
Research Article
IL-37 Expression in Patients with Abdominal Aortic Aneurysm
and Its Role in the Necroptosis of Vascular Smooth Muscle Cells

Yan Ding ,1 Yue Wang ,1 Yifan Cai ,1 Chengliang Pan ,1 Chao Yang,2 Miao Wang,3

Xiaoyu Qi,2 Jing Ye,4 Qingwei Ji ,5 Jian Yu,1 Wenbin Xu,1 Kunwu Yu ,1

and Qiutang Zeng 1

1Department of Cardiology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei 430022, China
2Department of Vascular Surgery, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, Hubei 430022, China
3Department of Urology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei 430022, China
4Department of Cardiology, Renmin Hospital of Wuhan University, Wuhan, Hubei 430022, China
5Department of Cardiology, The People’s Hospital of Guangxi Zhuang Autonomous Region, Nanning 530021, China

Correspondence should be addressed to Yan Ding; dypartf@163.com, Yue Wang; 412225915@qq.com,
Yifan Cai; 531542929@qq.com, Chengliang Pan; m201975634@hust.edu.cn, Kunwu Yu; bushyukunwu@126.com,
and Qiutang Zeng; zengqt139@sina.com

Received 20 September 2021; Revised 24 March 2022; Accepted 23 April 2022; Published 11 May 2022

Academic Editor: Ada Popolo

Copyright © 2022 Yan Ding et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Our previous studies have shown that interleukin- (IL-) 37 plays a protective role in patients and animal models with
coronary artery disease. However, the role of IL-37 in patients with abdominal aortic aneurysm (AAA), another artery disease, is
yet to be elucidated. Methods and Results. AAA tissues and plasma samples were obtained from patients with or without surgical
intervention. Normal renal aortic tissues were collected from kidney transplant donors. Our findings established that in AAA, IL-
37 was distributed in endothelial cells, macrophages, and vascular smooth muscle cells (VSMCs) and that it was chiefly
concentrated in VSMCs. Furthermore, the expression was found to be downregulated compared with that in normal artery
tissues. Immunofluorescence showed that, unlike normal arteries, IL-37 was translocated to the nucleus of VSMCs in AAA.
Moreover, in patients with AAA, the expressions of IL-37, IL-6, and tumor necrosis factor- (TNF-) α were increased in the
plasma in comparison with the healthy controls. Correlation analysis revealed that IL-37 was positively correlated with IL-6,
TNF-α, age, aneurysm diameter, and blood pressure. Furthermore, human aortic vascular smooth muscle cells (HASMCs)
were stimulated with angiotensin II (AngII) in vitro to simulate smooth muscle cell (SMC) damage in AAA. A decrease in IL-
37 expression and an increase in receptor-interacting serine/threonine-protein kinase 3 (RIPK3) expression were observed in
HASMCs stimulated with AngII. On this basis, inhibition of RIPK3 with GSK’872 significantly attenuated necroptosis.
Moreover, the necroptosis rates were significantly lowered in HASMCs treated with recombinant IL-37, whereas the rates were
enhanced when the cells were depleted of the interleukin. Immunoblotting results showed that both exogenous and
endogenous IL-37 could affect the expressions of RIPK3, NLRP3, and IL-1β. Also, the phosphorylation of RIPK3 and p65 was
affected. Meanwhile, IL-37 promoted the transition of SMC from proliferative type to contractile type. Conclusions. The
expression of IL-37 in VSMCs decreases in patients with AAA, whereas IL-37 supplementation suppresses RIPK3-mediated
necroptosis and promotes the transition of VSMCs from proliferative to contractile type.
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1. Introduction

Abdominal aortic aneurysm (AAA) is a permanent and irre-
versible local expansion of the abdominal aorta, which
exceeds 50% of the normal vessel diameter or is >3 cm.
The majority of AAAs involve the abdominal aorta adjacent
to the renal artery [1]. AAA is conventionally considered to
be a localized phenotype of advanced atherosclerosis. How-
ever, presently, evidence that the entire blood vessel is
abnormal in patients with AAA is mounting [2, 3]. Recent
studies have uncovered that the pathophysiological process
of AAA includes oxidative stress, apoptosis, inflammation,
abnormal proteolytic pathways, and loss of arterial wall matrix
[4]. No specific drug is currently available to treat AAA; sur-
gery is the only effective option [5] and is resorted to in the ter-
minal stages of the illness. Therefore, it is imperative to
identify new drugs for the treatment of AAA, especially to help
patients in the early stages of the disease. Interleukin- (IL-) 37,
whose precursor is IL1F7, is a novel anti-inflammatory cyto-
kine that belongs to the IL-1 ligand family [6]. As a class of
molecules unique to humans, IL-37 is produced via proinflam-
matory stimulation to prevent inflammation resulting from
overstimulation and protects the tissues from excessive dam-
age [7]. Our earlier study has established that IL-37 is signifi-
cantly increased in the serum and vascular smooth muscle
cells (VSMCs) of patients with coronary atherosclerosis and
arterial calcification [8]. Recombinant IL- (rIL-) 37 has been
shown to alleviate mouse atherosclerosis and myocardial
infarction by inhibiting cardiomyocyte apoptosis, a finding
that asserts that IL-37 is inextricably linked to cardiovascular
disease [9–11]. However, the association of IL-37 with AAA
remains unknown.

