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G protein-coupled receptor 39 activation alleviates oxidized low-density 
lipoprotein-induced macrophage inflammatory response, lipid accumulation 
and apoptosis by inducing A20 expression
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ABSTRACT
G protein-coupled receptor 39 (GPR39) agonist weakens oxidized low-density lipoprotein (ox-LDL)- 
induced attachment of monocytes to vascular endothelial cells and thus alleviates atherosclerosis. 
This study looks at whether GPR39 protects macrophages against ox-LDL-induced inflammation and 
apoptosis and ameliorates lipid accumulation in atherosclerosis and investigates its mechanism. 
Following inducement of ox-LDL, the expression of GPR39 and tumor necrosis factor alpha-induced 
protein 3 (TNFAIP3, also known as A20) in Raw 264.7 cells was detected by RT-qPCR and western 
blotting. The viability of macrophages treated with GPR39 agonist was detected by a cell counting kit 
8 kit. GPR39 and A20 expression in ox-LDL-challenged macrophages was assayed by RT-qPCR and 
western blot with or without GPR30 agonist. After transfection of small interfering RNA (siRNA)-A20, 
the expression of pro-inflammatory cytokine tumor necrosis factor-α (TNF-α), interleukin (IL)-1β and 
IL-6 and anti-inflammatory cytokine IL-10 as well as NF-κB p65 and COX2 was detected. Lipid 
accumulation was observed through Oil Red O Staining. Total cholesterol (TC) and free cholesterol 
(FC) in macrophages were detected by commercial kits. Lastly, macrophage apoptosis was observed 
through TUNEL, and apoptosis-related proteins were detected by western blotting . Results indicated 
that decreased expression of GPR39 and A20 was observed in ox-LDL-induced macrophages. GPR39 
agonist significantly increased A20 expression in ox-LDL-treated macrophages. Furthermore, A20 
interference reversed the inhibitory effect of GPR39 agonist on ox-LDL-induced inflammation, lipid 
accumulation, TC and FC overexpression as well as cell apoptosis. In conclusion, activating GPR39 
alleviates ox-LDL-induced macrophage inflammation, lipid accumulation and apoptosis in an A20- 
dependent manner.
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Introduction

Atherosclerosis is a common cardiovascular dis-
ease (CVD) where the elasticity of the artery 
degrades and the arterial wall hardens over time 
with local lipid accumulation, smooth muscle cell 
fibrosis and calcium deposition in the intima of 
the artery [1–4]. It mainly impacts on large and 

medium-sized arteries such as the coronary, car-
otid, cerebral and renal arteries, resulting in 
oppressive chest pain, angina, myocardial infarc-
tion and so on in later life [5,6]. Atherosclerosis is 
characterized by slow progression, that is to say, 
the formation of atherosclerosis may start in ado-
lescence and even early childhood [7,8]. Risk 
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factors for atherosclerosis are diverse and compli-
cated, consisting of pathological factors (hyperten-
sion, diabetes), genetic factors and lifestyle factors 
(lack of exercise, smoking, high-fat diet, sleep 
deprivation, stress) [9–11]. Owing to its consider-
ably high morbidity and poor prognosis, athero-
sclerosis is a leading cause of heart failure and 
other CVD-related deaths worldwide [12,13]. The 
key to the treatment of atherosclerosis lies with 
early intervention in the risk factors, such as main-
taining a healthy lifestyle incorporating routinely 
physical exercises, low-fat diet and cutting out 
smoking [14]. However, what makes it difficult is 
that atherosclerosis can be completely asympto-
matic in the early stage of development. And for 
patients diagnosed with atherosclerosis in a later 
stage, drug therapy, thrombolysis, stent implanta-
tion and coronary artery bypass surgery are the 
common options, but with unpredictable compli-
cations and an overall poor prognosis [15,16].

A recent study pointed out that agonizing the 
G protein-coupled receptor 39 (GPR39) weakens 
oxidized low-density lipoprotein (ox-LDL)- 
induced attachment of monocytes to vascular 
endothelial cells and thus alleviates atherosclerosis 
[17]. Another study suggests that GPR39 can aug-
ment the secretion of the anti-inflammatory cyto-
kine interleukin (IL)-10 in macrophages to exert 
an anti-inflammatory effect [18]. These findings 
inspired our hypothesis that GPR39 may alleviate 
ox-LDL-induced macrophage inflammatory 
response and lipid accumulation. Additionally, it 
has been reported that GPR39 activates the expres-
sion of tumor necrosis factor alpha-induced pro-
tein 3 (TNFAIP3, also known as A20) and inhibits 
that of NF-κB inflammatory pathway in vascular 
calcification [19]. Therefore, we speculated that 
GPR39 may participate in the regulation of ather-
osclerosis via an A20-dependent manner.

