
EDITED BY : Leming Sun, Zhe-Sheng Chen and Zhen Fan

PUBLISHED IN : Frontiers in Molecular Biosciences

NOVEL MOLECULAR MECHANISMS AND 
INNOVATIVE THERAPEUTIC APPROACHES 
FOR AGE-ASSOCIATED DISEASES

https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/journals/molecular-biosciences


Frontiers in Molecular Biosciences 1 June 2022 | Novel Insights on Age-Associated Diseases

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88976-325-2 

DOI 10.3389/978-2-88976-325-2

https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/journals/molecular-biosciences
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Molecular Biosciences 2 June 2022 | Novel Insights on Age-Associated Diseases

NOVEL MOLECULAR MECHANISMS AND 
INNOVATIVE THERAPEUTIC APPROACHES 
FOR AGE-ASSOCIATED DISEASES

Topic Editors: 
Leming Sun, Northwestern Polytechnical University, China
Zhe-Sheng Chen, St. John’s University, United States 
Zhen Fan, Tongji University, China

Citation: Sun, L., Chen, Z.-S., Fan, Z., eds. (2022). Novel Molecular Mechanisms 
and Innovative Therapeutic Approaches for Age-Associated Diseases. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-325-2

https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/journals/molecular-biosciences
http://doi.org/10.3389/978-2-88976-325-2


Frontiers in Molecular Biosciences 3 June 2022 | Novel Insights on Age-Associated Diseases

06 Editorial: Novel Molecular Mechanisms and Innovative Therapeutic 
Approaches for Age-Associated Diseases

Leming Sun, Zhen Fan and Zhe-Sheng Chen

08 Association of Olfactory Impairment and Postoperative Cognitive 
Dysfunction in Elderly Patients

Yang Lan, Zhi-jian You, Ruiming Du, Le-si Chen and Jia-xuan Wu

15 Macrophage Plasticity and Atherosclerosis Therapy

Ping Lin, Hong-Hai Ji, Yan-Jie Li and Shou-Dong Guo

36 Mitomycin C Inhibits Esophageal Fibrosis by Regulating Cell Apoptosis 
and Autophagy via lncRNA-ATB and miR-200b

Yin Zhang, Qinge Wang, Yuping Xu, Jing Sun, Yanbo Ding, Li Wang, 
Bingfang Chen, Kewen Sun and Jianping Chen

46 Sinomenine Suppresses Development of Hepatocellular Carcinoma Cells 
via Inhibiting MARCH1 and AMPK/STAT3 Signaling Pathway

Wei Yang, Qihua Feng, Minjing Li, Jiaqi Su, Peiyuan Wang, Xu Wang, 
Yancun Yin, Xia Wang and Mingdong Zhao

56 HTR2B and SLC5A3 Are Specific Markers in Age-Related Osteoarthritis 
and Involved in Apoptosis and Inflammation of Osteoarthritis Synovial 
Cells

Xin Lu, Yu Fan, Mingxia Li, Xiao Chang and Jun Qian

69 Propofol Ameliorates ox-LDL-Induced Endothelial Damage Through 
Enhancing Autophagy via PI3K/Akt/m-TOR Pathway: A Novel Therapeutic 
Strategy in Atherosclerosis

Hongyi Zhou, Fan Jiang and Yufang Leng

80 Hsa_circRNA_100146 Promotes Prostate Cancer Progression by 
Upregulating TRIP13 via Sponging miR-615-5p

Liang Zeng, Yi-min Liu, Ning Yang, Tao Zhang and Huang Xie

89 The Role of Sonic Hedgehog Pathway in the Development of the Central 
Nervous System and Aging-Related Neurodegenerative Diseases

Chen Yang, Yan Qi and Zhitang Sun

96 miR-330–5p in Small Extracellular Vesicles Derived From Plastrum 
testudinis-Preconditioned Bone Mesenchymal Stem Cells Attenuates 
Osteogenesis by Modulating Wnt/β-Catenin Signaling

Xiaoyun Li, Yan Cui, Qing Lin, Panpan Wang, Rumeng Chen, Xiaofeng Zhu, 
Li Yang and Ronghua Zhang

109 LBX2-AS1 as a Novel Diagnostic Biomarker and Therapeutic Target 
Facilitates Multiple Myeloma Progression by Enhancing mRNA Stability of 
LBX2

Haipeng Jia, Yan Liu, Sulong Lv, Ruifang Qiao, Xiaofen Zhang, Fei Niu, 
Wenqing Shang, Shumei Liu, Jing Dong and Zhirong Zhang

123 Development of a Toll-Like Receptor-Based Gene Signature That Can 
Predict Prognosis, Tumor Microenvironment, and Chemotherapy 
Response for Hepatocellular Carcinoma

Lixia Liu, Bin Liu, Jie Yu, Dongyun Zhang, Jianhong Shi and Ping Liang

Table of Contents

https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/journals/molecular-biosciences


Frontiers in Molecular Biosciences 4 June 2022 | Novel Insights on Age-Associated Diseases

139 Sevoflurane Alleviates Myocardial Ischemia Reperfusion Injury by 
Inhibiting P2X7-NLRP3 Mediated Pyroptosis

Jiaxuan Wu, Wenfeng Cai, Ruiming Du, Haiyang Li, Bin Wang, 
Yanqiong Zhou, Daifei Shen, Huimin Shen, Yang Lan, Lesi Chen, 
Xiaoxia Zheng, Danmei Huang and Ganggang Shi

156 Cardioprotective Properties of Ginkgo Biloba Extract 80 via the Activation 
of AKT/GSK3β/β-Catenin Signaling Pathway

XiangWei Zheng, Qi Gao, Shuang Liang, GuoQin Zhu, DanDan Wang and 
Yi Feng

164 A Type I Collagen-Targeted MR Imaging Probe for Staging Fibrosis in 
Crohn’s Disease

Zhoulei Li, Baolan Lu, Jinjiang Lin, Shaofu He, Li Huang, Yangdi Wang, 
Jixin Meng, Ziping Li, Shi-Ting Feng, Shaochun Lin, Ren Mao and 
Xue-Hua Li

175 Atheroprotective Effects and Molecular Mechanism of Berberine

Lu Xing, Xin Zhou, Ai-Hong Li, Hui-Jin Li, Chun-Xia He, Wei Qin, 
Dong Zhao, Peng-Quan Li, Li Zhu and Hui-Ling Cao

