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Background: Atherosclerosis (AS) is chronic inflammatory arterial disorder. Artesunate could exhibit anti-
inflammatory activity in AS, but its role in AS is still in its incipient stage. In this study, we explored the anti-
inflammatory effect of artesunate in AS and its underlying mechanism.
Methods: We isolated CD14+ monocytes from peripheral blood (PB) of 115 coronary heart disease 
(CHD) patients and 33 non-CHD patients confirmed by coronary angiography. Phorbol myristate acetate 
(PMA) was used to induce the differentiation of THP-1 monocytes to macrophages. Cells were treated 
with artesunate at a final concentration of 2.5, 5 or 10 μmol/L. The activation of NLRP3 inflammasome 
was assessed by immunoblotting of apoptosis-associated speck-like protein containing caspase recruitment 
domain (ASC). The expression of pro-caspase-1/pro-interleukin (IL)-1β/pro-IL-18 and their mature forms 
was measured using immunoblotting. A rat model of AS was induced by vitamin D3 (VD3) and a 21-day 
high-fat diet.
Results: Downregulated miR-16-5p and upregulated thioredoxin-interacting protein (TXNIP) was 
determined in CD14+ monocytes from CHD patients and associated with disease severity. Artesunate 
abrogated the activation of NLRP3 inflammasome in the presence of inflammasome activators in cultured 
macrophages. Artesunate reduced TXNIP expression and impaired the interaction between TXNIP and 
NLRP3, thereby inhibiting release of inflammatory cytokines and ASC production in cultured macrophages. 
In addition, miR-16-5p negatively regulated the messenger RNA (mRNA) of TXNIP. Artesunate increased 
the expression of miR-16-5p in a dose-dependent manner, and inhibition of miR-16-5p enhanced the 
secretion of inflammatory cytokines. Our in vivo experiments also demonstrated that artesunate reduced lipid 
accumulation, atherosclerotic plaque formation, and antagonized inflammation in a dose-dependent manner 
by upregulating miR-16-5p.
Conclusions: In summary, the present study unveiled a mechanism underlying the anti-inflammatory role 
of artesunate in AS.
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Introduction

The pathogenesis of atherosclerosis (AS) is not only 
involved in lipid accumulation, but also in immune cells and 
inflammation combined with hyperlipidemia, accompanied 
by elevated low-density lipoprotein (LDL) levels (1). 
Inflammation contributes to atherosclerotic plaque formation 
and rupture (2). Anti-inflammatory drugs or therapies have 
revealed avenues for AS treatment (3). Artesunate has been 
reported to exhibit an effect on inflammatory responses 
and immunosuppression as a water-soluble derivative from 
artemisinin, a traditional Chinese herb (4). Artesunate 
could attenuate atherosclerotic lesion formation alone 
or in combination with rosuvastatin via repression of 
pro-inflammatory cytokines [tumor necrosis factor-α 
(TNF-α) and interleukin-6 (IL-6)] and pro-inflammatory 
chemokines (IL-8) (5). However, the mechanism of 
artesunate in AS has remained enigmatic.

The LR family pyrin domain containing 3 (NLRP3) 
inflammasome is composed of NLRP3 (cytoplasmic 
sensor molecule), apoptosis-associated speck-like protein 
containing caspase recruitment domain (ASC; adaptor 
protein), and pro-caspase-1 (effector protein) (6). The 
NLRP3 inflammasome pathway was proposed to be 
suppressed by artesunate thereby alleviating glomerular 
mesangial cell injury (7). The inhibitory effect of artesunate 
on AS by upregulation of LPL expression via KLF2/
NRF2/TCF7L2 axis (8). NLRP3 inflammasome activation 
promoted the development of AS (9). In the present study, 
we sought to determine the alleviating effect of artesunate 
on AS in regulation of NLRP3 inflammasome and its 
possible downstream mechanism. TXNIP repression 
was reported to inactivate NLRP3 inflammasome, and 
attenuate inflammation. As an α-arrestin protein, TXNIP 
has been implicated in multiple pleiotropic biological 
responses (10). For example, TXNIP has been shown to 
mediate inflammatory responses by blocking the activity 
of thioredoxin (11). Elevated expression of TXNIP was 
observed in AS and its inhibition promoted proliferation 
of endothelial cells XNIP was predicted to be a target 
gene of microRNA (miR)-16-5p in the TargetScan 
database (http://www.targetscan.org/). miRNAs have 
been proposed to regulate multiple developmental and 
cellular procedures with the length of approximately 21 
nucleotides (12). Multiple miRNAs have been implicated in 
AS, including miR-122 (13) and miR-24 (14); miR-16-5p 
was downregulated in diabetic kidney disease compared to 
type 1 diabetes mellitus verified by bioinformatic analysis, 
and miR-16-5p could also modulate genes from AS (15). 