In the present study, ox-LDL-induced Raw 
264.7 macrophage was used to simulate the ather-
osclerosis model in vitro. The expression of GPR39 
and A20 was determined. We aimed to investigate 
that whether GPR39 activation could alleviate ox- 
LDL-induced macrophage inflammatory response, 
lipid accumulation and apoptosis as well as the 
potential regulatory mechanism involved in A20. 
Our findings might identify a new theoretical basis 
for targeted therapy for atherosclerosis.

Materials and methods

Cell culture and treatment

Raw 264.7 mouse mononuclear macrophages were 
acquired from Shanghai Cell Bank, Chinese 
Academy of Sciences and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Hyclone, USA) 
containing 10% fetal bovine serum (AlphaCell, 
China) and 1% penicillin/streptomycin in a 37°C, 
5% CO2 incubator. Ox-LDL (GuideChem, China) 
in the concentration of 12.5, 25, 50 or 100 μg/ml 
was chosen to stimulated the macrophages for 12, 
24 or 48 h in the presence or absence of 5 or 
10 μM of GPR39 agonist TC-G 1008 (ChemGen, 
China).

Cell transfection

The small interfering RNA (siRNA) targeting A20 
(siRNA-A20-1 and siRNA-A20-2) were con-
structed by GenePharm (Shanghai, China). The 
plasmids were transfected into the macrophages 
using Lipofectamine® 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) in accordance 
with the manufacturer’s protocol. Transfection 
efficiency was assessed via reverse transcription- 
quantitative (RT-q) PCR and western blot 
analyses.

Cell counting kit 8 (CCK-8)

The viability of macrophages was detected by 
a CCK-8 (Beyotime, China) kit. Cells of different 
treatment groups were harvested and digested with 
trypsin. Monocyte suspension (5 × 104 cells/mL) 
was prepared using the culture medium. 100 μL of 
cell suspension was added to each well of the 96- 
well plate and incubated with 10 μL of CCK-8 
solution for 4 h at 37°C. After oscillation for 
10 min, OD450 was measured by a microplate 
reader.

Oil red O staining

Raw 264.7 cells were inoculated in a 6-well plate. 
After the culture medium was absorbed, the cells 
were washed once with phosphate buffer saline 
(PBS), fixed by 4% paraformaldehyde (Beyotime, 
China) for 10 min and washed twice with PBS. 
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Next, 1 ml of Oil red O solution (KohyPath, 
China) was added to each well to stain the cells 
for 10 min. The cells were finally observed and 
photographed microscopically.

Total cholesterol/free cholesterol (TC/FC) 
quantification

The contents of TC and FC in Raw 264.7 cells 
were determined using Micro Total Cholestenone 
(TC) Content Assay Kit and Micro Free 
Cholestenone (FC) Content Assay Kit (Solarbio, 
China), following the product instructions.

Test for the levels of inflammatory factors

The contents of inflammatory factors, including 
IL-10, IL-1β, IL-6 and tumor necrosis factor-α 
(TNF-α) in culture medium supernatant were 
tested with the enzyme-linked immunosorbent 
assay (ELISA) sandwich method according to the 
manufacturer’s instructions (Shanghai Xitang 
Biotechnology Co., Ltd.). The absorbance was 
measured at a wavelength of 450 nm using a micro-
plate reader (Bio-Rad Laboratories, Inc.).

Terminal deThe oxynucleotidyl transferase (TdT) 
dUTP Nick-End Labeling (TUNEL)

For the evaluation of apoptosis, a TUNEL Apoptosis 
Detection kit (Invitrogen, Carlsbad, Calif, USA) was 
employed in this study following manufacturer’s 
recommendations. Raw 264.7 cells were fixed with 
4% paraformaldehyde and permeabilized by 0.3% 
Triton X-100. Cells were then incubated with 50 μl 
TUNEL reaction buffer. The nuclei were counter-
stained with DAPI in the dark. Images were visua-
lized and captured using a fluorescence microscope 
(Olympus Corporation).