186 Influence of Anemia on Postoperative Cognitive Function in Patients 
Undergo Hysteromyoma Surgery

Zhijian You, Lesi Chen, Hongxia Xu, Yidan Huang, Jinglei Wu and 
Jiaxuan Wu

197 AMPK as a Potential Therapeutic Target for Intervertebral Disc 
Degeneration

Zhen Wang, Jianxiong Shen, Erwei Feng and Yang Jiao

209 The Cordyceps militaris-Derived Polysaccharide CM1 Alleviates 
Atherosclerosis in LDLR(-/-) Mice by Improving Hyperlipidemia

Fan Yin, Ping Lin, Wen-Qian Yu, Nuo Shen, Yuan Li and Shou-Dong Guo

228 Vitamin D and Lipid Profiles in Postmenopausal Women: A Meta-Analysis 
and Systematic Review of Randomized Controlled Trials

Weiting Liu, Zezhen Wu, Dan Zhu, Genben Chen, Guiming Yan, Shuo Zhang, 
Fengwu Chen, Barkat Ali Khan and Kaijian Hou

237 Secoisolariciresinol Diglucoside Improves Ovarian Reserve in Aging 
Mouse by Inhibiting Oxidative Stress

XueLai He, Yong Wang, MeiQi Wu, JiangChun Wei, XianDuo Sun, 
AnHua Wang, GaoSheng Hu and JingMing Jia

247 Circular RNAs in Intervertebral Disc Degeneration: An Updated Review

Derong Xu, Xuexiao Ma, Chong Sun, Jialuo Han, Chuanli Zhou, 
Sunny Hei Wong, Matthew T. V. Chan and William K. K. Wu

257 Development of an Aging-Related Gene Signature for Predicting 
Prognosis, Immunotherapy, and Chemotherapy Benefits in Rectal Cancer

Yangyang Wang, Yan Liu, Chunchao Zhu, Xinyu Zhang and Guodong Li

275 Single-Cell Profiles of Age-Related Osteoarthritis Uncover Underlying 
Heterogeneity Associated With Disease Progression

Wenzhou Liu, Yanbo Chen, Gang Zeng, Shuting Yang, Tao Yang, 
Mengjun Ma and Weidong Song

293 Characterization of an Aging-Based Diagnostic Gene Signature and 
Molecular Subtypes With Diverse Immune Infiltrations in Atherosclerosis

Lei Zhao, Fengfeng Lv, Ye Zheng, Liqiu Yan and Xufen Cao

https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/journals/molecular-biosciences


Frontiers in Molecular Biosciences 5 June 2022 | Novel Insights on Age-Associated Diseases

308 Rational Design and Synthesis of 3-Morpholine Linked 
Aromatic-Imino-1H-Indoles as Novel Kv1.5 Channel Inhibitors 
Sharing Vasodilation Effects

Wei Qin, Yi-Heng Li, Jing Tong, Jie Wu, Dong Zhao, Hui-Jin Li, Lu Xing, 
Chun-Xia He, Xin Zhou, Peng-Quan Li, Ge Meng, Shao-Ping Wu and 
Hui-Ling Cao

325 4-Methoxydalbergione Inhibits Bladder Cancer Cell Growth via Inducing 
Autophagy and Inhibiting Akt/ERK Signaling Pathway

Haifang Du, Ting Tao, Simeng Xu, Changqiong Xu, Shan Li, Qiongli Su, 
Jing Yan, Bo Liu and Ran Li

336 Comprehensive Characterization of Ageing-Relevant Subtypes Associated 
With Different Tumorigenesis and Tumor Microenvironment in Prostate 
Cancer

Liang Huang, Zhenzhou Xu, Yu Xie, Shusuan Jiang, Weiqing Han, 
Zhengyan Tang and Quan Zhu

353 Integrated Strategies of Diverse Feature Selection Methods Identify 
Aging-Based Reliable Gene Signatures for Ischemic Cardiomyopathy

Huafeng Song, Shaoze Chen, Tingting Zhang, Xiaofei Huang, Qiyu Zhang, 
Cuizhi Li, Chunlin Chen, Shaoxian Chen, Dehui Liu, Jiawen Wang, 
Yingfeng Tu, Yueheng Wu and Youbin Liu

https://www.frontiersin.org/research-topics/19517/novel-molecular-mechanisms-and-innovative-therapeutic-approaches-for-age-associated-diseases
https://www.frontiersin.org/journals/molecular-biosciences


Editorial: Novel Molecular
Mechanisms and Innovative
Therapeutic Approaches for
Age-Associated Diseases
Leming Sun1*, Zhen Fan2 and Zhe-Sheng Chen3

1Key Laboratory of Space Bioscience & Biotechnology, School of Life Sciences, Northwestern Polytechnical University, Xi’an,
China, 2Department of Polymeric Materials, School of Materials Science and Engineering, Tongji University, Shanghai, China,
3College of Pharmacy and Health Sciences, St. John’s University, Queens, NY, United States

Keywords: age-related diseases, molecular mechanisms, target therapy, therapeutic biotechnology, functional
genomics

Editorial on the Research Topic

Novel Molecular Mechanisms and Innovative Therapeutic Approaches for Age-Associated
Diseases

Aging is a risk factor for various chronic diseases, composed of but not limited to neurological,
cardiovascular, metabolic, and autoimmune conditions, as well as disorders and even many types of
cancers. It is challenging to conduct in-depth research of the molecular mechanisms associated
specifically with human age-related diseases, and how internal and external factors are regulating
these processes. For these reasons, research has focused on finding innovative therapies that increase
the specificity of the treatment and reduce their drawbacks. This Research Topic on “Novel Molecular
Mechanisms and Innovative Therapeutic Approaches for Age-Associated Diseases” collects original
and review articles to address current knowledge and progresses being made in the molecular
mechanisms associated with age-related diseases, and innovative pharmaceutical experiments that
are being developed.