Necrosis and apoptosis have previously been described
as the two different forms of cell death [12, 13]. Apoptosis,
which is programmed cell death, is regulated by the sequen-
tial activation of caspases. This activation is followed by the
formation of apoptotic bodies, which are then gradually
engulfed either by neighboring cells or by specialized phago-
cytes, usually without an immune response. In contrast,
necrosis is nonprogrammed cell death, which is related to
the rapid loss of cell membrane integrity and inflammation.
However, follow-up studies have found that certain forms of
necrosis, which are referred to as necroptosis, can be pro-
grammed [14, 15]. The complex formed by receptor-
interacting serine/threonine-protein kinase 3 (RIPK3) and
a closely related kinase called RIPK1 (also known as the
necrosome) has been identified to be the key initiator of
necroptosis [16]. Recently, Wang et al. have reported that
RIPK3 mediates the necroptosis of VSMCs and plays a per-
tinent role in AAA. Inhibition of RIPK3 could reduce the
size of AAA induced by CaCl2 [17]. However, whether IL-
37 can affect VSMC necroptosis is yet to be elucidated.
Therefore, in this study, we investigated the expression of
IL-37 in patients’ AAA and its role in VSMC necroptosis.

2. Materials and Methods

2.1. AAA Patients. The AAA tissue samples were obtained
from patients during surgical treatment for aneurysms. Nor-

mal renal aortic tissues were obtained from donors with no
other vascular diseases and for kidney transplantation. The
patients were treated at the Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology.
The clinical characteristics of these patients are listed in
Table 1.

We recruited 54 patients who underwent color Doppler
ultrasound or helical computed tomographic angiography

Table 1: Clinical characteristics of patients.

Characteristics
Normal arteries

groups
AAA
groups

p
value

Age (y) 57 ± 7:6 62 ± 4:7 NS

Sex (male/female) 6/0 6/0 NS

Hypertension, n
(%)

1 (16.7) 5 (83.3) ∗∗

Diabetes, n (%) 1 (16.7) 1 (16.7) NS

Smoking, n (%) 0 6 (100) ∗∗∗∗

SBP (mmHg) 125 ± 13:7 148 ± 10:2 ∗∗

DBP (mmHg) 76 ± 3:9 91 ± 7:6 ∗∗

GLU (mmol/L) 5:57 ± 1:40 5:75 ± 1:38 NS

TC (mmol/L) 3:70 ± 0:25 3:65 ± 0:17 NS

TG (mmol/L) 1:43 ± 0:74 1:53 ± 0:58 NS

LDL-C (mmol/L) 2:13 ± 0:18 2:20 ± 0:15 NS

HDL-C (mmol/L) 1:09 ± 0:15 1:20 ± 0:20 NS

The data are given as the mean ± SD, percentages, or numbers. SBP: systolic
blood pressure; DBP: diastolic blood pressure; TC: total cholesterol; TG:
triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-
density lipoprotein cholesterol. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and
∗∗∗∗p < 0:0001.

Table 2: Clinical characteristics of the patients with AAA.

Characteristics No AAA AAA p value

Age (y) 50 ± 8:1 56 ± 7:6 NS

Sex (male/female) 14/8 28/4 ∗

Hypertension, n (%) 4 (18.2) 22 (68.8) ∗∗∗

Diabetes, n (%) 6 (27.3) 8 (25) NS

Smoking, n (%) 3 (13.6) 18 (56.3) ∗∗

SBP (mmHg) 125 ± 14:7 143 ± 12:6 ∗∗∗∗

DBP (mmHg) 76 ± 11:8 90 ± 9:9 ∗∗∗∗

GLU (mmol/L) 5:95 ± 1:2 5:83 ± 1:2 NS

TC (mmol/L) 4:32 ± 0:6 4:40 ± 0:8 NS

TG (mmol/L) 1:12 ± 0:5 1:20 ± 0:7 NS

LDL-C (mmol/L) 2:21 ± 0:7 2:19 ± 0:6 NS

HDL-C (mmol/L) 1:29 ± 0:3 1:32 ± 0:4 NS

Aneurysm diameter (cm) None 6:6 ± 1:1 ∗∗∗∗

The data are presented as the mean ± SD or the number of patients. SBP:
systolic blood pressure; DBP: diastolic blood pressure; GLU: glucose; TC:
total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein
cholesterol; HDL-C: high-density lipoprotein cholesterol; ∗p < 0:05, ∗∗p <
0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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Figure 1: Continued.
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(CTA) between December 2018 and May 2021 at the Union
Hospital Tongji Medical College. Relevant clinical examina-
tion revealed that the patients had abdominal aorta exceed-
ing 50% of their normal vessel diameter or >3 cm, which
could readily be diagnosed as AAA.

Patients with clinical cardiovascular diseases, thrombo-
embolism, collagen disease, disseminated intravascular coag-
ulation, advanced liver disease, renal failure, malignant
disease, or septicemia or those who had undergone recent
major surgery or other inflammatory diseases, as well as
those who were on steroid therapy, were excluded from this
study. The clinical characteristics of these patients are listed
in Table 2.

This study was approved by the Ethics Committee of the
Union Hospital, Tongji Medical College. Written informed
consent was obtained from each patient before their enroll-
ment in this study.

2.2. Human Tissue Sample Preparation, Immunohistochemistry,
and Immunofluorescence. The tissue sections were routinely
stained with hematoxylin and eosin or anti-human IL-37 anti-
bodies. To determine the specific distribution of IL-37 in AAAs,
we used anti-CD68, anti-CD31, and anti-α-SMA antibodies to

identify the macrophages and VSMCs in the AAA samples,
respectively. 4′,6-Diamidino-2-phenylindole (DAPI) was used
as a nuclear stain. All operations were conducted in accordance
with the Declaration of Helsinki. The tissue images were
obtained by confocal microscopy.