RT-qPCR assay

Total RNA extraction was performed using 
TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). Complementary DNA (cDNA) 
was obtained through reverse transcription by 
means of the Prime Script™ RT Master Mix 
(TaKaRa Bio) in accordance with the manufac-
turer’s protocol. Subsequently, using cDNA as 

the template, the gene expression levels were ana-
lyzed via qPCR, which was conducted using iTaq™ 
Universal One-Step iTaq™ Universal SYBR® Green 
Supermix (Bio-Rad Laboratories, Inc.) on an ABI 
7500 instrument (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The amplification protocol 
was 95°C for 30 sec in the holding stage, and 95°C 
for 5 sec and 60°C for 30 sec in the cycling stage of 
total 40 cycles. Glyceraldehyde phosphate dehy-
drogenase gene (GAPDH) were used as internal 
controls for normalization. The 2−∆∆Ct method 
was applied to the relative quantification [20].

Western blot analysis

Cells were collected, lysed by RIPA buffer 
(BOSTER, China) and centrifuged at 2000 r/min 
at 4°C for 20 min. Protein concentration was mea-
sured in the supernatant by a bicinchoninic acid 
(BCA) kit (Beyotime, China). Afterward, normal-
ized volumes of samples (40 µg protein per lane) 
was isolated on sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) 
on a 10% gel and transferred onto polyvinylidene 
fluoride (PVDF) membranes. The, membranes 
were blocked with 5% nonfat milk, prior to incu-
bation with primary antibodies for the target pro-
teins. Horseradish peroxidase (HRP)-labeled 
secondary antibody was then added for incubation 
for 1 h at room temperature. The immunoreactive 
protein bands on the membranes were visualized 
using the Odyssey Infrared Imaging System (LI- 
COR Biosciences). The intensities of protein bands 
were quantified by Image J software and the rela-
tive protein level was normalized to GAPDH.

Statistical analysis

The experimental data in this study were analyzed 
on GraphPad Prism 8.0 (GraphPad Software, Inc., 
La Jolla, CA, USA). The measurement data are 
presented as Mean ± Standard Deviation (SD). 
Contrastive analysis of the measurement data in 
multiple groups was performed applying one-away 
analysis of variance (ANOVA) followed by 
Turkey’s post hoc test, while the date in two 
groups was compared by Student’s t test. P value 
less than 0.05 represents statistical significance.
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Results

Decreased expression of GPR39 and A20 in 
ox-LDL-challenged macrophages

It has been reported that GPR39 weakens ox-LDL- 
induced attachment of monocytes to vascular 
endothelial cells and thus alleviates atherosclerosis 
[17]. Firstly, the expression of GPR39 was exam-
ined in ox-LDL-induced macrophages. Following 
stimulation with 12.5, 25, 50 or 100 μg/ml of ox- 
LDL for 48 h, the expression of both GPR39 and 
A20 in the macrophages showed a reduction with 
the increase in ox-LDL concentrations compared 
with the control group (Figure 1(a-b)). 100 μg/ml 
of ox-LDL was then selected to stimulate the 
macrophages for 12, 24 and 48 h, after which 
GPR39 and A20 expression time-dependently 
decreased (Figure 1(c-d)). Therefore, ox-LDL 
decreases the expression of GPR39 and A20 in 
the macrophages.

GPR39 agonist enhances A20 expression in 
ox-LDL-challenged macrophages

Research has proposed that GPR39 can activate 
the expression of A20 in vascular calcification 

[19]. Therefore, GPR39 agonist (TC-G 1008) was 
used to treat Raw 264.7 cells to evaluate the 
expression of A20. After incubation with both 5 
and 10 µM of TC-G 1008 (GPR39 agonist) for 24 
and 48 h, the macrophages exhibited no noticeable 
change in terms of their viability (Figure 2(a)) as 
comparison to the control group, hence the selec-
tion of 10 µM for the following experiments. The 
expression of both GPR39 and A20 mRNA and 
proteins in ox-LDL-stimulated macrophages was 
notably upregulated following treatment with 
TC-G 1008 when compared with the ox-LDL 
group (Figure 2(b-c)). These data provide evidence 
that GPR39 agonist enhances A20 expression in 
ox-LDL-induced macrophages.