This Research Topic described some high-throughput methods (transcriptome, metabolome,
proteome, methylome, etc.) for examining age-related molecular signatures. Liu et al. offered insights
into the heterogeneity of osteoarthritis, which provided in-depth understanding of the
transcriptomic diversities within synovial tissue. This transcriptional heterogeneity may improve
an understanding on osteoarthritis pathogenesis and provide potential molecular therapeutic targets
for osteoarthritis. Zhao et al. investigated the aging-based diagnostic gene signature and molecular
subtypes with diverse immune infiltrations in atherosclerosis. Huang et al. did comprehensive
characterization of ageing-relevant subtypes associated with different tumorigenesis and tumor
microenvironment in prostate cancer. The authors proposed that ageing-relevant molecular
subtypes and gene signature might be of great significance to determine clinical outcomes and
tumor microenvironment features as well as immunotherapeutic responses in prostate cancer. Song
et al. identified reliable gene signatures through combination strategies of diverse feature selection
methods, which facilitated the early detection of ischemic cardiomyopathy and revealed the
underlying mechanisms. Liu et al. developed of a toll-like receptor (TLR)-based gene signature
that can predict prognosis, tumor microenvironment, and chemotherapy response for hepatocellular
carcinoma. They also proposed that this TLR-based gene signature might assist clinicians to select
personalized therapy programs for HCC patients.

This Research Topic also discussed novel mechanistic insights and targeted therapies for a
personalized treatment against various age-related diseases. Lin et al. summarized the role of
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macrophage phenotypic diversity in the progression of the dynamic
atherosclerotic plaque, and the possibility of treating atherosclerosis
by targeting macrophage microenvironment. Wang et al. reviewed
and concluded the AMPK as a potential therapeutic target for
intervertebral disc degeneration. The role of sonic hedgehog
pathway in the development of the central nervous system and
aging-related neurodegenerative diseases was discussed by Yang
et al. You at al. investigated the influence of anemia on
postoperative cognitive function in patients undergo
hysteromyoma surgery. The results from He et al. showed that
secoisolariciresinol diglucoside (SDG) can significantly increase
mitochondrial DNA copy number and slow down the process of
telomere shortening. The authors also indicated that SDG could
improve ovarian reserve by inhibiting oxidative stress. Qin et al.
discovered that rational design and synthesis of 3-morpholine linked
aromatic-imino-1H-indoles as novel Kv1.5 channel inhibitors
sharing vasodilation effects. Du et al. found that the 4-
methoxydalbergione could inhibit bladder cancer cell growth
through inducing autophagy and inhibiting Akt/ERK signaling
pathway. Wu et al. suggested that the sevoflurane could alleviate
myocardial ischemia reperfusion injury via inhibiting P2X7-NLRP3
mediated pyroptosis. Jia et al. demonstrated that circulating LBX2-
AS1 could be an underlying diagnostic marker in multiple myeloma
(MM). Targeting LBX2-AS1 suppressed tumor progression by
affecting mRNA stability of LBX2 in MM. Hence, LBX2-AS1
could be a novel therapeutic marker against MM. Lan et al.
uncovered that the olfactory impairment could be an early
indicator to guide early intervention for postoperative cognitive
dysfunction.

New formulations or new therapeutic molecules useful for
increasing anti-aging effectiveness and reducing toxicity are
illustrated here. The atheroprotective effects and molecular
mechanism of berberine were discussed by Xing et al. Lu et al.
reviewed the vitamin D and lipid profiles in postmenopausal
women and concluded that the vitamin D administration in
postmenopausal women could decrease the concentrations of
triacylglycerol, and HDL-cholesterol, but have no effects on LDL-
cholesterol and total cholesterol. Xu et al. summarized the recent
progress in the functions and mechanisms of newly discovered
circular RNAs in intervertebral disc degeneration. Zheng et al.
stated that ginkgo biloba extract 80 could have cardioprotective
properties through the activation of AKT/GSK3β/β-Catenin
signaling pathway. Yin et al. investigated the cordyceps
militaris-derived polysaccharide CM1 and demonstrated that it
could alleviate atherosclerosis in LDLR (−/−) mice by improving
hyperlipidemia. Zhou et al. revealed that propofol could
ameliorate ox-LDL-induced endothelial damage by enhancing
autophagy through PI3K/Akt/m-TOR pathway, which might
offer a novel therapeutic strategy in atherosclerosis. A type I
collagen-targeted MR imaging probe for staging fibrosis in
Crohn’s disease was conducted by Li et al. Their results
demonstrates that targeted MRI probe (EP-3533) supplies a
better enhanced effect compared to Gd-DTPA and could be a

promising method to evaluate the progression and monitor the
therapeutic response of bowel fibrosis. Yang et al. found that the
sinomenine could suppress development of hepatocellular
carcinoma cells through inhibiting MARCH1 and AMPK/
STAT3 signaling pathways. This study provides a new support
for SIN as a clinical anticancer drug and illustrates that targeting
MARCH1 could be a novel treatment strategy in developing
anticancer therapeutics.

Finally, some genes and proteins involved in aging or anti-
aging as well as substances that inhibit or rejuvenate aging are also
presented in this Research Topic. Wang et al. found that the
aging-related gene signature was in relation to tumor immunity
and stromal activation in rectal cancer, which might predict
survival outcomes and immuno- and chemotherapy benefits.
Li et al. stated that the miR-330–5p in small extracellular
vesicles derived from plastrum testudinis-preconditioned bone
mesenchymal stem cells could attenuate osteogenesis by
modulating Wnt/β-Catenin signaling. Zeng et al. observed that
knockdown of miR-615-5p reversed the suppression of circRNA_
100146 silence on the proliferation and invasion of prostate
cancer cells. The authors also stated that the tumor growth
was also suppressed by silencing circRNA_100146 in vivo. Lu
et al. identified two osteoarthritis-specific markers HTR2B and
SLC5A3 and their knockdown ameliorated apoptosis and
inflammation of Osteoarthritis synovial cells. Zhang et al. also
discovered that mitomycin C could inhibit esophageal fibrosis by
regulating cell apoptosis and autophagy via lncRNA-ATB and
miR-200b.

We believe that researchers could find this Research Topic to
be a useful Research Topic of articles on novel molecular
mechanisms and innovative therapeutic approaches for age-
associated diseases.
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Objective: To investigate the impact of anesthesia on the change of olfactory function
and cognitive function in elderly patients who undergo abdominal surgery.

Methods: A total of 30 elderly patients who underwent abdominal surgery were
recruited as the research subjects. The Connecticut Chemosensory Clinical Research
Center (CCCRC) olfactory test was used to test the olfactory function and the Mini-
mental State Examination (MMSE), Hopkins Verbal Learning Test – Revised (HVLT-R),
Trail Making Test (TMT), Stroop Color Word Test (SCWT), Digit-Symbol Coding Test
(DSCT), and Verbal Fluency Test (VFT) were used to assess their cognitive function
before general anesthesia, and on the 3rd and 7th day post-anesthesia. The serum
level of IL-1β, IL-6, and TNF-α were measured before anesthesia and at 0, 12, and
24 h post-anesthesia. In total, 30 healthy volunteers who did not undergo anesthesia
were used as the control group. The test results of all subjects were recorded and their
correlations were analyzed.