2.3. Laboratory-Related Measurements. Fasting blood sam-
ples were collected from patients in the morning after
admission. Each sample was collected in a sodium heparin
vacuum container (Becton–Dickinson). These blood sam-
ples were centrifuged at 2500 × g for 10min, and the plasma
was stored at −80°C until further use. Moreover, mononu-
clear cells were separated from blood cells with the lympho-
cyte separation solution, collected via centrifugation with the
addition of radioimmunoprecipitation assay (RIPA) buffer
with 1% protease inhibitor phosphatase inhibitors and
PMSF, followed by storage at −80°C until further analysis
by Western blotting.

The concentrations of IL-37, IL-6, and TNF-α in the
plasma were determined by enzyme-linked immunosorbent
assay (ELISA). The minimum concentration of IL-37 was
10 pg/mL. The ELISA intra-assay and interassay coefficients
of variation were 5% and 10%, respectively. The minimal
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Figure 1: The suppression of IL-37 in human AAA. (a–c) In AAA, IL-37 was distributed in endothelial cells, macrophages, and vascular
smooth muscle cells (VSMCs) and mainly concentrated in VSMCs (yellow bar = 50μm). (d) Macrophages infiltrate in AAA and
fluorescence density analysis (yellow bar = 50 μm). (e) Decreased IL-37 content in AAA (10x black bar = 200 μm; 40x black bar = 50 μm).
(f) Histochemical analysis. (g) Immunoblotting observation of IL-37 expression in the vascular tissues. (h) Immunoblotting analysis.
Values are presented as the means ± SD. All experiments were repeated thrice, each time with N = 4. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001,
and ∗∗∗∗p < 0:0001.
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detectable concentrations were 5 pg/mL for IL-6 and 8pg/
mL for TNF-α. The ELISA intra-assay and interassay CVs
were 8% for IL-6 and 10% for TNF-α, respectively. All sam-
ples were measured in duplicate.

Other laboratory examination results were sourced from
the Central Laboratory of Union Hospital, and the color
Doppler ultrasound or CTA results were sourced from the
patient’s admission examination.
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Figure 2: Clinical indicators of patients with non-AAA and patients with AAA. (a) In AAA samples, IL-37 translocates to the nucleus (as
indicated by a white arrow, yellow bar = 10 μm). (b) Expression of IL-37 in the nucleus. (c) IL-37 content in the plasma. (d) IL-6 content in
the plasma. (e) TNF-α content in the plasma. (f) AngII content in the plasma. The basic characteristics of the patient are summarized in
Table 2. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.

5Oxidative Medicine and Cellular Longevity



2.4. Real-Time PCR. Total RNA extracted from the cells and
tissues was isolated with the TRIzol reagent (Vazyme Bio-
technology, Nanjing, China) and reverse transcribed into
cDNA using a reverse transcription kit as per the manufac-
turer’s instructions. Real-time PCR was performed on the
ABI 7900 System (Applied Biosystems, Foster City, CA,
USA), while the SYBR Green Master Mix (Vazyme Biotech-
nology, Nanjing, China) was used to quantify the mRNA
levels of the target genes. Each reaction was performed in
triplicate, and the 2-△△CT method was applied to calculate
the change in each target gene. The primers used in this
study were as follows:

RIPK3: F: GAAGGACTGAAGGAGCTAATGCA and R:
TTTTGGTAGGCATTCCTGGAA, IL-1β: F: CCACAGACC
TTCCAGGAGAATG and R: GTGCAGTTCAGTGATC
GTACAGG, GAPDH: F: TGTTGCCATCAATGACCCCTT
and R: CTCCACGACGTACTCAGCG, and NLRP3: F:
TGAAGAGGAGTGGATGGGTTTAC and R: CTGTCT
TCAATGCACTGGAATCT.

2.5. In Vitro Experiments. Human aortic vascular smooth
muscle cells (HASMCs) were purchased from MeisenCTCC
(http://www.ctcc.online), and the culture procedures were
approved by the relevant ethics committee. HASMCs were
cultured in DMEM supplemented with 10% fetal bovine
serum in a humidified atmosphere at 37°C under a 5%
CO2 atmosphere. As previously described, HASMCs were
passaged 3–4 times at 70–80% confluence, and the cell set-
tings were as follows: three sets of experiments, treated with
PBS, AngII (50μM), AngII (50μM)+GSK’872 (5μM), AngII
(50μM)+SIS3 (1μM), or AngII (50μM)+rIL37 (100 ng/mL)
for 72 h. The cells (1 × 105 cells/well) were seeded in a 6-well
plate and transfected with the Opti-mem medium mixed
with Lipofectamine 3000 as well as siRNA (50 nM) for 6 h
and then replaced with the normal medium. Next, the cells
were cultured for 24 h, after which AngII was added to stim-
ulate the cells for 72h. The cells were collected for CCK8
detection and for apoptosis-related detection.

2.6. Protein Extraction and Western Blotting. The cells and
tissues were separated into cytoplasmic and nuclear compo-
nents as per the instructions of the NE-PER Nuclear and
Cytoplasmic Extraction Reagents Kit (ThermoFisher Scien-

tific). The nuclear and cytoplasmic components were used
for Western blotting, as described previously. Primary anti-
bodies and secondary antibodies were purchased from
Abcam (USA) and Cell Signaling Technology (USA).

2.7. Statistical Analyses. All data are presented as the mean
± SD. Data were tested for normality before processing.
We used Student’s t-test, analysis of variance, Chi-square
test, and the Mann–Whitney U statistical test for the statis-
tical analyses. Spearman correlation analysis was also
applied to calculate the correlation between the plasma IL-
37 concentration and other indicators, including age, AAA
size, sex, hypertension, diabetes, smoking, systolic blood
pressure, diastolic blood pressure, blood lipid levels, lipopro-
tein components, and fasting blood glucose levels. Simple
linear regression analysis of the candidate variables such as
acid, calcium, phosphorus, IL-37, IL-6, and tumor necrosis
factor-α was also performed. In all tests, p < 0:05 was consid-
ered to indicate statistical significance.

