from Cell Bank of Chi-
nese Academy of Sciences (Shanghai, China) and 
maintained in RPMI-1640 media supplement-
ed with 10% fetal bovine serum. THP-1 cells 
were induced by phorbol 12-myristate 13-acetate 
(PMA, 100 nM) to differentiate into macro-
phages17 and then treated with different con-

centrations of oxidized low-density lipoprotein 
(oxLDL, 20, 50, 100 μg/mL) for 0, 6, 12 h, re-
spectively. oxLDL-treated cells were collected for 
miR-140a quantification. 

Cell Transfection
miR-140 mimic, inhibitor and corresponding 

negative controls (RiboBio, Guangzhou, China) 
were transfected into macrophages induced from 
THP-1 cells using riboFECTTM reagent, respec-
tively. Forty-two hours later, transfected cells 
were stimulated with oxLDL (50 μg/mL) for 6 
h and subsequently these cells and culture su-
pernatants were collected for quantitative PCR, 
enzyme-linked immunosorbent assay (ELISA), 
and flow cytometry, respectively.  

RNA Isolation and Quantitative PCR
Cell RNA was extracted using TRIzol reagent 

(Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions and 
then reversely transcribed into cDNA using Pri-
meScript™ RT reagent Kit (TaKaRa, Otsu, Shi-
ga, Japan). Quantitative PCR was conducted on 
a 7500 fast Real-time PCR instrument (Applied 
Biosystems, Foster City, CA, USA) using Ultra 
SYBR mixture (Cwbiotech, Beijing, China). We 
used 18s mRNA expression as the integral control 
and gene expression levels were calculated using 
the 2-ΔΔCt method and normalized to respective 
negative control. The primer sequences are given 
below: TNF-α: forward, 5’-CCTCTCTCTAAT-
CAGCCCTCTG-3’; reverse, 5’-GAGGACCTG-
GGAGTAGATGAG-3’ IL-6: forward, 5’-ACT-
CACCTCTTCAGAACGAATTG-3’; reverse, 
5’-CCATCTTTGGAAGGTTCAGGTTG-3’ 
CCL-2: forward, 5’-CAGCCAGATGCAAT-
CAATGCC-3’; reverse, 5’-TGGAATCCTGAAC-
CCACTTCT-3’ IL-10: forward, 5’-GACTTTA-
AGGGTTACCTGGGTTG-3’; reverse, 5’-TCA-
CATGCGCCTTGATGTCTG-3’ SOCS3: for-
ward, 5’-CCTGCGCCTCAAGACCTTC-3’; re-
verse, 5’-GTCACTGCGCTCCAGTAGAA-3’.

MiRNA Quantification
miRcute Isolation Kit (Tiangen Biotech, Bei-

jing, China) was used for miRNA extraction 
and miScript II RT Kit (QIAGEN, Hilden, Ger-
many) was employed for reverse-transcription. 
Thereafter, quantitative PCR was conducted on 
the 7500 fast Real Time-PCR instrument us-
ing miScript SYBR Green PCR Kit (QIAGEN, 
Hilden, Germany) and U6 RNA was used for 
normalization.
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Neutralization of IL-10
PMA-induced THP-1 cells transfected with 

miR140a inhibitor or control were treated with 
an anti-IL-10 neutralizing antibody (600 ng/mL, 
Abcam, Cambridge, United Kingdom) or IgG 
(Beyotime, Shanghai, China) for 2 h, followed 
by oxLDL stimulation for 6 h. Subsequently, cell 
culture supernatants were collected for ELISA.

ELISA
The concentrations of TNF-α, IL-6, CCL-2, 

IL-10 in collected cell culture medium super-
natants were examined by ELISA kits (Boster, 
Wuhan, China) according to the manufacturer’s 
instructions, respectively. For each inflammatory 
factor, three biological replicates were done.