The above-mentioned findings unveil a possible mechanism 
underlying the anti-inflammatory effect of artesunate 
by blocking TXNIP-dependent NLRP3 inflammasome 
activation by regulating miR-16-5p in AS. Thus, in this 
study, we extracted CD14+ monocytes from peripheral 
blood (PB) of coronary heart disease (CHD) patients and 33 
non-CHD patients, used phorbol myristate acetate (PMA)-
induced human monocyte cells, and finally established a rat 
model to elucidate the anti-inflammatory role of artesunate 
in AS. We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-4939).

Methods

Ethical approval

The study was approved by the Ethics Committee in the 
Fourth Affiliated Hospital of Harbin Medical University 
and conformed to the tenets of the Declaration of Helsinki 
(as revised in 2013). Each individual provided written 
informed consent prior to their participation. Animal 
experiments were approved by Animal ethics committee 
of the Fourth Affiliated Hospital of Harbin Medical 
University for the care and use of animals. The study was 
also conducted in strict accordance with the standard of the 
Guide for the Care and Use of Laboratory Animals issued 
by the National Institutes of Health.

Participants

Patients who underwent coronary angiography (CAG) 
from June 2006 to December 2018 in the Fourth Affiliated 
Hospital of Harbin Medical University were recruited 
to the study, including a total of 115 CHD patients with 
at least one coronary artery stenosis >50%, and 33 non-
CHD patients (control). All participants received no prior 
treatment of statins and other lipid lowering drugs, and had 
no history of valvular heart disease, malignant arrhythmia, 
acute infection, and severe liver or renal dysfunction before 
they were enrolled. The severity of CHD was assessed by 
Gensini score (16).

Isolation of PB CD14+ monocytes

The PB of CHD participants (about 20 mL) was extracted, 
mixed with 2 mL heparin for anticoagulation, and human 
lymphocyte separation solution was used to obtain 
monocytes using density gradient centrifugation; the 
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human CD14+ cell isolation kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany) was adopted to isolate CD14+ cells 
adhering to the manufacturer’s instructions. A heart 
puncture was performed on the rat hearts using heparin 
syringe and then blood samples (5 mL) were taken. The 
monocytes were obtained using rat lymphocyte separation 
solution by density gradient centrifugation; the rat CD14+ 
cell isolation kit (Miltenyi Biotec) was used to sort rat 
CD14+ cells strictly according to the manufacturer’s 
instructions. Flow cytometry staining was performed using 
CD14-fluorescein isothiocyanate (FITC) (eBioscience, San 
Diego, CA, USA). Flow cytometry (Becton, Dickinson, and 
Co., Franklin Lakes, NJ, USA) was finally adopted to assess 
the purity of the sorted CD14+ cells and purity of >95% was 
regarded as CD14+ cells.

Enzyme-linked immunosorbent assay 

The plasma of participants and rats or THP1 cells were 
adopted to culture supernatants, which were then subjected 
to an enzyme-linked immunosorbent assay (ELISA) kit 
of interleukin (IL)-1β, IL-18, total cholesterol (TC), 
triglyceride (TG), high-density lipoprotein (HDL), and 
LDL separately. The kits were obtained from Wuhan 
Beinglay Biotechnology Co., Ltd. (Wuhan, Hubei, China) 
and Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, 
China), and performed according to the instructions when 
the concentration of substance was positively correlated 
with the color of the final product. The microplate reader 
(Biotek, Winooski, VT, USA) was set to measure the optical 
density (OD) at the corresponding wavelength and calculate 
the concentration of the substance.

Reverse transcription quantitative polymerase chain 
reaction 

Total RNA of CD14+ cell monocytes of people or rat was 
extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) 
and RNA concentration was assessed using Nanodrop 
2000 (Thermo Fisher Scientific, Waltham, MA, USA). 
Then, complementary DNA (cDNA) was synthesized, and 
antisense miRNA was used in a PCR kit (Thermo Fisher 
Scientific). Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) was then performed with 
ABI7500 qPCR kit (Thermo Fisher Scientific) with beta 
(β)-actin or U6 as internal references. The ratio of the 
gene expression of observation to control was calculated 
by means of relative quantification (2-ΔΔCt method). Primer 

sequences are shown in Table S1. Primers were provided by 
Genepharma (Shanghai, China).