GPR39 alleviates ox-LDL-induced 
pro-inflammatory cytokine release in an 
A20-dependent manner

To look at how the interaction between GPR39 
and A20 affects ox-LDL-induced inflammatory 
response of the macrophages, siRNA-A20-1 and 
siRNA-A20-2) were respectively transfected into 
the macrophages. The expression of A20 was effec-
tively attenuated afterward compared with the 

Figure 1. Decreased expression of GPR39 and A20 in ox-LDL-challenged macrophages. (a-b) Relative protein and mRNA expression 
of GPR39 and A20 after stimulation with 12.5, 25, 50 and 100 μg/ml of ox-LDL, detected by western blot assay and RT-qPCR. (c-d) 
Relative protein and mRNA expression of GPR39 and A20 after stimulation with 100 μg/ml of ox-LDL, detected by western blot and 
RT-qPCR assays. **P < 0.01, ***P < 0.001 vs. Control.

BIOENGINEERED 4073



siRNA-NC group, while siRNA-A20-1 had a better 
knockdown efficacy than siRNA-A20-1 (Figure 3 
(a-b)), which was thus selected for the subsequent 
assays. Moreover, the results of RT-qPCR 
(Figure 3(c)) and ELISA (Figure 3(d)) showed 
decreased levels of the anti-inflammatory cytokine 
IL-10 and increased levels of pro-inflammatory IL- 
1β, IL-6 and TNF-α in Raw 264.7 cells exposed to 
ox-LDL. TC-G 1008 ameliorated the inflammatory 
response by enhancing the levels of IL-10 and 
suppressing that of IL-1β, IL-6 and TNF-α, 
whereas transfection of siRNA A20 reversed this 
ameliorative effect. Meanwhile, the protein expres-
sion of pro-inflammatory cyclooxygenase 2 
(COX2) and NF-κB p65 was also elevated by ox- 
LDL stimulation as comparison to the control 
group, which was downregulated in the presence 

of TC-G 1008 (Figure 3(e)). However, A20 inter-
ference again reversed this down-regulatory effect 
of TC-G 1008 on ox-LDL-induced inflammatory 
response. These results demonstrate that GPR39 
alleviates ox-LDL-induced pro-inflammatory cyto-
kine release in an A20-dependent manner.

GPR39 improves ox-LDL-induced lipid 
accumulation in an A20-dependent manner

Lipid accumulation is known to be a part of the 
progress of atherosclerosis [21]. The subsequent 
experiments were performed to study the effects 
of GPR39 and A20 in lipid accumulation of 
macrophages exposed to ox-LDL. It is shown in 
Figure 4(a-b) that ox-LDL induced accumulating 
lipid (red) compared with the control group, 

Figure 2. GPR39 agonist enhanced A20 expression in ox-LDL-induced macrophages. (a) The viability of macrophages treated with 5 
and 10 μM of TC-G 1008, detected by CCK-8 assay. (b-c) Relative protein and mRNA expression of GPR39 and A20 in ox-LDL- 
challenged macrophages following treatment with 10 μM of TC-G 1008, detected by western blot analysis and RT-qPCR. ***P < 0.001 
vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. ox-LDL.
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which was largely ameliorated by treatment with 
TC-G 1008, whereas A20 interference increased 
the distribution of the color red compared to the 
siRNA-NC group. Additionally, a rise in TC and 
FC content was observed in ox-LDL-challenged 
macrophages as comparison to the control group, 
and TC-G 1008 reduced their levels whereas inter-
ference with A20 weakened this effect of TC-G 
1008 (Figure 4(c-d)). These results indicate the 

A20-dependent attentive effect of GPR39 on ox- 
LDL-induced lipid accumulation.