3. Results

3.1. IL-37 Expression in Human AAA. The basic characteris-
tics of the patients are presented in supplemental Table 1.
Anti-α-SMA, anti-CD68, anti-CD31, and anti-IL-37 antibodies
were used for staining the AAA tissues, which revealed that
although IL-37 was distributed in the VSMCs, macrophages,
and endothelial cells, it was mostly concentrated in the VSMCs
(Figures 1(a)–1(c)). Immunofluorescence analysis revealed a
significant increase in macrophage infiltration in the AAA tis-
sues when compared with the normal arterial tissues
(Figure 1(d)). Furthermore, immunohistochemical staining
and Western blot analysis showed reduced IL-37 expression
in AAA than in the normal arteries (Figures 1(e)–1(h)).

3.2. Plasma IL-37, IL-6, and TNF-α in the AAA and Normal
Groups. Staining with anti-α-SMA and anti-IL-37 antibodies
exposed that IL-37 was translocated to the nucleus in the
SMCs in patients with AAA (Figure 2(a)). Similarly, nuclear
protein analysis indicated increased intranuclear IL-37 pro-
tein levels in patients with AAA compared with the normal
group (Figure 2(b)). The plasma levels of IL-37, IL-6, TNF-
α, and AngII were significantly higher in patients with
AAA than in the normal group. Furthermore, the levels of
IL-37, IL-6, and TNF-α were elevated in the plasma of
patients with AAA (Table 2 and Figures 2(c)–2(f)). Whether
the plasma IL-37 level was related to age, aneurysm vascular
diameter, and biochemical indicators, including lipid and
lipoprotein components (triglycerides, high-density lipopro-
tein cholesterol, low-density lipoprotein, and cholesterol),
fasting blood sugar, glycosylated hemoglobin, and blood
pressure were subsequently assessed. Correlation analysis
alluded that IL-37 was positively correlated with IL-6 TNF-
α, age, SBP, DBP, and the inner diameter of aneurysm ves-
sels (Table 3 and Figure 3).

3.3. Inhibition of RIPK3 Reduces the Apoptosis of HASMCs
Induced by AngII. A previous study indicated that RIPK3
expression was increased in AAA [18]. This study too dem-
onstrated that the expression of RIPK3 was increased

Table 3: Spearman’s correlation analysis.

TNF-α IL-6 IL-37

Age (y) 0.271 0.263 0.453∗∗

Aneurysm

Diameter (cm) 0.506∗∗ 0.649∗∗∗∗ 0.702∗∗∗∗

SBP (mmHg) 0.439∗ 0.593∗∗∗ 0.448∗

DBP (mmHg) 0.423∗ 0.535∗∗ 0.355∗

GLU (mmol/L) 0.218 0.174 0.189

TG (mmol/L) 0.148 0.187 -0.090

TC (mmol/L) -0.084 -0.073 -0.092

LDL-C (mmol/L) 0.055 0.076 -0.053
∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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dramatically in AAA tissues (Figures 4(a)–4(c)). In vitro
experiments suggested that RIPK3 was also increased in
HASMCs stimulated by AngII (Figures 4(d)–4(f)). Based
on AngII stimulation in HASMCs, GSK’872, a RIPK3 inhib-
itor, was used. Flow cytometry with annexin-FITC/PI double
staining was employed to measure apoptosis, and annexin-
FITC+/PI+ cells represented late-stage apoptotic or necrotic
apoptotic cells. Moreover, cell counting kit-8 (CCK8) was
used for assessing cell viability, which revealed that the pro-

portion of necroptotic cells was increased significantly after
stimulation with AngII (Figures 4(g) and 4(h)).

3.4. IL-37 Regulates Inflammatory Vesicles as well as
Necroptosis. Immunoblotting showed that the expression of
IL-37 was downregulated in HASMCs stimulated by AngII
(Figures 5(a) and 5(b)). Furthermore, IL-37 appeared to be
transported into the nucleus in HASMCs and was highly
expressed in the nucleus by AngII stimulation
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Figure 3: Correlation among IL-6, TNF-α, age, aneurysm diameter, SBP, DBP, and IL-37 (N = 32). (a) The plasma levels of IL-37 were
positively correlated with those of IL-6 (r = 0:853, p < 0:0001). (b) The plasma levels of IL-37 were positively correlated with those of
TNF-α (r = 0:677, p < 0:0001). (c) The plasma levels of IL-37 were positively correlated with age (r = 0:4528, p < 0:009). (d) The plasma
levels of IL-37 were positively correlated with the aneurysm diameter (r = 0:7024, p < 0:0001). (e) The plasma levels of IL-37 were
positively correlated with SBP (r = 0:4481, p = 0:01). (f) The plasma levels of IL-37 were positively correlated with DBP (r = 0:3545, p =
0:03).
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Figure 4: Inhibition of RIPK3 could reduce the HASMC damage. (a) The expression of RIPK3 genes in the AAA was detected at mRNA by
RT-PCR (n = 6). (b, i) Immunoblotting observation of the RIPK3 expression in the vascular tissues. (c) Immunoblotting analysis. (d) The
expression of RIPK3 genes in the HASMCs (n = 5) was detected at mRNA by RT-PCR. (e, f) Immunoblotting observation of the RIPK3
expression in HASMCs. (g) Flow cytometry to detect the necroptosis (as indicated by a green arrow). (h) CCK8 was used to detect the
cell viability. Values are presented as the means ± SD. All experiments were repeated thrice, each time with N = 4. ∗p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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(Supplemental S1 and S2). Based on AngII stimulation, RT-
PCR showed that the expressions of RIPK3 and pro-IL-1β
were decreased after rIL-37 treatment (Figures 5(c) and
5(d)). Moreover, immunoblotting suggested that the expres-
sions of RIPK3, NLRP3, and mature cl-IL-1β were reduced
(Figures 5(e)–5(h) and Supplemental S3). Flow cytometry
and CCK8 staining demonstrated that the proportion of
necroptosis (annexin-FITC+/PI+) was significantly lowered
in HASMCs with rIL-37 (Figures 5(h) and 5(i)). IL-37/
Smad3 complex expression was found to be increased in
response to AngII stimulation (Supplemental S3). Subse-
quently, IL-37 or Smad3 was inhibited, and a significant
increase in the mRNA and protein expressions of RIPK3,
NLRP3, and IL-1β was observed. Flow cytometry and
CCK8 assays proved that IL-37 inhibition could lead to
increased necroptosis (Supplemental S4–S7).