Dual luciferase reporter gene assay

The bioinformatic prediction site predicted the possible 
target gene of miR-16-5p, which was validated by dual 
luciferase reporter gene assay. The synthetic TXNIP 
3'-untranslated region (3'UTR) gene fragment was 
introduced into pMIR-reporter (Promega, Madison, WI, 
USA) using the endonuclease sites SpeI and Hind III, and 
the complementary sequence mutated (MUT) sites of 
the seed sequence were designed on the Cxcl12 wild type 
(WT). Following endonuclease digestion, the WT and 
MUT target fragments were separately inserted into the 
pMIR-reporter reporter plasmid using T4 DNA ligase. 
The correctly sequenced WT and MUT luciferase reporter 
plasmids were co-transfected with miR-16-5p mimic and 
mimic-NC to the cell HEK-293T (Shanghai Beinuo 
Biology, Shanghai, China). Following 48 h-transfection, 
the cells were collected and lysed, centrifuged for 3–5 min, 
and the supernatant was taken. The luciferase activity in the 
cell extract was assessed using a luciferase assay kit (Dual-
Luciferase Reporter Assay System, Promega, USA): 100 μL 
LAR II and 20 μL cell lysate were added to the measuring 
tube to measure the target fluorescence, and 100 μL Stop 
& Glo Reagent (Promega) was added to measure the 
fluorescence of internal reference. The relative luciferase 
activity was assessed by the value of target/internal 
fluorescence with a fluorescence detector (Promega).

Cell culture and treatment

Human monocyte cell line THP1 was obtained from 
Shanghai Institute for Biological Sciences (Shanghai, 
China). The THP1 cells were developed in a 37 ℃, 5% 
CO2 cell culture incubator with Roswell Park Memorial 
Institute (RPMI) 1640 Petri (Gibco, Carlsbad, CA, USA) 
containing 10% 65 ℃ heated-inactivated fetal bovine serum 
(FBS; Gibco). At a final concentration of 5 ng/mL, PMA 
(Sigma Aldrich, St. Louis, MO, USA) was adopted to induce 
differentiation of monocyte (THP1 cell) to macrophage.

Plasmids containing miR-16-5p mimic, mimic-NC, 
inhibitor-NC, and miR-16-5p inhibitors (Shanghai 
Rainbow Co., Ltd., Shanghai, China) were transfected into 
THP1-induced macrophages using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions. 
Cells were harvested 48 h after transfection for subsequent 
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experiments.
Cells were treated with artesunate at a final concentration 

of 2.5, 5, or 10 μmol/L, Artesunate at a concentration of  
10 μmol/L, artesunate was used to treat cells in the 
presence of activators of NLRP3 inflammasome adenosine 
triphosphate (ATP; Sigma Aldrich; 5 mM, 2 h), Nigericin 
(2 μM, 2 h), Alum (50 μg/mL; 4 h), and monosodium urate 
(MSU; InvivoGen, San Diego, CA, USA; 100 μmol/mL; 4 h).

Immunoblotting

Total protein of THP1-induced differentiation of 
macrophages was extracted using protein strong lysate 
(Beyotime Biotechnology, Shanghai, China). Protein 
samples were separated by 10% polyacrylamide gel 
electrophoresis (PAGE) and then transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore, 
Billerica, MA, USA). The membrane was probed with 
primary antibodies overnight at 4 ℃, then reprobed with 
secondary antibody horseradish peroxidase-labeled goat 
anti-mouse (1:10,000, ab6789, Abcam) or goat anti-rabbit 
(1:10,000, ab6721, Abcam) for incubation for 1 h at room 
temperature using enhanced chemiluminescence (ECL) 
detection reagents. The grey value of bands was analyzed 
using ImageJ Plus 6.0 software (Media Cybernetics, 
Silver Spring, MD, USA). Relative protein expression was 
analyzed by the ratio of gray value of target band to that of 
internal reference. Primary antibodies were as follows, anti-
rabbit IL-1β polyclonal antibody (1:1,000, ab2105, Abcam, 
Cambridge, UK), anti-mouse mature IL-1β monoclonal 
antibody (1:500, Asp116, Cell Signaling Technology, 
Beverly, MA, USA), anti- rabbit-TXNIP monoclonal 
antibody (1:1,000, ab188865, Abcam), anti-rabbit NLRP3 
polyclonal antibody (1:500, ab214185, Abcam), anti-
rabbit recombinant caspase-1 monoclonal antibody 
(1:1,000, ab207802, Abcam), anti-rabbit IL-18 polyclonal 
antibody (1:1,000, ab191152, Abcam), anti-mouse mature 
IL-18 monoclonal antibody (1:1,000, D044-3M2, MBL 
international corporation, Woburn, UK), and anti-mouse 
β-actin monoclonal antibody (1:5,000, ab8225, Abcam).