GPR39 reduces ox-LDL-induced macrophage 
apoptosis via inducing A20 expression

It’s widely accepted that macrophage apoptosis is 
a process of the formation of necrotic core that 
acts as an inducer of the long-term low-degree 

Figure 3. GPR39 alleviated ox-LDL-induced pro-inflammatory cytokine release in Raw 264.7 cells via inducing A20 expression. (a-b) 
Relative protein and mRNA expression of A20 after transfection of siRNA-A20-1 or siRNA-A20-2, detected by western blotting and RT- 
qPCR. ***P < 0.001 vs. siRNA-NC. (c-d) Relative levels of IL-10, IL-1β, IL-6 and TNF-α in ox-LDL-challenged macrophages in different 
treatment groups were detected by RT-qPCR and ELISA kits. (e) Relative protein expression of COX2 and p65 in ox-LDL-challenged 
macrophages in different treatment groups, detected by western blot assay. ***P < 0.001 vs. Control; ##P < 0.01, ###P < 0.001 vs. 
ox-LDL; ΔP<0.05, ΔΔΔP<0.001 vs. ox-LDL+TC-G 1008 μM+siRNA-NC.
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inflammatory stimulation in the intima, which 
further contributes to the occurrence of athero-
sclerosis [22]. According to the result of TUNEL 
assay displayed in Figure 5(a-b), increased number 
of apoptotic macrophages in the ox-LDL group 
compared with the control group was notably 
decreased in the presence of TC-G 1008, which 
was however rescued after transfection with 
siRNA-A20. Furthermore, the protein expression 
of anti-apoptotic Bcl-2 was significantly downre-
gulated and that of pro-apoptotic Bax, cleaved 
caspase3 and cleaved PARP was conspicuously 
upregulated in ox-LDL-treated Raw 264.7 cells 
(Figure 5(c-d)). TC-G 1008 increased Bcl-2 expres-
sion and decreased the expression of Bax, cleaved 
caspase3 and cleaved PARP in Raw 264.7 cells 
exposed to ox-LDL when compared to the ox- 

LDL group. However, this effect was abated after 
transfection of siRNA-A20. Collectively, these 
results suggest that GPR39 reduces ox-LDL- 
induced apoptosis of the macrophages in an A20- 
dependent manner.

Discussion

Atherosclerosis is the main cause of coronary heart 
disease, cerebral infarction and peripheral vascular 
disease around the world [23,24]. Lipid metabolism 
disorder is the foundation of atherosclerotic lesions 
[25]. Unfortunately, current treatments are still in 
need of effectiveness in preventing the development 
of atherosclerosis and the complications after its 
onset. In this study, we demonstrated that both 
GPR39 and A20 expression was remarkably 

Figure 4. GPR39 improved ox-LDL-induced lipid accumulation of Raw 264.7 cells in an A20-dependent manner. (a-b) Lipid 
accumulation in ox-LDL-stimulated macrophages in different treatment group, tested with Oil red O staining. (c-d) TC and FC 
content in ox-LDL-challenged macrophages in different treatment group, determined by commercial kits. ***P < 0.001 vs. Control; 
###P < 0.001 vs. ox-LDL; ΔΔΔP<0.001 vs. ox-LDL+TC-G 1008 μM+siRNA-NC.
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upregulated in ox-LDL-treated Raw 264.7 cells, and 
GPR39 activation alleviates ox-LDL-induced macro-
phage inflammatory response, lipid accumulation 
and apoptosis by inducing A20 expression.

Extensive research has corroborated the associa-
tion between G protein-coupled receptors 
(GPCRs) and cardiovascular diseases, including 
atherosclerosis. For example, Li et al. through 
their experiments have found that activation of 
GPCRs contributed to the function of the 

cardiovascular systems and triggers a series of 
cellular responses in atherosclerosis [26]. Yu et al. 
have reported the involvement of G protein- 
coupled receptor 146 (GPR146) in the regulation 
of systemic cholesterol metabolism in the develop-
ment of atherosclerosis [27]. In addition, accord-
ing to a recent study, strengthening the expression 
of GPR39 with its agonist TC-G 1008 decreases the 
attachment of ox-LDL-challenged monocytes to 
endothelial cells, thus alleviating decelerating the 

Figure 5. GPR39 reduced ox-LDL-induced macrophage apoptosis via inducing A20 expression. (a-b) The apoptosis of ox-LDL-treated 
macrophages in different treatment group, measured using TUNEL assay. (c-d) Relative protein expression of apoptosis-related Bcl-2, 
Bax, cleaved caspase3 and cleaved PARP in macrophages exposed to ox-LDL in different treatment group, detected by western blot 
assay. ***P < 0.001 vs. Control; ###P < 0.001 vs. ox-LDL; ΔP<0.05, ΔΔΔP<0.001 vs. ox-LDL+TC-G 1008 μM+siRNA-NC.
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development of atherosclerosis [17]. Another 
report has mentioned that there exists a positive 
correlation between the expression of GPR39 and 
that of A20 and that GPR39 can inhibit the NF-κB 
signaling pathway in vascular calcification [19]. 
Extrapolating from the above findings, we pre-
sumed that GPR39 may play a role in atherosclero-
sis through its interaction with A20. Preliminary 
experiments in our study showed that both the 
expression of GPR39 and that of A20 decreased 
significantly in the macrophages following ox-LDL 
stimulation.