Flow Cytometry
Transfected cells that were stimulated with ox-

LDL were digested by trypsin and fixed at 37°C 
for 10 min. Then, the cells were permeabilized, 
washed, and incubated in 100 μL PBS contain-
ing 1 μL PE anti-p-STAT3 (Tyr 705) antibody 
(Biolegend, San Diego, CA, USA) in the dark 
for 30 min. After a subsequent wash and resus-
pension with PBS, they were analyzed on a flow 
cytometer (Becton Dickinson, Franklin Lakes, 
NJ, USA).

Statistical Analysis
Results were expressed as mean ± SEM. All 

statistical analysis was performed on SPSS 20.0 
(IBM Corp., Armonk, NY, USA). Two-tailed 

Student t-test was used to compare statistical 
differences and p<0.05 was considered to be 
significant. 

Results

MiR140a Expression is Upregulated 
in Monocytes from AS Patients and
oxLDL-Stimulated Macrophages

To investigate the possible expressional changes 
of miR140a in the setting of AS, we isolated pe-
ripheral monocytes (precursors of macrophages) 
from AS patients and healthy controls. By per-
forming quantitative PCR, we found that miR140a 
expression was significantly upregulated in mono-
cytes from AS patients, when compared with those 
from healthy donors (Figure 1A). We further eval-
uated the expression of miR140a in macrophages 
stimulated with oxidized low-density lipoprotein 
(oxLDL), which is the main pathological mediator 
for the formation of atherosclerotic plaque18. We 
chose THP-1 monocytes and differentiated them 
into macrophages with PMA. In the presence 
of phorbol 12-myristate-13-acetate (PMA), THP-1 
cells gradually acquire macrophage phenotypes, 
including adherence capacity and high responsive-
ness to many external stimuli. As shown in Fig-
ure 1B, oxLDL stimulation significantly increased 
miR140a expression in THP-1 macrophages in 
a time-dependent and dose-dependent manner. 
These results suggest that miR140a might regulate 
macrophage functions in AS.

Figure 1. Increased expression of miR140a in AS-associated monocytes and macrophages. A, miR140a expression level 
in peripheral monocytes of atherosclerosis patients and healthy donors was examined by quantitative PCR. B, THP1 
macrophages were treated with different concentrations (20, 50, 100 μg/mL) of oxidized low density lipoprotein (oxLDL), 
miR140a expression level was examined by quantitative PCR. Data are expressed as Mean ± SEM. **, p < 0.01.
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MiR140a Enhances the Pro-Inflammatory 
Activity of Macrophages

We next investigated the possible role of mi-
R140a in pro-inflammatory responses of mac-
rophages. To this end, we transfected THP-1 
macrophages with miR140a mimic or miR140a 
inhibitor. As shown in Figure 2A-B, miR140a 
overexpression markedly increased the mR-
NA expression of tumor necrosis factor alpha 
(TNF-α), C-C Motif Chemokine Ligand (CCL2), 
and IL-6, while miR140a inhibition led to the 
opposite effect. Consistently, the concentration of 
TNF-α, CCL2, and IL-6 in macrophage culture 
supernatant was also increased by miR140a over-
expression. However, the levels of these pro-in-
flammatory cytokines were decreased by mi-
R140a inhibition. Therefore, miR140a enhances 
the pro-inflammatory capacity of macrophages. 

MiR140a Targets IL-10 and 
Downregulates the Anti-Inflammatory 
IL-10/STAT3 Signaling 

Next, we searched the potential miR140a tar-
gets in TargetScan website. The results showed 