3.5. IL-37 Affects the Activation of RIPK3 In Vitro. The com-
plex formed by RIRK3 and its substrate mixed-lineage
kinase domain-like (MLKL) is an important factor for the
induction of necroptosis, and their phosphorylation levels
are important for the formation of the necrosome complex
[19]. The phosphorylated protein levels of RIPK3, MLKL,
and P65 were assessed by immunoblotting HASMCs treated
with rIL-37. The results showed that rIL-37 treatment down-
regulated RIPK3 and total P65 protein as well as their phos-
phorylated forms. In contrast, the levels of p-RIPK3 and p-
p65 were significantly enhanced after IL-37 silencing. Inter-
estingly, the total protein expression of MLKL remained
unchanged, but the levels of the phosphorylated forms
declined. This result indicated that exogenous IL-37 could
inhibit p-RIPK3 and p-MLKL to alleviate the formation of
necrosomes and necroptosis (Figure 6). On the contrary,
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Figure 5: rIL-37 reduces the damage of HASMC by AngII. (a, b) Immunoblotting observation of the IL-37 expression in HASMCs. (c, d)
The expression of RIPK3 IL-1β genes in the HASMCs (n = 5) was detected at mRNA by RT-PCR. (e) Immunoblotting observation of RIPK3,
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after IL-37 silencing, a significant upregulation of p-RIPK3
and p-P65 by AngII was observed. Nevertheless, the total
MLKL and p-MLKL levels were not significantly altered
(Supplemental S7). In summary, IL-37 could either directly
or indirectly regulate RIPK3 phosphorylation levels and,
therefore, inhibit necroptosis.

3.6. IL-37 Promotes the Transition of SMCs to a Contractile
Phenotype and Inhibits the Proliferation. To confirm whether
IL-37 can influence SMC proliferation, the expression of KI67
in the nucleus of SMCs was examined. Compared with the
control group, enhanced proliferation of SMCs stimulated by
AngII was observed, and treatment with rIL-37 inhibited
SMC proliferation (Figure 7(a)). In AAA, the phenotypic tran-
sition of SMCs from contractile to proliferative as a precondi-
tion for their proliferation was a key feature [20]. To evaluate
whether IL-37 could affect SMC phenotypic transformation,
contractile SMC marker (ACTA2) and proliferative secretory
SMC marker (Vimentin) were examined. Augmented protein
expressions of systolic markers and decreased protein expres-
sions of proliferative secretory markers were observed after
rIL-37 treatment compared with no rIL-37 treatment
(Figure 7(b)). These results demonstrated that IL-37 converts
SMCs to a contractile phenotype and inhibits the proliferation
of secretory phenotypes.

4. Discussion

This study demonstrated that IL-37 was substantially down-
regulated in the tissues of patients with AAA and was upreg-
ulated in the plasma and translocated into the nucleus in
SMCs. Additionally, IL-37 modulated RIPK3, MLKL, and
P65 phosphorylation, thus impacting AngII-induced and
RIPK3-dependent necroptosis in SMCs. Furthermore, IL-
37, which inhibited SMC proliferation, promoted the SMC
phenotypic switch from a proliferative secretory to a con-

tractile type. These findings suggest that IL-37 could be
effectively exploited for the treatment of AAA.

A previous study showed that in vessels with atheroscle-
rosis and arterial calcification, IL-37 was predominantly
expressed in SMCs and that its expression was significantly
higher in the arteries than in the other tissues [8]. Our
results indicated that in AAA tissues, IL-37 expression was
most abundant in SMCs but was also expressed in endothe-
lial cells and macrophages although at lower levels. Similar
to the atherosclerotic vessels, macrophage infiltration was
seen in AAA vessels, but there was a trend toward decreasing
abundance of IL-37 in AAA samples. The disease processes
underpinning AAA have long been considered a restricted
manifestation of advanced atherosclerosis [21]. It has been
published that systemic vascular branches are abnormal in
patients with AAA. In fact, proteolysis, inflammation, and
SMC apoptosis of the vascular branch are the key factors that
cause AAA [22]. Furthermore, AAA pathogenesis is influ-
enced by genetic, epigenetic, and external stimuli [23]. There-
fore, the diametrically opposed abundance of IL-37 expression
in the arteries representative of these two diseases alludes that
the pathophysiological mechanisms involved in atherosclero-
sis and AAA development may be quite different.