ASC

Macrophages treated with inflammasome activators, 
artesunate, miR-16-5p-mimic, or miR-16-5p-inhibitor 
were collected. Freshly prepared sodium dodecyl-sulphate 
(SDS) lysis buffer was lysed on ice for 10 min, and 4 mM 
dextran sulfate sodium (Sigma-Aldrich Chemical Company, 

St. Louis MO, USA) was added to decrosslink at room 
temperature for 40 min. The supernatant was discarded 
following centrifugation, and then SDS buffer was added. 
The anti-mouse ASC monoclonal antibody (1:500, sc-
271054, Santa Cruz Bio., Santa Cruz, CA, USA) was used 
for ASC production using immunoblotting.

Coimmunoprecipitation 

The co immunoprec ip i t a t ion  (CO-IP)  a s say  was 
performed using a Thermo IP kit strictly according to 
the manufacturer’s instructions: IP lysis wash buffer 
supplemented with protease inhibitor was used to lyse 
macrophages treated with ATP and/or 10 μmol/L 
artesunate, and then macrophages were incubated with the 
cells (5 min) on ice and mixed. Following centrifugation 
(13,000 g; 10 min), supernatants were collected and a part 
of it was used for input. Following pretreatment of the 
cell lysis, it was divided into 3 parts and then added to 
the spin columns. The cell lysis was added with TXNIP 
and anti-immunoglobulin G (IgG) antibody, followed 
by incubation overnight at 4 ℃, and then combined with 
Pierce protein A/G agarose for 2 h. Then, the mixture was 
centrifuged (1,000 g; 1 min), waste solution was discarded, 
and the resin was washed with IP lysis wash buffer (thrice), 
using conditional buffer washing (twice) for antigen elution, 
which was then subjected to immunoblotting to detect the 
interaction between TXNIP and NLRP3.

Establishment of a rat model of coronary AS

Male Sprague Dawley rats (7–8 weeks old, body weight 
180–240 g) were purchased from Shanghai Research 
Institute of Pharmaceutical Industry (Shanghai, China). 
Briefly, 60 rats were intraperitoneally injected with vitamin 
D3 (VD3) once in a day for 3 d at a total dose of 7 WU/Kg  
and fed a high-fat diet (20 g) for 21 d (20 g; basal feed, 
3.5% cholesterol, 10% lard, 0.2% propyl thiouracil, 0.5% 
sodium cholate, and 5% white sugar). A rat model of AS 
was then established as previously reported (17). The AS 
rats were intragastrically (i.g.) administered at the dosage 
of 10 mg/kg/d (10 rats), 30 mg/kg/d (10 rats), and 50 mg/kg/d 
(30 rats), respectively. Artesunate was supplemented with 
0.3% NaHCO3 (Guilin Pharmaceutical Factory, Guangxi, 
China). The remaining 10 AS rats were administered (i.g.) 
at 0.3% NaHCO3 for 7 d in the absence of artesunate. The 
remaining rats were intraperitoneally injected with an equal 
volume of saline (20 g; 7 WU/Kg) for 21 d. A total of 20 
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rats treated with 50 mg/kg/d artesunate were injected with 
antagomir-16-5p-NC and antagomir-16-5p (Shanghai 
Genepharm Co., Ltd., Shanghai, China) via the tail vein  
(80 mg/kg/d) for 3 d. These rats were euthanized by cervical 
dislocation.

Hematoxylin-eosin staining

The aorta tissues of rats were subjected to hematoxylin-
eosin (HE) staining. Briefly, tissues were dehydrated 
and dewaxed. The sections were treated with eosin 
(Beyotime, Shanghai, China) and then mounted using 
neutral gum or Canadian gum. A light microscope (Leica, 
DMI3000, Wetzlar, Germany) was adopted to observe the 
inflammation of the brain, spleen, and liver tissue and the 
area of aortic AS plaque was calculated.