Results: On the 3rd and 7th day post-anesthesia, the olfactory recognition threshold
of patients in the surgical group was lower than that of control group with significant
difference (P < 0.05). On the 3rd and 7th postoperative day, the patient’s short-
term memory and delayed memory, attention and processing speed were decreased
(P < 0.05). On the 7th day post-anesthesia, delayed memory and processing ability were
still decreased (P < 0.05). In the surgical group, Spearman correlation analysis showed
that the difference of olfactory recognition score on the 3rd and 7th day post-anesthesia
was positively correlated with short-term memory and delayed memory of cognitive
function. Compared with pre-anesthesia, the serum levels of IL-1β, IL-6, and TNF-α in
the surgical group were significantly increased at each time point after anesthesia.

Conclusion: Abdominal surgery with general anesthesia in elderly patients may
increase the level of serum inflammatory factors, induce olfactory impairment,
particularly the decline of olfactory identification threshold and cause cognitive
dysfunction with declined short-term memory, delayed memory and attention. There
was a positive correlation between olfactory impairment and cognitive dysfunction after
general anesthesia. Therefore, olfactory impairment could be an early indicator to guide
early intervention for postoperative cognitive dysfunction.
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INTRODUCTION

Postoperative cognitive dysfunction (POCD) refers to a
complication of the central nervous system that occurs after
surgery. Clinically, it manifests as decreased memory, attention,
language understanding ability and change of personality. The
occurrence of POCD can lead to slow recovery of patients,
prolonged hospitalization, increased mortality and increased
medical costs. Therefore, early detection and early intervention
have a positive impact on the prognosis of POCD. Currently,
there is no predictive indicator of POCD.

In as early as 1975, Ansari et al., found in their study
of Parkinson’s disease (PD) that the olfactory threshold of 22
male PD patients was significantly higher than that of the
healthy controls. They suggested that PD patients had olfactory
dysfunction. Further studies proved that olfactory dysfunction
was associated with other neurodegenerative diseases (Ansari
and Johnson, 1975; Ansari, 1976). In the development of
neurodegenerative diseases, olfactory dysfunction is an early
manifestation of the disease (Arnold, 2007; Ottaviano et al.,
2015). Nico et al., indicated that the mechanism of POCD was
similar to that of neurodegenerative diseases (Bohnen et al., 2010;
Ottaviano et al., 2015; Doty, 2017).

The causes of POCD are multifactorial, generally associated
with patients’ age, anesthesia, intraoperative pathophysiological
changes, surgical trauma, inflammatory response, hypoxia,
thrombosis, and so on. Trauma, surgery, and anesthesia can
stimulate the expression of cytokines such as IL-1β, IL-
6, and TNF-α. These cytokines regulate many physiological
activities of the central nervous system, and are involved in the
pathophysiological process of central nervous system diseases.

In this study, we investigate the correlation between
olfactory function and cognitive function in elderly patients
who underwent general anesthesia, and evaluate whether
the change of olfactory function is associated with the
development of POCD.

MATERIALS AND METHODS

Study Subjects
This study was approved by the Medical Ethics Committee
of the Second Affiliated Hospital of Shantou University
Medical College. A total of 30 elderly patients who underwent
abdominal surgery at the ASA I-III level were designed as
the surgical group. The 30 healthy volunteers whose gender,
age and weight were matched with the patient group were
designated as the control group. All participated individuals
signed the informed consents. The subjects with any of
the following conditions were excluded from the study: (1)
Nasal or nasal sinus disease; (2) Obstructive lung disease;
(3) Within 3 weeks after a cold; (4) Individuals with
neuropsychiatric diseases such as Alzheimer’s disease (AD),
PD, multiple sclerosis, or schizophrenia; (5) Individuals who
are taking antipsychotics, antidepressants, or other medications
that affect the central nervous system; (6) Individuals who
underwent neuropsychological testing; (7) Individuals who are

unwilling to comply with testing procedures; and (8) Alcoholics
or drug addicts.

Anesthesia
Anesthesia were carried out by using the inducing drugs
of Midazolam 0.03∼0.05 mg/kg, Sufentanil 0.3–0.5 µg/kg,
Rocuronium Bromide 0.6 mg/kg and Propofol 1.5–2.0 mg/kg,
and then tracheal intubation. Continuous intravenous infusion
of propofol 4–12 mg·kg−1

·min−1, intermittent intravenous
injection of Rocuronium Bromide 0.5 mg/kg, continuous
intravenous injection of Remifentanil 0.05∼0.20 µg·kg−1

·min−1

were used to maintain the anesthesia. The patients were put
in volume control ventilation with the tidal volume set at 6–
8 ml/kg. The time ratio of inspiration-exhalation was 1:2. The
ventilation frequency was adjusted and maintained at PETCO2
35∼45 mmHg (1 mmHg = 0.133 kPa). After surgery, the patient
was admitted to the PACU. The endotracheal tube was retained
until spontaneous breathing resumes.

Assessment of Olfactory Function
All subjects were tested with the Connecticut Chemosensory
Clinical Research Center (CCCRC) olfactory assessment. The
assessment has olfactory detection threshold (ODT) test and
olfactory identification threshold (OIT) test. Olfactory detection
threshold test uses the n-butyl alcohol and bromide, starting from
a low concentration according to a ratio of 1: 2 continue to the
highest concentration of 4%. The deionized water is used as the
control. The value of threshold was set at which n-butanol can
be correctly identified at the same dilution for four consecutive
times. If one of the four times cannot be correctly identified,
the concentration is increased until four times can be recognized
continuously, and both sides of the nostril should be tested within
20 min. The olfactory identification test uses baby powder, star
anise, sesame oil, mothballs, sulfur soap, pepper, and ammonia as
the olfactory substances. These substances were, respectively, put
into individual opaque plastic bottle, covered with gauze to avoid
visual cues. Both sides of the nostrils were tested separately for
15 min. The scores of olfactory detection threshold are based on
Table 1.

On a list of eight smells (along with charred paper ash,
cinnamon, tobacco, peanut butter, ketchup, coffee, rubber, and
wood shavings), the subjects were asked to choose which one they
smelled, scoring one point for being right, and no points for being
wrong or not knowing.