In this study, the level of plasma IL-37 was measured in
patients with AAA and healthy controls and it was found to
be increased in AAA. In abnormally activated cells, such as
those stimulated by AngII or LPS, IL-37 is released by the
cells into the peripheral blood and suppresses the activation
of immune cells. It has been reported that IL-6 and TNF-α
can be secreted by leukocytes and SMCs and that the plasma
concentrations gradually increase as the size of the abdomi-
nal aorta increases [24]. Correlation analysis showed that IL-
37 was positively correlated with IL-6, TNF-α, age, aneu-
rysm diameter, SBP, and DBP. The main effect of IL-37
was to reduce excessive inflammatory reaction via negative
feedback, which played an important role in the innate and
adaptive immune mechanisms. IL-37 present in the
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peripheral environment of patients with AAA is speculated
to also act as negative feedback to regulate inflammation
and delay aneurysm progression. Our findings showed that
IL-37 in SMCs is translocated into the nucleus, and that
the nuclear expression is increased in AAA. Interestingly,
total IL-37 was downregulated in the AAA tissues. Endoge-
nous IL-37 not only can translocate into the nucleus but also
be released outside the cell to participate in the immune
response. Owing to the decrease of total IL-37 in SMCs
and the increase of intracellular inflammation, IL-37 in the
nucleus cannot completely suppress inflammation, which
aggravates AAA. This is the first study to have described
the expression of IL-37 in patients with AAA.

AngII can trigger RIPK3–MLKL-mediated necroptosis by
activating the FAS/FASL signaling pathway in renal tubular
cells [25]. Consistent with the findings in the AAA tissues,

RIPK3 expression in SMCs was upregulated upon AngII stim-
ulation in vitro. The proportion of cells undergoing necropto-
sis was reduced after RIPK3 was inhibited using GSK’872.
These findings imply that AngII-mediated SMC necroptosis
is RIPK3-dependent. RIPK3 promoted AAA by inducing
SMC necrosis and inflammation. A study on CaCl2-induced
AAA showed that the aneurysm diameter was significantly
reduced in RIPK3-knockout mice, as was the smooth muscle
cell necroptosis rate [17]. Our results are consistent with pre-
viously published data and assert that in AngII-induced
smooth muscle injury model, RIPK3 may serve as a therapeu-
tic target to alleviate SMC injury in different AAA models.

Our data show that IL-37 regulates necroptosis and
inflammation in SMCs. As in the case of AAA tissues, down-
regulation of IL-37 expression stimulated by AngII was
observed in HASMC. Quite unexpectedly, RIPK3, NLRP3,
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and IL-1β were significantly suppressed in SMC by AngII
after rIL-37 treatment. Pro-IL-1β can be sheared into cl-
IL-1β by the NLRP3 inflammasome complex [26]. Exoge-
nous IL-37 binds to IL-18Ra and recruits IL-1R8. Formation
of the IL-37/IL18RA/IL1R8 complex inhibits the inflamma-
tory pathways (NF-κB/p65, MAPK, NLRP3, etc.) and acti-
vates the anti-inflammatory pathways (AMPK, FOX0,
STAT3, etc.) [27]. Hence, it is hypothesized that IL-37
inhibits NLRP3 expression and other transcriptional path-
ways that increase IL-1β expression by forming coreceptors.
For the first time, IL-37/Smad3 complex binding was shown
to be increased in SMCs following AngII stimulation. Fur-
thermore, inhibition of endogenous IL-37 or Smad3
increased necroptosis as well as inflammation in our study.
Smad3, when phosphorylated, inhibits cytotoxicity by bind-
ing to DNA and inhibiting dendritic cell (DC) and macro-
phage activation. It has been reported that Smad3 protects
vascular integrity and suppresses vascular inflammation
[28]. As the only cytokine that can bind to Smad3, IL-37
can phosphorylate as well as dephosphorylate Smad3, both
of which exert an inhibitory effect on inflammation. Simi-
larly, necroptosis of SMCs was significantly enhanced after
inhibiting IL-37 or Smad3. These results indicate that IL-
37 could alleviate necroptosis of SMCs via Smad3.

Feng et al. reported that the administration of rIL-37
could inhibit the expression and activation of MLKL in the
liver cells by lowering INF-γ/TNF-α, thereby alleviating liver
damage and fibrosis [29]. This finding suggests that IL-37
could also affect MLKL function and expression. In our
study, p-RIPK3 and p-MLKL were reduced in AngII-
induced SMCs by rIL-37 treatment. As a kinase, activation
of RIPK3 promotes the phosphorylation of MLKL to form
a RIPK3–MLKL complex (also known as a necrosome) to
induce necroptosis. Activated MLKL is translocated into
the cell membrane, thus forcing the cell membrane to rup-
ture [30]. As IL-37 did not affect total MLKL protein, it is
hypothesized that it is likely to regulate RIPK3 and, thus,
influence the phosphorylation of MLKL. The NF-κB family
comprises five proteins: RelA (p65), RelB, c-Rel, NF-κB1
(p50), and NF-κB2 (p52), which are activated and translo-
cated into the nucleus to regulate the expression of inflam-
matory factors. In DCs and macrophages stimulated by
LPS, IL-37 reduces p65 phosphorylation levels. In SMCs,
IL-37 acts like the one described above. However, further
experiments are needed to elucidate how IL-37 affects the
phosphorylation of these proteins in SMC.