that the 3’-untranslated region (UTR) of IL-10 
gene contained the binding site of miR140a 
(Figure 3A). To verify this prediction, we trans-
fected macrophages with miR-140a mimic or 
miR-140a inhibitor, and then, IL-10 level was 
examined at both mRNA and protein levels. Mi-
R140a overexpression reduced the mRNA and 
protein levels of IL-10, which were increased 
by miR140a inhibition (Figure 3B-C). We then 
examined the effect of miR140a on the expres-
sion of Suppressor Of Cytokine Signaling 3 
(SOCS3), a well-known IL-10 inducible target 
gene19. As expected, the expression of SOCS3 
was decreased in miR140a-overexpressed mac-
rophages. In contrast, SOCS3 expression was 
increased in miR140a-silenced macrophages 
(Figure 3D). In addition, we evaluated the phos-
phorylation of Signal Transducer and Activator 
of Transcription 3 (STAT3), which is the key 
transcription factor downstream of IL-10 sig-
naling19,20. Flow cytometry results showed that 
ox-LDL treatment induced the phosphorylation 
of STAT3 in macrophages. However, the aug-
mented STAT3 phosphorylation was largely ab-

Figure 2. MiR140a promotes the production of pro-inflammatory cytokines in oxLDL-treated macrophages. A, THP-1 
macrophages were transfected with miR140a mimic, miR140a inhibitor and corresponding controls followed by ox-LDL 
stimulation (50 μg/mL) for 6 h, mRNA levels of TNF-α, IL-6 and CCL2 were examined by quantitative PCR. B, The 
concentrations of TNF-α, IL-6 and CCL2 in supernatants of THP-1 macrophages were analyzed by ELISA. Data are expressed 
as Mean ± SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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rogated by miR140a overexpression (Figure 3E). 
Taken together, miR140a targets IL-10 and thus 
attenuates the anti-inflammatory IL-10/STAT3/
SOCS3 cascade.

IL-10 Neutralization Reverses MiR140a 
Inhibition-Induced Downregulation of 
Pro-Inflammatory Cytokine Production 
in Macrophages 

In order to further testify miR140a/IL-10 axis 
in macrophages, we neutralized IL-10 in miR140a 
inhibitor-transfected macrophages, and deter-
mined the production of pro-inflammatory cyto-
kines. As shown in Figure 4, miR140a inhibition 
reduced the concentrations of TNF-α, CCL2, and 
IL-6 in the supernatant of ox-LDL-stimulated 
macrophages. However, this effect was largely 
reversed in the presence of IL-10-neutralizing an-

tibody (Figure 4). Therefore, miR140a increases 
the pro-inflammatory activity of macrophages by 
impairing IL-10 production. 

MiR140a Expression Is Negatively 
Correlated With IL-10 Level in AS 
Monocytes

To further validate the relationships between 
miR140a and IL-10, we analyzed the levels 
of miR140a and IL-10 in monocytes from AS 
patients. We found a negative correlation be-
tween the levels of miR140a and IL-10 in AS 
monocytes (Figure 5A). By contrast, a positive 
correlation between the levels of miR140a and 
TNF-α or IL-6 was found in AS monocytes 
(Figure 5B, C). Collectively, miR140a increases 
the pro-inflammatory ability in AS-associated 
macrophages.

Figure 3. MiR140a targets IL-10 and downregulates IL-10 signaling. A, Sequence comparison between miR-140a 
and 3’ UTR of IL-10 mRNA. B-C, THP-1 macrophages were transfected with miR140a mimic, miR140a inhibitor and 
corresponding controls followed by ox-LDL stimulation (50 μg/mL) for 6 h, mRNA (B) and proteins (C) levels of IL-10 
were examined by quantitative PCR and ELISA, respectively. D, The SOCS3 mRNA level was examined by quantitative 
PCR. E, The level of p-STAT3 was detected by flow cytometry. Data are expressed as Mean ± SEM. *, p < 0.05, **, p < 
0.01, ***, p < 0.001. 
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Discussion

The crucial roles of inflammatory immune 
cells and their products in AS progression have 
been increasingly recognized3,4. Among these 
pro-inflammatory immune cells, macrophages 
are the prominent players in the pathogenic pro-
cesses of AS. It is thought that macrophages 
act as a double-edged sword via exerting both 
pro-inflammatory and anti-inflammatory capa-
bilities2. Hence, a deeper understanding into the 
mechanism that modulates macrophage pheno-
typic switch is of great significance for AS di-
agnosis and treatment. In our study, we identi-
fied miR140a as a new AS-related microRNA 

that negatively regulates IL-10 expression, thus 
augmenting the pro-inflammatory phenotype of 
macrophages in AS. 