Statistical analysis

All data, representative of 3 independent experiments in 
triplicate, are shown as mean ± standard deviation and 
analyzed by SPSS 21.0 software (IBM Corp., Armonk, NY, 
USA), with P<0.05 as a level of statistical significance. If the 
data conformed to normal distribution and homogeneity 
of variance, unpaired t-test was adopted to analyze the 
differences between 2 groups and one-way analysis of 
variance (ANOVA) with Tukey’s test was utilized to 
compare data among multiple groups. Pearson’s correlation 
analysis was used to analyze correlations between indicators. 
A P value <0.05 was considered statistically significant.

Results

Downregulated miR-16-5p and upregulated TXNIP was 
associated with disease severity of AS

Statistical analysis was performed on the general data of 
the CHD and the non-CHD patients, and the results 
revealed that there was no obvious difference in gender, 
systolic blood pressure, diastolic blood pressure, age, 
creatinine, heart rate, and alanine aminotransferase (ALT) 
in the CHD patients and non-CHD patients (P>0.05). As 
shown in Figure 1A, ELISA results identified a remarkable 
rise in the protein level of IL-1β and IL-18 in PB of CHD 
patients compared to that of non-CHD patients (P<0.05). 
Pearson’s correlation analysis (Figure 1B) was conducted 
between Gensini score and protein level of IL-1β and IL-
18 in PB, which revealed that Gensini score was positively 

correlated with protein level of IL-1β (r=0.779, P<0.05) 
and IL-18 (r=0.534, P<0.05) in PB. The results of RT-
qPCR (Figure 1C) displayed that compared to non-CHD 
patients, the expression of miR-16-5p in PB monocytes 
strikingly dropped, while the mRNA expression of TXNIP 
potently rose (P<0.05). Pearson’s correlation analysis  
(Figure 1D) was performed between the Gensini score in 
CHD patients and the expression of miR-16-5p and TXNIP 
in PB monocytes. Results revealed that Gensini score and 
the expression of miR-16-5p (r=–0.557, P<0.05) or TXNIP 
mRNA expression (r=0.727, P<0.05) in PB monocytes were 
correlated, and the expression of miR-16-5p was negatively 
correlated with TXNIP mRNA expression (r=–0.438, 
P<0.05). Taken together, the rising protein levels of IL-1β 
and IL-18 in CD14+ monocytes were indicative of severity 
of coronary AS. Also, the dropped expression of miR-16-
5p and elevated TXNIP mRNA expression in PB CD14+ 

monocytes are indicators of severity of coronary AS.

TXNIP was the target of miR-16-5p

The TargetScan database (Figure 2A) predicted a binding 
site between miR-16-5p and the 3'UTR of TXNIP, 
suggesting that TXNIP may be negatively regulated by 
miR-16-5p. The results of the dual luciferase reporter 
gene assay (Figure 2B) validated that the luciferase activity 
of the TXNIP WT 3'UTR strikingly reduced in the 
presence of miR-16-5p-mimic (P<0.05) relative to the 
TXNIP MUT 3’UTR (P>0.05). Next, we conducted gain- 
or loss- function assay of miR-16-5p in THP1 cells using 
miR-16-5p mimic and inhibitor and adopted RT-qPCR  
(Figure 2C) to assess the expression of miR-16-5p and 
TXNIP. The results revealed increased miR-16-5p 
expression and reduced TXNIP mRNA expression in 
THP1 cells in response to miR-16-5p mimic compared to 
inhibitor-NC, while an opposite trend was seen in response 
to miR-16-5p inhibitor compared to inhibitor-NC (P<0.05).

Artesunate inhibited release of pro-inflammatory factors 
activated by NLRP3 inflammasome in macrophages

To detect the anti-inflammatory effect of artesunate, we 
employed ATP to activate NLRP3 inflammasome and 
treated cells with artesunate at different concentrations 
in PMA-induced macrophages. The results of ELISA  
(Figure 3A) and immunoblotting (Figure 3B) identified 
elevated levels of IL-1β and IL-18, elevated expression 
levels of pro-caspase-1, -IL-1β, and -IL-18 and their 
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mature forms (caspase-1, mature IL-1β, and mature IL-18) 
released in macrophages in response to ATP treatment. As 
expected, we found artesunate treatment downregulated 
levels of IL-1β and IL-18, reduced the expression levels 
pro-caspase-1, -IL-1β, and -IL-18 and their mature forms 
secreted from macrophages at a dose-dependent manner. 