In AAA, the smooth muscle cells are transformed from a
contractile to a proliferative secretory type. The proliferation
is dominated by proliferative secretory [31], and AngII-
induced AAA also exhibits a similar performance [32]. As
an experimental method of inducing AAA, AngII can
enhance the above transformation of VSMCs via AT1R. In
in vitro experiments, high-dose AngII (>10−7) promoted
SMC proliferation. At a concentration of 10−5 (50μM), the
level of SMC proliferation was significantly enhanced. Under
the stimulation of AngII, the SMC phenotype switch may be
regulated by RIPK3, NLPR3, inflammatory factors, etc.
Interestingly, this proliferation was reversed after treatment
with rIL-37. In one study, overexpression of IL-37 reduced

SMA and Vimentin expression in the aorta in atherosclero-
sis. Similarly, exogenous IL-37 treatment reduced AngII-
induced SMC proliferation, upregulated the expression of
ACTA2 (contractile), and downregulated the expression of
Vimentin (proliferative secretory). Succinctly, IL-37 inhibits
SMC inflammation, necroptosis, and proliferation, thus convert-
ing SMC to a contractile phenotype, and also inhibits the prolif-
erative secretory phenotype, thereby inhibiting AAA formation.

Nevertheless, this study has certain limitations. First, we
could not collect normal abdominal aortic vessels because of
ethical issues; thus, renal arteries from healthy donors were
used as controls. Second, the sample size is small; more
patients should be recruited to determine the relationship
between plasma concentration of IL-37 and AAA recovery.
Third, in in vitro cell experiments, AngII stimulation may
not entirely simulate the damage in human AAA; hence,
other AAA models should be applied.
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to AngII stimulation (yellow bar = 50μm). S2: immunoblotting,
total IL-37 expression in the nucleus. S3: COIP,IL-37/Smad3
complex was increased in AngII group. S4: flow cytometry,
SIS3 promoted necroptosis in HASMCs. S5: RT-PCR, increased
expression of NLPR3, RIPK3, and IL-1β after knockdown of IL-
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IL-1β after knockdown of IL-37. S7: increased rates of apoptosis
and damage after knockdown of IL-37. ∗p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001. S8: immunoblotting, upregu-
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∗∗∗∗p < 0:0001. (Supplementary Materials)

References

[1] N. Sakalihasan, R. Limet, and O. D. Defawe, “Abdominal aor-
tic aneurysm,” The Lancet, vol. 365, no. 9470, pp. 1577–1589,
2005.

13Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2022/1806513.f1.docx


[2] M. I. Patel, D. T. Hardman, C. M. Fisher, and M. Appleberg,
“Current views on the pathogenesis of abdominal aortic aneu-
rysms,” Journal of the American College of Surgeons, vol. 181,
no. 4, pp. 371–382, 1995.

[3] J. Golledge and P. E. Norman, “Atherosclerosis and abdominal
aortic aneurysm: cause, response, or common risk factors?,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 30,
no. 6, pp. 1075–1077, 2010.

[4] Z. Li and W. Kong, “Cellular signaling in abdominal aortic
aneurysm,” Cellular Signalling, vol. 70, p. 109575, 2020.

[5] I. M. Nordon, R. J. Hinchliffe, I. M. Loftus, and M. M. Thomp-
son, “Pathophysiology and epidemiology of abdominal aortic
aneurysms,” Nature Reviews. Cardiology, vol. 8, no. 2,
pp. 92–102, 2011.

[6] G. Cavalli and C. A. Dinarello, “Suppression of inflammation
and acquired immunity by IL-37,” Immunological Reviews,
vol. 281, no. 1, pp. 179–190, 2018.

[7] A. Mantovani, C. A. Dinarello, M. Molgora, and C. Garlanda,
“Interleukin-1 and related cytokines in the regulation of
inflammation and immunity,” Immunity, vol. 50, no. 4,
pp. 778–795, 2019.

[8] K. Yu, X. Min, Y. Lin et al., “Increased IL-37 concentrations in
patients with arterial calcification,” Clinica Chimica Acta,
vol. 461, pp. 19–24, 2016.

[9] Q. Ji, K. Meng, K. Yu et al., “Exogenous interleukin 37 amelio-
rates atherosclerosis via inducing the Treg response in ApoE-
deficient mice,” Scientific Reports, vol. 7, no. 1, p. 3310, 2017.

[10] J. Liu, J. Lin, S. He et al., “Transgenic overexpression of IL-37
protects against atherosclerosis and strengthens plaque stabil-
ity,” Cellular Physiology and Biochemistry, vol. 45, no. 3,
pp. 1034–1050, 2018.

[11] R. Zhu, H. Sun, K. Yu et al., “Interleukin-37 and dendritic cells
treated with interleukin-37 plus troponin I ameliorate cardiac
remodeling after myocardial infarction,” Journal of the Amer-
ican Heart Association, vol. 5, no. 12, p. 5(12), 2016.

[12] M. S. D'Arcy, “Cell death: a review of the major forms of apo-
ptosis, necrosis and autophagy,” Cell Biology International,
vol. 43, no. 6, pp. 582–592, 2019.

[13] Z. Su, Z. Yang, Y. Xu, Y. Chen, and Q. Yu, “Apoptosis, autoph-
agy, necroptosis, and cancer metastasis,” Molecular Cancer,
vol. 14, no. 1, p. 48, 2015.

[14] J. J. Cohen, “Programmed cell death in the immune system,”
Advances in Immunology, vol. 50, pp. 55–85, 1991.

[15] S. Nagata, “Apoptosis and clearance of apoptotic cells,” Annual
Review of Immunology, vol. 36, no. 1, pp. 489–517, 2018.

[16] K. Newton, “RIPK1 and RIPK3: critical regulators of inflam-
mation and cell death,” Trends in Cell Biology, vol. 25, no. 6,
pp. 347–353, 2015.

[17] Q. Wang, Z. Liu, J. Ren, S. Morgan, C. Assa, and B. Liu,
“Receptor-interacting protein kinase 3 contributes to abdomi-
nal aortic aneurysms via smooth muscle cell necrosis and
inflammation,” Circulation Research, vol. 116, no. 4, pp. 600–
611, 2015.