As a well-known immunosuppressive cytokine, 
IL-10 is mainly produced by macrophages, and 
functions as an athero-protective factor at all stages 
of AS21,22. The effects of IL-10 on macrophages are 
multifaceted, including suppressing the production 
of pro-inflammatory cytokines or chemokines, in-
hibiting the apoptosis of lipid-laden macrophages, 
and maintaining lipid homeostasis through regulat-
ing cholesterol uptake and efflux21. In our case, we 
observed that the miR140a-induced downregulation 
of IL-10 was associated with the increased produc-
tion of pro-inflammatory cytokines and chemok-

Figure 4. Neutralization of IL-10 rescues downregulated pro-inflammatory cytokine production induced by miR140a 
inhibition. THP-1 macrophages were transfected with miR140a mimic, miR140a inhibitor and corresponding controls 
followed by ox-LDL stimulation (50 μg/mL) for 6 h, in the presence of control IgG or anti-IL-10 (600 ng/mL), protein levels of 
TNF-α, IL-6 and CCL2 were examined by ELISA. Data are expressed as Mean ± SEM. ** means p < 0.01, ***means p < 0.001.

Figure 5. The correlation between the expression of miR140a and IL-10 or TNF-α in AS-associated monocytes. A-C, MRNA 
levels of IL-10, miR140a, TNF-α and IL-6 in blood monocytes from atherosclerosis patients were evaluated by quantitative 
PCR, their correlations were analyzed by Spearman’s rank correlation test. **p < 0.01, ***p < 0.001.
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ines (TNF-α, IL-6 and CCL2). This is in line with 
the anti-inflammatory role of IL-10. It is well-ac-
cepted that IL-10/STAT3/SOCS3 axis is the pre-
dominant signaling pathway responsible for the an-
ti-inflammatory function of IL-1020,23. In our study, 
miR140a mimic impaired STAT3 phosphorylation 
and SOCS3 expression in ox-LDL stimulated mac-
rophages, indicating the negative role of miR140a in 
regulating IL-10/STAT3/SOCS3 cascade. 

Some studies9,14 indicated the important roles of 
microRNA in regulating the functions of AS-as-
sociated macrophages. So, miR33 inhibition pro-
motes M2 macrophage polarization by targeting 
AMP-Activated Protein Kinase (AMPK), thereby 
exerting an athero-protective function14. MiR140-
3p expression was reported to be significantly 
downregulated in atherosclerosis obliterans, and 
high expression level of miR140-3p predicted a 
high risk of restenosis in patients with lower ex-
tremity arterial occlusive disease24. In addition, 
miR140 contributed to the hypertension and oxida-
tive stress in AS through regulating the expression 
of Nuclear factor E2-Related Factor 2 (Nrf2) and 
Sirtuin 2 (Sirt2)25. Moreover, miR140a attenuated 
pulmonary arterial hypertension progression via 
targeting Smurf126. These results indicate compre-
hensive roles of miR140a in AS and other vascular 
diseases. Here, we firstly reported the function of 
miR140 in regulating the pro-inflammatory capa-
bility of AS-related macrophages, by suppressing 
the production of anti-inflammatory cytokine IL-
10. Moreover, the positive correlation between 
TNF-α and miR140a level in AS monocytes sug-
gests that miR140a might serve as a diagnostic 
marker in AS patients. On the other hand, in vivo 
studies using mouse AS model are also needed 
in the future to further explore the physiological 
function of miR140a. In summary, our findings 
provide new insights into the role of miR140a in 
macrophage phenotypic switch in AS. 

Conclusions

Briefly, miR140a downregulates IL-10 produc-
tion in AS-associated macrophages. Therefore, 
miR140a functions as a pro-atherosclerotic mi-
croRNA by enhancing macrophage inflammatory 
capacity.
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