In the subsequent experiments, we activated NLRP3 
inflammasome in the presence of ATP, Nigericin, Alum, 
and Msu with or without 10 μmol/L artesunate treatment. 
The ELISA (Figure 3C-3F) and immunoblotting results  
(Figure 3G,3H) displayed that NLRP3 inflammasome 
could be activated in the presence of ATP, Nigericin, Alum, 

Figure 3 Artesunate inhibits secretion of pro-inflammatory factors activated by NLRP3 inflammasome in macrophages. (A,C-F) The 
expression of IL-1β and IL-18 in macrophage culture supernatant assessed by ELISA. (B,G) The expression of pro-caspase-1, -IL-1β and 
-IL-18 and their mature forms released in macrophages assessed by immunoblotting. (H) ASC production in macrophages assessed by ASC. 
* (relative to control), # (relative to ATP), & (relative to AS + low-dose artesunate) and ^ (relative to AS + medium-dose artesunate), indicates 
P<0.05 in panel (A); * (relative to control), # (relative to artesunate) and & (relative to ATP, Nigericin, Alum, or Msu), indicates P<0.05 
in panel (C-F). Statistical significance was confirmed by one-way ANOVA/Tukey’s test. IL-1β, interleukin-1β; ELISA, enzyme-linked 
immunosorbent assay; ASC, apoptosis-associated speck-like protein containing caspase recruitment domain; ATP, adenosine triphosphate; 
Msu, monosodium urate.
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and Msu in PMA-induced THP1 cells, as evidenced by 
upregulated levels of IL-1β and IL-18, higher expression 
levels of pro-caspase-1, -IL-1β, and -IL-18 and their 
mature forms released in macrophages as well as more ASC 
production in cultured macrophages (P<0.05). In addition, 
repressed levels of IL-1β and IL-18, pro-caspase-1, -IL-1β, 
and -IL-18 and their mature forms released in macrophages 
as well as less ASC generation in macrophages were 
observed in cells treated with 10 μmol/L artesunate in the 
presence of ATP, Nigericin, Alum, or Msu. Taken together, 
ATP, Nigericin, Alum, and Msu contributed to elevated 
expression of caspase-1, IL-1β, and IL-18 and more ASC 
production, while artesunate treatment could reverse the 
trend.

Artesunate regulates TXNIP-mediated activation of 
NLRP3 inflammasome

As confirmed above, we found that artesunate inhibited 
NLRP3 inflammasome. To better explore the underlying 
mechanism of artesunate on NLRP3 inflammasome, we 
adopted immunoblotting and CO-IP assay. As shown in 
Figure 4A,4B, results revealed that the protein expression of 
TXNIP exhibited no apparent change in response to ATP 
compared to control (P>0.05), while the interaction between 
TXNIP and NLRP3 was enhanced (P<0.05). Results also 
displayed that artesunate treatment also reduced the protein 
expression of TXNIP and the interaction between TXNIP 
and NLRP3 (P<0.05). The results of ELISA (Figure 4C) 
demonstrated that artesunate treatment repressed levels 
of IL-1β and IL-18 in macrophage supernatant. Taken 
together, artesunate reduced the protein expression of 
TXNIP and the interaction between TXNIP and NLRP3, 
thereby inhibiting secretion of IL-1β and IL-18 in 
macrophages.

Artesunate deactivated the NLRP3 inflammasome by 
targeted inhibition of TXNIP by miR-16-5p deactivating

To better elucidate the mechanism underlying the influence 
of artesunate on TXNIP and NLRP3 inflammasome, we 
elevated the expression of miR-16-5p in macrophages using 
miR-16-5p mimic followed by ATP treatment. Macrophages 
treated with miR-mimic NC followed by phosphate-
buffered saline (PBS) treatment served as controls. The RT-
qPCR (Figure 5A), ELISA (Figure 5B), and immunoblotting 
(Figure 5C,5D) results demonstrated that the expression of 
miR-16-5p and TXNIP exhibited no marked difference 