[18] T. Zhou, E. DeRoo, H. Yang et al., “MLKL and CaMKII are
involved in RIPK3-mediated smooth muscle cell necroptosis,”
Cell, vol. 10, no. 9, p. 2397, 2021.

[19] K. Newton, D. L. Dugger, A. Maltzman et al., “RIPK3 defi-
ciency or catalytically inactive RIPK1 provides greater benefit
than MLKL deficiency in mouse models of inflammation and
tissue injury,” Cell Death and Differentiation, vol. 23, no. 9,
pp. 1565–1576, 2016.

[20] C. L. Liu, X. Liu, Y. Zhang et al., “Eosinophils protect mice
from angiotensin-II perfusion-induced abdominal aortic
aneurysm,” Circulation Research, vol. 128, no. 2, pp. 188–
202, 2021.

[21] P. Y. Chen, L. Qin, G. Li et al., “Smooth muscle cell reprogram-
ming in aortic aneurysms,” Cell Stem Cell, vol. 26, no. 4,
pp. 542–557.e11, 2020.

[22] X. He, S. Wang, M. Li et al., “Long noncoding RNA GAS5
induces abdominal aortic aneurysm formation by promoting
smooth muscle apoptosis,” Theranostics, vol. 9, no. 19,
pp. 5558–5576, 2019.

[23] H. Yang, T. Zhou, A. Stranz, E. DeRoo, and B. Liu, “Single-cell
RNA sequencing reveals heterogeneity of vascular cells in early
stage murine abdominal aortic aneurysm-brief report,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 41, no. 3,
pp. 1158–1166, 2021.

[24] W. Xu, Y. Chao, M. Liang, K. Huang, and C. Wang, “CTRP13
mitigates abdominal aortic aneurysm formation via NAMPT1,”
Molecular Therapy, vol. 29, no. 1, pp. 324–337, 2021.

[25] Y. Zhu, H. Cui, J. Lv et al., “Angiotensin II triggers RIPK3-
MLKL-mediated necroptosis by activating the Fas/FasL signal-
ing pathway in renal tubular cells,” PLoS One, vol. 15, no. 3,
p. e0228385, 2020.

[26] M. Wortmann, X. Xiao, G. Wabnitz et al., “AIM2 levels and
DNA-triggered inflammasome response are increased in
peripheral leukocytes of patients with abdominal aortic aneu-
rysm,” Inflammation Research, vol. 68, no. 4, pp. 337–345,
2019.

[27] T. Ijaz, H. Sun, I. V. Pinchuk, D. M. Milewicz, R. G. Tilton, and
A. R. Brasier, “Deletion of NF-κB/RelA in angiotensin II-
sensitive mesenchymal cells blocks aortic vascular inflamma-
tion and abdominal aortic aneurysm formation,” Arterioscle-
rosis, Thrombosis, and Vascular Biology, vol. 37, no. 10,
pp. 1881–1890, 2017.

[28] X. Shi, C. Xu, Y. Li et al., “A novel role of VEPH1 in regulating
AoSMC phenotypic switching,” Journal of Cellular Physiology,
vol. 235, no. 12, pp. 9336–9346, 2020.

[29] X. X. Feng, G. Chi, H. Wang et al., “IL-37 suppresses the sus-
tained hepatic IFN-γ/TNF-α production and T cell-
dependent liver injury,” International Immunopharmacology,
vol. 69, pp. 184–193, 2019.

[30] L. Nicolè, T. Sanavia, R. Cappellesso et al., “Necroptosis-driv-
ing genes RIPK1, RIPK3 and MLKL-p are associated with
intratumoral CD3(+) and CD8(+) T cell density and predict
prognosis in hepatocellular carcinoma,” Journal for Immuno-
therapy of Cancer, vol. 10, no. 3, 2022.

[31] P. Zhao, Q. Yao, P. J. Zhang et al., “Single-cell RNA-seq reveals
a critical role of novel pro-inflammatory EndMT in mediating
adverse remodeling in coronary artery-on-a-chip,” Science
Advances, vol. 7, no. 34, p. 7(34), 2021.

[32] Z. Yang, L. Zhang, Y. Liu, W. Zeng, and K. Wang, “Potency of
miR-144-3p in promoting abdominal aortic aneurysm pro-
gression in mice correlates with apoptosis of smooth muscle
cells,” Vascular Pharmacology, vol. 142, p. 106901, 2022.

14 Oxidative Medicine and Cellular Longevity


	IL-37 Expression in Patients with Abdominal Aortic Aneurysm and Its Role in the Necroptosis of Vascular Smooth Muscle Cells
	1. Introduction
	2. Materials and Methods
	2.1. AAA Patients
	2.2. Human Tissue Sample Preparation, Immunohistochemistry, and Immunofluorescence
	2.3. Laboratory-Related Measurements
	2.4. Real-Time PCR
	2.5. In Vitro Experiments
	2.6. Protein Extraction and Western Blotting
	2.7. Statistical Analyses

	3. Results
	3.1. IL-37 Expression in Human AAA
	3.2. Plasma IL-37, IL-6, and TNF-α in the AAA and Normal Groups
	3.3. Inhibition of RIPK3 Reduces the Apoptosis of HASMCs Induced by AngII
	3.4. IL-37 Regulates Inflammatory Vesicles as well as Necroptosis
	3.5. IL-37 Affects the Activation of RIPK3 In Vitro
	3.6. IL-37 Promotes the Transition of SMCs to a Contractile Phenotype and Inhibits the Proliferation

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