Neuropsychiatric Test
The MMSE, SAS, SDS, ADL, HVLT·R, TMT, SCWT, DSCT, and
VFT were used to evaluate the cognitive functions of patients.
The mean test score (M) and the standard deviation (σ) were
obtained. The difference of test score (1M) before and after
anesthesia was used to calculate the Z score using the following
formula:

Z =
1M
σ

Z-score ≥ 1.96 indicated POCD.
All the tests were performed by the same skilled operator

and the basic information of the subjects, including gender,
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TABLE 1 | CCCRC test series dilution and ODT scoring scale.

Sequence 1 2 3 4 5 6 7 8 9 10 11 12

Concentration (%) 4 1.3 0.44 0.15 0.049 0.016 5.5 × 10−3 1.8 × 10−3 6.1 × 10−4 2 × 10−4 6.8 × 10−5 2.3 × 10−5

Score 0 1 2 3 4 5 6 7 8 / / /

age, height, weight, ethnicity, marriage, education, ASA
classification, current diagnosis, disease, allergy, heart rate, pulse
oxygen saturation, operation time, bleeding volume, infusion
volume, and blood pressure (mean arterial pressure) and VAS
score were recorded.

Testing the Inflammatory Factors
Before anesthesia and 0, 12, and 24 h post-anesthesia, 3 ml
of venous blood was collected and the blood samples were
centrifuged at 3,000 rpm for 15 min and then stored at −80◦C
until used. The level of serum inflammatory factors was examined
using the commercially available ELISA detection kits: IL-1β

(EK0392, Wuhan Boster Biological Technology., Ltd., Wuhan,
China), IL-6 (EK0410, Wuhan Boster Biological Technology,
Ltd., Wuhan, China) and TNF-α (EK0525, Wuhan Boster
Biological Technology, Ltd., Wuhan, China).

Statistical Analysis
Unless specified otherwise, the results were expressed as
mean ± SD. Descriptive analysis was applied to assess the
accuracy of values of assessment of cognitive function. The
values were compared over three time points. Factorial ANOVA
of 2 (group: control, surgery) × 3 (phase: pre-, 3rd day, 7th
day) design was undertaken in SPSS 20.0, with repeated second
factor (phase) measures. The data of two groups were compared
via Chi-square test. The correlation between the data in two
groups were compared via Spearman correlation coefficients.
Significance was set at p < 0.05.

RESULTS

Demographic Characteristics
This study included 30 cases of elderly patients who underwent
abdominal surgery. There were 13 males and 17 females, aged
65–78 years old, years of education 0–9 years. Healthy control
group consisted of 30 individuals, 15 males and 15 females,
aged 65–80 years old, education level 0–15 years. There was no
significant difference in gender, age and educational level between
these two groups (P > 0.05). The demographics of participants
by group (control vs. surgery) including age, gender, the level
of education, hypertension and diabetes were summarized in
Table 2.

Comparison of Olfactory Function
Between the Two Groups of Subjects
There was no statistical difference in the olfactory function
of subjects in the surgical and control groups before surgery.
Compared with the control group, the olfactory identification
threshold (OIT) in the patients of surgical group decreased on

the 3rd and 7th day after anesthesia with statistical significance
(P < 0.05) (Figure 1). There was no statistical significance in
the olfaction detection threshold (ODT) between the two groups
(P > 0.05) (Figure 2).

Comparison of Cognitive Function
Between the Two Groups
There was no significant difference in the preoperative cognitive
function of subjects between the surgical group and the
control group. Compared with the control group, the MMSE,
short-term memory, delayed memory, attention and processing
ability decreased in the patients of surgical group on the
3rd day after anesthesia (Table 3). The delayed memory
and processing ability continue to decrease on the 7th day
after anesthesia. The difference was statistically significant
(P < 0.05).

Comparison of Z-Score at Different Time
Points Between the Control and
Anesthetic Groups
Compared with the control group, Z-score was no statistical
significance in the surgical group before anesthesia. The Z-score
of the surgical group was higher than that of the control group
on the 3rd and 7th day after anesthesia, and the difference
was statistically significant. On the 3rd day after anesthesia,
12 patients had a Z-score = 1.96, and 9 of them still had a
Z-score = 1.96 on the 7th days after surgery. In the control
group, no subjects had a Z-value = 1.96 at these two time
points (Figure 3).

Comparison of the Incidence of POCD
Between the Control and Anesthetic
Groups
According to the Z-score, the number of patients with POCD
in both groups was obtained. In the control group, none of the
subjects developed POCD. In the surgical group, POCD occurred

TABLE 2 | Demographic characteristics of groups (surgery and control) (x̄ ± s).

Surgery Control

Number 30 30

Age (year) 64.8 ± 14.2 66.2 ± 11.8

M:F 13:17 15:15

Body Weight 68.1 ± 9.2 70.3 ± 8.5

ASA (number, I/II/III) 10/15/5 11/13/6

Education (year) 5.2 ± 3.7 5.5 ± 4.0

Diabetes (%) 30 33.3

Hypertension (%) 20 16.7

Smoking history (%) 33.3 36.7
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FIGURE 1 | Olfactory identification threshold between the two groups. Compared with Pre-anesthesia, the OIT score decreased at the 3rd and 7th day
Post-anesthesia in the patients of surgical group. The difference between the two groups was statistically significant. Values are mean ± SEM. N = 30, *p < 0.05 vs.
the control group; #p < 0.05 vs. pre-anesthesia.

FIGURE 2 | Olfaction detection threshold between the two groups. There was no significant decrease in ODT score at 3rd and 7th day Post-anesthesia in the
surgical group compared with pre-anesthesia. There was no significant difference in ODT score in the surgical group compared with the control group.

in 7 patients, accounting for 23.33% of the surgical patients.
The incidence of POCD between the two groups was statistically
significant (Table 4).

Spearman Correlation Analysis of
Olfactory Function and Cognitive
Function in the Surgical Group
The olfactory detection threshold in patients in the surgical
group was not significantly correlated with the MMSE, short-
term memory, delayed memory, attention and processing ability.
The difference of olfactory identification was positively correlated
with the short-term memory (r = −0.455) and delayed memory
(r = −0.348) 3 days after anesthesia, but not with the MMSE,
attention and processing ability (Table 5).