(P>0.05) in macrophages treated with ATP or PBS 
following miR-mimic; ATP treatment strikingly elevated 
the expression of miR-16-5p, but downregulated expression of 
TNXIP, IL-1β, and IL-18, repressed pro-caspase-1, -IL-1β, 
and -IL-18 and their mature forms released in macrophages 
and less ASC generation were witnessed following miR-16-
5p overexpression (P<0.05). Next, we adopted RT-qPCR 
(Figure 5E) to assess the expression of miR-16-5p in THP1-
differentiated macrophages treated with artesunate at different 
concentrations. The results displayed that the artesunate 
treatment markedly elevated the expression of miR-16-5p 
in a dose-dependent manner (P<0.05). Subsequently, we 
repressed miR-16-5p in THP1-differentiated macrophages, 
followed by treatment with 10 μmol/L artesunate, and then 
adopted RT-qPCR (Figure 5F), ELISA (Figure 5G), and 
immunoblotting (Figure 5H,5I). No significant difference 
in the expression of miR-16-5p was observed between 
macrophages treated with PBS or ATP followed by 
inhibitor-NC (P>0.05), while the presence of artesunate 
upregulated the expression of miR-16-5p. Either ATP or 
artesunate treatment markedly upregulated the expression 
of IL-1β and IL-18, expression of pro-caspase-1, -IL-1β, 
and -IL-18 and their mature forms released in macrophages 
and produced more ASC, but downregulated the expression 
of TXNIP in macrophages treated inhibitor-NC relative to 
PBS (P<0.05). In addition, artesunate treatment strikingly 
elevated expression of miR-16-5p, but repressed expression 
of TXNIP, reduced expression of IL-1β, expression of IL-
18, pro-caspase-1, -IL-1β, and -IL-18 and their mature 
forms released in macrophages and produced less ASC 
production in macrophages treated with inhibitor-NC and 
ATP (P<0.05). The results were confirmed by the addition 
of miR-16-5p inhibitor instead of miR-16-5p mimic. Taken 
together, artesunate inhibited miR-16-5p-mediated TXNIP, 
thereby inactivating the NLRP3 inflammasome.

Artesunate inhibits atherosclerotic plaque formation by its 
anti-inflammatory effects in vivo

A rat model of coronary AS was established and then 
treated with artesunate at low dose (10 mg/kg/d), medium 
dose (30 mg/kg/d), or high dose (50 mg/kg/d). Rats injected 
with saline 3 d + regular diet 21 d + 0.3% NaHCO3 served 
as control. Meanwhile, to better elucidate the mechanism 
of artesunate on miR-16-5p, we interfered miR-16-
5p in AS rats treated with high-dose artesunate using 
antagomir-16-5p. We adopted HE staining (Figure 6A) to 
detect the plaque formation in aorta of rats and the results 
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demonstrated that the aortic wall in rats injected with saline 
was smooth and intact without lipid accumulation, plaque 
formation, and vascular stenosis, but VD3 and high fat diet-
induced rats exhibited the aortic intima-media thickening, 
AS plaque formation, endothelial cell destruction and 
calcification, accompanied by mesangial smooth muscle 
cell proliferation and atrophy. Meanwhile, more severe 
pathological changes of AS were observed in high-dose 
AS rats treated with antagomir-16-5p, which was the 
same as untreated AS rats. With the higher concentration 
of artesunate, the plaque area of the rats in the AS rats 

markedly reduced.
As depicted in Figure 6B,6C, ELISA and RT-qPCR 

results displayed elevated levels of IL-1β and IL-18 in rat 
blood and the mRNA expression of TXNIP in monocytes, 
while reduced expression of miR-16-5p in monocytes in 
AS rats relative to normal rats, while an opposite trend was 
seen in AS rats treated with low-dose artesunate, medium-
dose artesunate, or high-dose artesunate compared to AS 
rats (P<0.05). Meanwhile, artesunate treatment at higher 
concentration potently reduced levels of IL-1β and IL-
18 in rat blood and the mRNA expression of TXNIP in 
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monocytes, while upregulated the expression of miR-16-5p 
in monocytes (P<0.05). Rats injected with antagomir-16-5p 
markedly increased the level of IL-1β and IL-18 in rat blood 
and the mRNA expression of TXNIP in monocytes, while 

downregulated the expression of miR-16-5p in monocytes 
(P<0.05). The blood liquid level in rats were then assessed 
by ELISA (Figure 6D), which revealed upregulated LDL, 
TC, and TG, while lower HDL level in AS rats compared 
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to normal rats, and an opposite trend was observed in 
AS rats treated with low-dose artesunate, medium-dose 
artesunate, or high-dose artesunate compared to AS rats. 
Meanwhile, artesunate treatment at higher concentration 
strikingly repressed levels of LDL, TC, and TG, while 
elevated HDL levels. Rats injected with antagomir-16-5p 
displayed potently upregulated levels of LDL, TC, and TG, 
while showing downregulated HDL levels. Coherently, 
artesunate at higher concentration exhibited the anti-
inflammatory effect by downregulating TXNIP via miR-
16-5p upregulation evidenced by reduced level of IL-1β and 
IL-18 in rat blood, LDL, TC, and TG, but elevated HDL 
level in blood liquid level, which was reversed by inhibition 
of miR-16-5p in vivo.