Cellular metabolism of immune cells, such as 
monocytes and macrophages, is a manipulator of 
the chronic inflammation in atherosclerosis [28]. 
GPR39 has proven to augment the secretion of the 
anti-inflammatory cytokine IL-10 in macrophages 
to exert an anti-inflammatory effect [18]. Li et al. 
have found that TNF-α-induced inflammation in 
human fibroblast-like synoviocytes can be effec-
tively alleviated by the upregulation of GPR39 
[29]. Furthermore, A20 has also been shown to 
mitigate the inflammation alleviate the apoptosis 
of ox-LDL-stimulated macrophages [30]. 
Consistent with previous studies, our study illu-
strated that GPR39 agonist suppressed the release 
of pro-inflammatory cytokines while improving 
that of the anti-inflammatory cytokine IL-10 in 
ox-LDL-challenged macrophages, and that A20 
interference reversed the anti-inflammatory effect 
of GPR39 agonist.

Lipid accumulation is known to be a part of the 
progress of atherosclerosis. As the lipids gradually 
accumulate in the arterial wall, macrophages 
absorb the excessive lipids and eventually grow 
into foam cells [31]. A high level of cholesterol, 
an important lipid, in the arterial intima is espe-
cially unfavorable for the cardiovascular system 
and is also a vital biological indicator for athero-
sclerosis [32]. In a rat model of diabetes, GPR39 
was found to play a potential regulatory role in 
lipid homeostasis, as a high level of its expression 
was observed in the adipose tissue of obese rats 
and rats with type 2 diabetes [33]. In our study, 
GPR39 agonist markedly suppressed lipid accumu-
lation in ox-LDL-challenged macrophages, while 
this effect was attenuated to a great extent by 
A20 interference. Likewise, the TC and FC content 
in ox-LDL-challenged macrophages was reduced 

by GPR39 agonist, which was increased after A20 
knockdown. Additionally, macrophage apoptosis 
is a process of the formation of necrotic core that 
acts as an inducer of the long-term low-degree 
inflammatory stimulation in the intima, which 
further contributes to the occurrence of athero-
sclerosis [22]. Inhibiting the apoptosis of macro-
phages is considered a plausible approach to the 
treatment of atherosclerosis. Our results showed 
that GPR39 agonist decreased the number of 
apoptotic macrophages stimulated with ox-LDL, 
whereas transfection of siRNA-A20 increased cell 
apoptosis rate.

Conclusions

Taken together, findings in this study demon-
strated that GPR39 alleviates inflammatory 
response, functions against lipid accumulation 
and ameliorates aberrant apoptosis in ox-LDL- 
challenged macrophages via inducing A20 expres-
sion. Data in this study reveal the roles of GPR39 
and A20 in atherosclerosis and provides evidence 
that GPR39 agonist is of great potential in the 
treatment of atherosclerosis. However, the lack of 
data about the expression of GPR39 and A20 in 
the macrophage of patients with atherosclerosis 
(especially in high ox-LDL patients) is 
a limitation of the present study, which will be 
investigated in the next experiments to further 
support the conclusions in this study.

Highlights

(1) The expression of GPR39 and A20 is down-
regulated in ox-LDL-stimulated macrophages.

(2) GPR39 agonist enhances A20 expression in 
macrophages exposed to ox-LDL.

(3) GPR39 alleviates ox-LDL-induced inflam-
mation, lipid accumulation and apoptosis.

(4) GPR39 improves ox-LDL-induced macro-
phages injury via inducing A20 expression.

Disclosure statement

The authors declare that they have no competing interests.

4078 L. CHEN ET AL.



Funding

This work was supported by 2017 Public Welfare Technology 
Application Research Linkage Plan Project [1704f0804013].

Availability of data and materials

The datasets used and/or analyzed during the present study 
are available from the corresponding author on reasonable 
request.