Comparison of Serum Inflammatory
Factors Between the Control and
Anesthetic Groups at Different Time
Points
Compared with pre-anesthesia, the level of IL-1β and IL-6 in
serum of patients in the surgical group increased, and the
level was highest at 0 h post-anesthesia. Although the level of
inflammatory factors decreased at 12 and 24 h post-anesthesia
compared with that at 0 h, it was significantly higher than
that of pre-anesthesia, with statistical significance (P < 0.05).
Among the 30 patients in surgical group, 7 patients with olfactory
dysfunction showed significantly higher levels of IL-1β and IL-
6 in serum at each time point after surgery than before surgery.
At 12 and 24 h, the level of IL-1β and IL-6 decreased slightly
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TABLE 3 | Comparison of cognitive function between the two groups.

Projects Group Pre-
anesthesia

3rd day post-
anesthesia

7th day post-
anesthesia

MMSE Control 24.3 ± 2.5 25.8 ± 3.6 25.1 ± 3.4

Surgery 25.3 ± 3.8 18.9 ± 2.2 26.5 ± 3.1

P-value 0.872 0.000 0.451

HVLT-R Short-term
retention

Control 21.2 ± 4.5 20.5 ± 5.1 21.9 ± 3.1

Surgery 20.2 ± 4.4 17.5 ± 1.9 16.5 ± 3.0

P-value 0.773 0.002 0.009

Delayed
retention

Control 7.5 ± 2.3 7.3 ± 4.2 7.3 ± 3.4

Surgery 7.6 ± 2.5 5.2 ± 2.2 5.3 ± 1.8

P-value 0.721 0.014 0.000

TMT Control 42.4 ± 8.6 44.9 ± 9.4 43.1 ± 8.5

Surgery 43.7 ± 8.4 52.1 ± 7.3 50.5 ± 9.9

P-value 0.848 0.000 0.029

SCWT Control 12.5 ± 2.3 11.5 ± 2.2 12.4 ± 2.6

Surgery 11.8 ± 2.9 16.8 ± 2.6 11.4 ± 2.2

P-value 0.847 0.001 0.239

DSCT Control 45.1 ± 9.2 46.2 ± 9.9 46.4 ± 10.3

Surgery 46.5 ± 9.1 47.5 ± 10.3 46.4 ± 11.0

P-value 0.845 0.934 0.459

VFT Control 14.5 ± 1.8 14.3 ± 1.4 15.1 ± 2.8

Surgery 14.8 ± 1.9 15.2 ± 2.7 14.5 ± 2.4

P-value 0.837 0.317 0.981

compared with that at the end of surgery, but it was significantly
higher than that before surgery, with statistical significance
(P < 0.05). Compared with pre-anesthesia, the serum level of IL-
1β, IL-6, and TNF-α of those 7 patients with olfaction dysfunction
in the surgical group was significantly increased at each time
point post-anesthesia (Table 6).

DISCUSSION

Postoperative cognitive dysfunction is a neurodegenerative
disease after surgery and anesthesia, which is similar to AD

TABLE 4 | The incidence of POCD between the two groups (n).

Non-POCD POCD Incidence percentage (%)

Surgery 23 7 23.33

Control 30 0 0

P-value 0.002

TABLE 5 | Spearman correlation analysis of olfactory function and cognitive
function in the surgical group (r-value).

3rd day post-anesthesia 7th day post-anesthesia

ODT OIT ODT OIT

MMSE −0.131 −0.220 −0.140 −0.122

P-value 0.605 0.162 0.774 0.592

Short-term retention −0.156 −0.455 −0.138 −0.255

P-value 0.567 0.000 0.904 0.331

Delayed retention −0.288 −0.348 −0.208 −0.232

P-value 0.431 0.012 0.434 0.586

SCWT 0.160 0.116 0.086 0.074

P-value 0.694 0.322 0.770 0.705

TMT 0.152 0.132 0.134 0.125

P-value 0.882 0.526 0.183 0.442

and PD with symptoms and risk factors (age, education level,
etc.) (Berger et al., 2015). The pathogenesis of POCD and
AD, such as microtubule decomposition, deposition of tau
protein and amyloid β (Aβ), are similar. It was suggested that
POCD is a postoperative neurodegenerative disease (Wu et al.,
2018). Decrease of amygdala neurons has been shown in PD
patients with olfactory disturbance. Studies have shown that
large amounts of neuronal tangles, senile plaque formation
and neuronal necrosis can be found in the hippocampus and
amygdala of AD patients (Reinsfelt et al., 2013; Lupton et al.,
2016; Khan et al., 2017). The hippocampus and amygdala are
associated with olfactory function, where information processing
and processing of smell are completed. Dysregulation of
hippocampus and amygdala might lead to olfactory disorders

FIGURE 3 | Z-score between the two groups. Compared with pre-anesthesia, the Z-scores of patients in the surgical group were significantly increased at the 3rd
and 7th day Post-anesthesia, Z-score > 1.96 indicate the cognitive function was impaired. Compared with the control group, the Z-scores in the surgical group
were increased and their cognitive function was impaired, and the difference between the two groups was statistically significant. Values are mean ± SEM.
N = 30,*p < 0.05 vs. the control group; #p < 0.05 vs. pre-anesthesia.
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TABLE 6 | Comparison of serum inflammatory factors between the two groups.

Inflammatory factor Group Pre-anesthesia 0 h post-anesthesia 12 h post-anesthesia 24 h post-anesthesia

IL-1β Control 22.6 ± 3.5 23.1 ± 2.8 23.6 ± 3.1 22.9 ± 2.4

Surgery 21.7 ± 2.8 38.6 ± 3.2 38.5 ± 3.3 30.6 ± 2.5

P-value 0.618 0.001 0.021 0.000

IL-6 Control 19.5 ± 2.6 21.1 ± 3.1 20.6 ± 1.8 20.8 ± 2.5

Surgery 20.6 ± 1.4 32.1 ± 2.4 28.1 ± 2.7 28.7 ± 3.1

P-value 0.343 0.016 0.009 0.002

TNF-α Control 35.6 ± 3.4 34.8 ± 3.1 34.9 ± 2.8 35.1 ± 2.7

Surgery 36.3 ± 2.5 36.8 ± 2.8 43.4 ± 2.9 41.4 ± 3.2

P-value 0.665 0.003 0.000 0.000

in both AD and PD patients (Kubota et al., 2020; Ubeda-
Bañon et al., 2020). In the previous studies on AD patients
with olfactory impairment, it was found that the level of serum
acetylcholine was significantly reduced, which not only affects
memory function, but also plays an important role in the
olfactory system, indicating that the reduction of acetylcholine
may also be a cause of the olfactory impairment in AD patients
(Beach et al., 2000).