Discussion

Inflammation is characteristic of AS and the inflammatory 
processes occurring in advanced plaques could trigger acute 
cardiovascular events (18). The formation of plaques could be 
initiated by leukocyte accumulation while most leukocytes in 
plaque consist of macrophages, and macrophages are thought 
to be differentiated from monocytes in circulating blood (19). 
Artesunate has previously been reported to successfully relieve 
airway inflammation in allergic asthma (20). Thus, the current 
study aimed to study the molecular mechanism of how 
artesunate exhibited anti-inflammatory effect on attenuating 
AS. We found evidence to support our hypothesis that 
artesunate inactivated TXNIP-dependent NLRP3 
inflammasome by miR-16-5p elevation, which plays an anti-
inflammatory role on AS.

Initially,  we detected repressed miR-16-5p and 
elevated TXNIP in the PB monocytes of CHD patients, 
and repressed miR-16-5p or upregulated TXNIP in PB 
monocytes was correlated with severity of coronary AS 
evidenced by elevated protein expression of IL-1β and IL-
18 in PB monocytes of CHD patients. The implication of 
IL-1β and IL-18 in the inflammatory process was proposed 
to cause plaque progression (21). The expression of miR-
16-5p was also found to downregulate in acute coronary 
syndrome (22), and miR-16-5p could also modulate genes 
from AS (15). Bioinformatic analysis in the current study 
identified that miR-16-5p could inversely target TXNIP, 
though it was scarcely documented. Markedly upregulated 
plasma levels of TXNIP were observed in patients with 
early type 2 diabetes mellitus, and might be a hallmark 
of subclinical AS in early type 2 diabetes mellitus (23). 
Moreover, the upregulated expression of TXNIP was 

proposed to upregulate the levels of 2 inflammatory 
cytokines (IL-1β and IL-18) in THP1 cells, thereby 
engaging in the development of AS (24). Conversely, 
depletion of TXNIP was reported to relieve inflammation 
of vascular smooth muscle cells, thereby ameliorating AS in 
apolipoprotein E knockout mice (25).

Furthermore, the activation of NLRP3 inflammasome 
contributed to the elevated protein expression of IL-
1β and IL-18, and upregulated caspase-1 and mature 
IL-1β  and mature IL-18,  while  artesunate could 
block NLRP3 inf lammasome act ivat ion,  thereby 
attenuating AS. The release of caspase-1 and mature 
IL-1β was indicative of inflammasome formation in 
macrophages (26). A prior study noted that artesunate 
ameliorates diabetic nephropathy by blocking the 
NLRP3 inflammasome (7) and the inhibitory role of 
artesunate on NLRP3 was also studied in remote lung 
inflammation induced by renal ischemia-reperfusion (27).  
In addition, the inhibition of NLRP3 inflammasome 
activation attenuated AS, accompanied by inhibited plasma 
levels of proinflammatory cytokines (28). Interestingly, 
TXNIP is a protein binding to NLRP3 and TXNIP exerted 
regulatory role on NLRP3 inflammasome activation both 
in vivo and in vitro (29). The activation of TXNIP-NLRP3 
inflammasome contributed to the secretion of inflammatory 
cytokines inflammation (30).

In the subsequent in vivo experiment, artesunate at 
higher concentration or miR-16-5p elevation enhanced 
the anti-inflammatory effect. The severity of AS was 
correlated with lipid accumulation in the intima, arterial 
wall thickening, and the narrowing of vascular cavity, 
accompanied by endothelial cell dysfunction (31). 
Consistently, aortic intima-media thickening, AS plaque 
formation, and endothelial cell destruction were observed 
in rats treated with artesunate at lower concentration in our  
in vivo experiment. The accumulation of LDL was 
indicative of more severe AS (32). The decreased contents 
of TC and TG, but increased expression of HDL-C was 
favorable to AS in diabetic rats (33). Consistently, our 
results revealed that rats treated with artesunate at higher 
concentrations or antagomir-16-5p-NC exhibited repressed 
TC and TG, but elevated HDL.

Conclusions

In conclusion, the current study sheds light on the 
mechanism underlying the anti-inflammatory effect of 
artesunate on AS. Particularly, artesunate blocked TXNIP-
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mediated NLRP3 inflammasome via the upregulation of 
miR-16-5p (Figure 7). This mechanism helps to better 
elucidate the molecular mechanism of artesunate on AS, 
which also makes artesunate a therapeutic target for AS 
in the future. However, further studies are needed to be 
conducted on the precise binding form mediating the 
association between miR-16-5p and TXNIP.
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