References

[1] Eberhardt A, Madycki G, Hendiger W. Staszkiewicz 
W and Lewszuk A: elasticity of the carotid artery 
walls as a prognostic factor for the occurrence of rest-
enosis after a surgery for internal carotid artery 
stenosis. Kardiol Pol. 2015;73:352–359.

[2] Schaftenaar F, Frodermann V, Kuiper J. Kuiper J and 
Lutgens E: atherosclerosis: the interplay between lipids 
and immune cells. Curr Opin Lipidol. 
2016;27:209–215.

[3] Wu MY, Li CJ, Hou MF, et al. New insights into the 
role of inflammation in the pathogenesis of 
atherosclerosis. Int J Mol Sci. 201718.

[4] Atzeni F, Sarzi-Puttini P, Bevilacqua M. Calcium deposi-
tion and associated chronic diseases (atherosclerosis, dif-
fuse idiopathic skeletal hyperostosis, and others). Rheum 
Dis Clin North Am. 2006;32:413–426, viii.

[5] Moss JW, Ramji DP. Nutraceutical therapies for 
atherosclerosis. Nat Rev Cardiol. 2016;13:513–532.

[6] Shin YJ, Lee JH, Yoo JY, et al. Clinical significance of 
evaluating coronary atherosclerosis in adult patients 
with hypertrophic cardiomyopathy who have chest 
pain. Eur Radiol. 2019;29:4593–4602.

[7] Berenson GS, Srinivasan SR, Freedman DS, et al. 
Atherosclerosis and its evolution in childhood. Am 
J Med Sci. 1987;294:429–440.

[8] Juonala M, Ellul S, Lawlor DA, et al. A cross-cohort 
study examining the associations of metabolomic pro-
file and subclinical atherosclerosis in children and their 
parents: the child health checkpoint study and avon 
longitudinal study of parents and children. J Am Heart 
Assoc. 2019;8:e011852.

[9] Lechner K, von Schacky C, McKenzie AL, et al. 
Lifestyle factors and high-risk atherosclerosis: pathways 
and mechanisms beyond traditional risk factors. Eur 
J Prev Cardiol. 2020;27:394–406.

[10] Leong XF. Ng CY and Jaarin K: animal models in 
cardiovascular research: hypertension and 
atherosclerosis. Biomed Res Int. 2015;528757:2015.

[11] Poznyak A, Grechko AV, Poggio P, et al. The diabetes 
mellitus-atherosclerosis connection: the role of lipid 
and glucose metabolism and chronic inflammation. 
Int J Mol Sci. 2020 21.

[12] Libby P, Buring JE, Badimon L, et al. Atherosclerosis. 
Nat Rev Dis Primers. 2019;5: 56.

[13] Loehr LR, Rosamond WD, Chang PP. Heart failure inci-
dence and survival (from the atherosclerosis risk in com-
munities study). Am J Cardiol. 2008;101:1016–1022.

[14] Bohr AH, Fuhlbrigge RC, Pedersen FK, et al. 
Premature subclinical atherosclerosis in children and 
young adults with juvenile idiopathic arthritis. 
A review considering preventive measures. Pediatr 
Rheumatol Online J. 2016;14:3.

[15] Zhu YR, Jiang XX, Zhang DM. Critical regulation of 
atherosclerosis by the KCa3.1 channel and the retarget-
ing of this therapeutic target in in-stent 
neoatherosclerosis. J Mol Med (Berl). 
2019;97:1219–1229.

[16] Xu J, Lu X, Shi G-P. Vasa vasorum in atherosclerosis 
and clinical significance. Int J Mol Sci. 
2015;16:11574–11608.

[17] Xu Y, Wang M, Xie Y, et al. Activation of GPR39 with 
the agonist TC-G 1008 ameliorates ox-LDL-induced 
attachment of monocytes to endothelial cells. Eur 
J Pharmacol. 2019;858:172451.

[18] Muneoka S, Goto M, Kadoshima-Yamaoka K, et al. G 
protein-coupled receptor 39 plays an 
anti-inflammatory role by enhancing IL-10 production 
from macrophages under inflammatory conditions. 
Eur J Pharmacol. 2018;834:240–245.

[19] Voelkl J, Tuffaha R, Luong TTD, et al. Zinc inhibits 
phosphate-induced vascular calcification through 
TNFAIP3-mediated suppression of NF-kappaB. J Am 
Soc Nephrol. 2018;29:1636–1648.