Currently, there is no clear diagnostic criteria and biomarkers
for diagnosis of POCD (Silbert et al., 2011; Hussain et al., 2014).
The diagnosis of POCD relies on a variety of psycho-mental
test scales, and tests are conducted before and after surgery
to obtain the dynamic change of patients’ cognitive function
(Daiello et al., 2019). If some simple and accurate tests can be
carried out on patients at an earlier stage, it is beneficial to
intervene the occurrence and development of POCD as soon
as possible. In this study, we used CCCRC method to test
the olfactory function from two aspects: the olfactory detection
threshold and olfactory identification threshold. The assessment
of cognitive function included the language ability, memory
ability, mathematical processing ability and attention. In this
study, six scales including the MMSE, HVLT·R, TMT, SCWT,
DSCT, and VFT were used to cover all aspects of cognitive
functions. Subjects in the two groups were similar in age, sex
and education. Postoperative analgesia can minimize pain and
allow patients to better undergo tests of olfactory and cognitive
function. According to the test results, the correlation between
them is discussed.

In a study on PD patients, it was found that although most
PD patients had damage on the olfactory identification threshold,
their reactions to some strong odors indicated that the damage to
olfactory function of PD patients mainly occurred in the cognitive
processing of odor identification, rather than the ability to
detect different odors (Kranick and Duda, 2008). This study also
showed that the olfactory identification threshold and olfactory
detection threshold of PD patients were both higher than those
of non-PD patients, and the olfactory identification threshold was
significantly higher than that of non-PD patients, indicating that
the degree of damage was more serious than that of olfactory
detection threshold (Hudry et al., 2003; Tremblay et al., 2020).
The results of this study showed that 13 of the 30 elderly patients
with abdominal surgery had olfactory impairment on the 3rd day
post-anesthesia, with an incidence of 43.3%. Among them, 11

cases had olfactory identification impairment, seven cases had
olfactory detection impairment. POCD occurred in 5 patients
in the surgical group, with an incidence of 16.7%. Four patients
showed impairment of one cognitive function index but did not
meet the diagnostic criteria of POCD. Among these four patients,
olfactory impairment occurred in two cases, accounting for 50%.

Inflammation is a pathological defense response to injuries
and the most important protective response. Surgery can
activate the immune system of the body and produce a strong
inflammatory response. Peripheral inflammatory factors can
directly or indirectly cause inflammatory response in the central
nervous system (CNS) and affect cognitive function (Skvarc
et al., 2018). The expression of inflammatory cytokines IL-
1β, IL-6, and TNF-α in the hippocampus of rats undergoing
partial hepatectomy has been shown to enlarge and prolong the
cytokine response, especially the neuroinflammatory response,
leading to changes in postoperative cognitive function. In
this study, it was found that IL-1β and IL-6 in the surgical
group increased after surgery compared with pre-anesthesia,
while there was no significant change in the control group
at the same time point. The expression of TNF-α has not
increased significantly at the end of anesthesia compared with
pre-anesthesia, there was no significant difference between
the two groups, which may be related to the evaluation
method, diagnostic criteria, or the number of the sample.
In the case of small sample size, sensitive indicators are
easier to be measured.

The occurrence of POCD in elderly patients undergoing
abdominal surgery with general anesthesia is accompanied by the
impairment of olfactory function, particularly the impairment
of olfactory identification, and the olfactory impairment is
correlated with development of POCD.

CONCLUSION

The olfactory function, especially the olfactory identification
threshold is damaged in elderly patients with general anesthesia.
The degree of decreased olfactory function is positively correlated
with the development of POCD. Therefore, evaluating the
olfactory perception of postoperative patients could predict the
declining of cognitive function and guide early intervention for
postoperative cognitive dysfunction.
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Atherosclerosis is a chronic disease starting with the entry of monocytes into the
subendothelium and the subsequent differentiation into macrophages. Macrophages
are the major immune cells in atherosclerotic plaques and are involved in
the dynamic progression of atherosclerotic plaques. The biological properties of
atherosclerotic plaque macrophages determine lesion size, composition, and stability.
The heterogenicity and plasticity of atherosclerotic macrophages have been a hotspot
in recent years. Studies demonstrated that lipids, cytokines, chemokines, and
other molecules in the atherosclerotic plaque microenvironment regulate macrophage
phenotype, contributing to the switch of macrophages toward a pro- or anti-
atherosclerosis state. Of note, M1/M2 classification is oversimplified and only represent
two extreme states of macrophages. Moreover, M2 macrophages in atherosclerosis
are not always protective. Understanding the phenotypic diversity and functions
of macrophages can disclose their roles in atherosclerotic plaques. Given that
lipid-lowering therapy cannot completely retard the progression of atherosclerosis,
macrophages with high heterogeneity and plasticity raise the hope for atherosclerosis
regression. This review will focus on the macrophage phenotypic diversity, its role in the
progression of the dynamic atherosclerotic plaque, and finally discuss the possibility of
treating atherosclerosis by targeting macrophage microenvironment.

Keywords: macrophage polarization, plaque microenvironment, inflammation, lipid metabolism, ER stress,
apoptosis

Abbreviations: ABC, ATP binding cassette; AKT/PKB, protein kinase B; AMPK, 5′-AMP-activated protein kinase; apo,
apolipoprotein; CCR, CC chemokine receptor; CD, cluster of differentiation; CHOP, CEBP-homologous protein; CRP,
C-reactive protein; CVD, cardiovascular disease; CXCL, chemokine (C-X-C motif) ligand; ER, endoplasmic reticulum;
ERK, extracellular signal-regulated kinase; GM-CSF, granulocyte-macrophage colony stimulating factor; HDL, high-density
lipoprotein; hsCRP, high-sensitivity CRP; ICAM-1, intercellular cell adhesion molecule-1; IL, interleukin; JAK, Janus kinase;
KLF, Krüppel-liker factor; LDL, low-density lipoprotein; LRP1, LDL receptor-related protein 1; LXR, liver X receptor; MAPK,
mitogen-activated protein kinase; MCP-1, monocyte chemotactic protein 1; M-CSF, macrophage colony stimulating factor;
MMP, matrix metalloprotease; NF-κB, nuclear factor kappa-B; NO, nitric oxide; Nrf2, nuclear factor E2-related factor 2; ox-
LDL, oxidized LDL; OSM, Oncostain M; PCSK, proprotein convertase subtillisin/kexin type 9; PI3K, phosphatidylinositol
3-kinase; PPAR, peroxisome proliferators-activated receptors; ROS, reactive oxygen species; SMCs, smooth muscle cells;
STAT, signal transducers and activators of transcription; TGF-β, transforming growth factor β; Th, T helper; TLR, toll-like
receptor; TNF, tumor necrosis factor; IFN, interferon; LPS, lipopolysaccharide; VCAM-1, vascular cell adhesion molecule 1;
VSMCs, vascular SMCs.