[20] Livak KJ, Schmittgen TD. Analysis of relative gene 
expression data using real-time quantitative PCR and 
the 2(-Delta Delta C(T)) Method. Methods. 
2001;25:402–408.

[21] Panjwani N, Mulvihill EE, Longuet C, et al. GLP-1 
Receptor Activation Indirectly Reduces Hepatic Lipid 
Accumulation But Does Not Attenuate Development 
of Atherosclerosis in Diabetic Male ApoE(-/-) Mice. 
Endocrinology. 2013;154:127–139.

[22] Kavurma MM, Rayner KJ, Karunakaran D. The walk-
ing dead: macrophage inflammation and death in 
atherosclerosis. Curr Opin Lipidol. 2017;28:91–98.

[23] Kim J, Song TJ, Song D, et al. Nonrelevant cerebral 
atherosclerosis is a strong prognostic factor in acute 
cerebral infarction. Stroke. 2013;44:2013–2015.

[24] Jover E, Marin F, Roldan V, et al. Valdes M and Lip 
GY: atherosclerosis and thromboembolic risk in atrial 
fibrillation: focus on peripheral vascular disease. Ann 
Med. 2013;45:274–290.

[25] Zhang Y, Qiao B, Gao F, et al. Melatonin protects H9c2 
cells against ischemia/reperfusioninduced apoptosis 
and oxidative stress via activation of the Nrf2 signaling 
pathway. Mol Med Rep. 2018;18:3497–3505.

[26] Li YF, Li RS, Samuel SB, et al. Lysophospholipids and 
their G protein-coupled receptors in atherosclerosis. 
Front Biosci (Landmark Ed). 2016;21:70–88.

BIOENGINEERED 4079



[27] Yu H, Rimbert A, Palmer AE, et al. GPR146 deficiency 
protects against hypercholesterolemia and 
atherosclerosis. Cell. 2019;179:1276–1288 e1214.

[28] Groh L, Keating ST, Joosten LAB. Monocyte and 
macrophage immunometabolism in atherosclerosis. 
Semin Immunopathol. 2018;40:203–214.

[29] Jing W, Sun W, Zhang N, et al. The protective effects 
of the GPR39 agonist TC-G 1008 against TNF-alpha- 
induced inflammation in human fibroblast-like syno-
viocytes (FLSs). Eur J Pharmacol. 2019;865:172663.

[30] Li HL, Wang AB, Zhang R, et al. A20 inhibits oxidized 
low-density lipoprotein-induced apoptosis through 
negative Fas/Fas ligand-dependent activation of 

caspase-8 and mitochondrial pathways in murine 
RAW264.7 macrophages. J Cell Physiol. 
2006;208:307–318.

[31] Maguire EM. Foam cell formation: a new target for 
fighting atherosclerosis and cardiovascular disease. 
Vascul Pharmacol. 2019;112:54–71.

[32] Yu XH, Fu YC, Zhang DW. Foam cells in 
atherosclerosis. Clin Chim Acta. 2013;424:245–252.

[33] Kolodziejski PA, Pruszynska-Oszmalek E, Sassek M, 
et al. Changes in obestatin gene and GPR39 receptor 
expression in peripheral tissues of rat models of obe-
sity, type 1 and type 2 diabetes. J Diabetes. 
2017;9:353–361.

4080 L. CHEN ET AL.


	Abstract
	Introduction
	Materials and methods
	Cell culture and treatment
	Cell transfection
	Cell counting kit 8 (CCK-8)
	Oil red Ostaining
	Total cholesterol/free cholesterol (TC/FC) quantification
	Test for the levels of inflammatory factors
	Terminal deThe oxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL)
	RT-qPCR assay
	Western blot analysis
	Statistical analysis

	Results
	Decreased expression of GPR39 and A20 in ox-LDL-challenged macrophages
	GPR39 agonist enhances A20 expression in ox-LDL-challenged macrophages
	GPR39 alleviates ox-LDL-induced pro-inflammatory cytokine release in an A20-dependent manner
	GPR39 improves ox-LDL-induced lipid accumulation in an A20-dependent manner
	GPR39 reduces ox-LDL-induced macrophage apoptosis via inducing A20 expression

	Discussion
	Conclusions
	Highlights
	Disclosure statement
	Funding
	Availability of data and materials
	References