Frontiers in Molecular Biosciences | www.frontiersin.org 1 May 2021 | Volume 8 | Article 67979715

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2021.679797
http://creativecommons.org/licenses/by/4.0/
mailto:SD-GUO@hotmail.com
https://doi.org/10.3389/fmolb.2021.679797
http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2021.679797&domain=pdf&date_stamp=2021-05-07
https://www.frontiersin.org/articles/10.3389/fmolb.2021.679797/full
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-08-679797 April 30, 2021 Time: 20:28 # 2

Lin et al. Macrophage and Atherosclerosis Therapy

INTRODUCTION

Despite advances in plasma cholesterol-lowering, cardiovascular
disease (CVD) remains the major cause of death worldwide
(Zhao et al., 2019; Timmis et al., 2020). Atherosclerosis is a
progressive disease and the key underlying cause of CVD events
(Libby, 2002; Guo et al., 2020). Atherosclerosis mainly affect
large and medium-sized arteries and is characterized by the
formation of atherosclerotic plaques which are composed of
lipids, necrotic cores, calcified regions, inflamed smooth muscle
cells (SMCs), endothelial cells, immune cells and foam cells
(Tabas and Bornfeldt, 2016; Shapouri-Moghaddam et al., 2018).

It has been acknowledged that atherosclerosis is a chronic
inflammatory disease (Ross, 1999). During inflammation,
circulating monocytes migrate into the endothelium from the
blood flow and then differentiate into macrophages when
exposed to the local microenvironment that is enriched in growth
factors and pro-inflammatory cytokines (Narasimhan et al., 2019;
Kim et al., 2020). The earliest atherosclerotic lesion, fatty streak, is
associated with an increased number of intimal macrophages and
the appearance of macrophages filled with lipid droplets (foam
cells) (Stary et al., 1994). In humans, the intermediate lesions are
characterized by pools of extracellular lipid and the accumulation
of foam cells that derived from macrophage and SMCs in the
artery wall (Stary et al., 1994). Cycles of accumulation of foam
cells, local necrosis, and formation of fibrous cap lead to the
formation of stable or unstable plaques (Stary et al., 1995).
Stable plaques are characterized by a relatively small lipid core
enclosed by a thick fibrous cap, whereas unstable plaques are
mostly characterized by a large lipid core covered by a thin
fibrous cap that prone to rupture (Stary et al., 1995; Fuster et al.,
1999).

Macrophages are the central cells in atherosclerotic plaques
and account for the majority immune cells (Moroni et al.,
2019). To better understand the role of these cells, macrophage
classification was first provided in the year of 1962 (Mackaness,
1962). In the following years, M1 macrophages have been
extensively studied until the presence of M2 macrophages.
Previously, it is accepted that M1 macrophages initiate and
sustain inflammation, whereas M2 macrophages counteract
the inflammation (Chinetti-Gbaguidi et al., 2014; Nagenborg
et al., 2017; Jinnouchi et al., 2020). However, the concept of
macrophage heterogeneity within the atherosclerotic plaques
has gradually emerged during the past decades. It is worth
noted that single-cell technologies have further expanded our
knowledge about cell phenotypic diversity (Spitzer and Nolan,
2016; Jinnouchi et al., 2020). These novel data have challenged
the established classification. Now, M1/M2 classification is
considered as oversimplified and only represent two extreme
states of macrophage. More importantly, macrophages can
switch from one phenotype to another upon microenvironmental
stimuli, and M2 phenotype is not always protective (Guo L.
et al., 2018; Pourcet and Staels, 2018). Although macrophage
phenotypic diversity within atherosclerotic plaques remains
controversial, recent new progress in this field provide potential
therapeutic strategies for treatment of atherosclerosis by targeting
plaque macrophage microenvironment.

MACROPHAGE PHENOTYPIC
DIVERSITY

In atherosclerotic plaques, macrophages are derived from
infiltrating monocytes and proliferating vascular resident
macrophages (Robbins et al., 2013; Zernecke et al., 2020).
In mouse, short-lived monocyte-derived macrophages are
characterized by high expression of Ly6C, CC chemokine
receptor (CCR) 2, and cluster of differentiation (CD) 11b,
whereas long-lived tissue-resident macrophages can be
of embryonic origin or derive from circulating monocyte
intermediates and are characterized by high expression of F4/80,
CD64, MerTK, and CD14 (Gentek et al., 2014; Trzebanski and
Jung, 2020). However, monocyte contribution might gradually
increase with age due to the decreased capacity of self-renewal
potential of the resident macrophages. It is worth noting
that macrophages of embryonic origin and monocytes have
distinct preferences of differentiation toward MHCII+ and
MHCII− subsets, suggesting their potential distinct functions.
Furthermore, the alterations of macrophage origin may change
the dominant macrophage subpopulation along with a functional
alteration (Gentek et al., 2014; Honold and Nahrendorf, 2018).
Accumulating evidence suggest that microenvironment as
well as the origin of macrophages may finally determine the
function of the cells.

The plasticity of monocyte development and monocyte
fates have been reviewed recently (Italiani and Boraschi, 2014;
Hilgendorf et al., 2015; Trzebanski and Jung, 2020). In general,
Ly6Chigh monocytes in mice are similar to the human classical
CD14++/CD16− subtype which represent the majority of
circulating monocytes (∼90%), whereas Ly6Clow monocytes are
similar to the human non-classical CD14+/CD16++ subtype
monocyte. Although monocytes are rare in healthy arteries,
studies have demonstrated that atherosclerosis is associated
with the level of CD16+ monocyte (Schlitt et al., 2004;
Rogacev et al., 2012; Nagenborg et al., 2017). Furthermore,
CD14++/CD16− monocytes are associated with inflammation
and a thinner fibrous cap (Berg et al., 2012). These data
suggest that monocytes are a risk factor of atherosclerosis.
Dislipidemia and inflammation can trigger the recruitment and
retention of monocytes in the damaged arterial wall (Nagenborg
et al., 2017; Rahman M. S. et al., 2017). Of note, monocyte
progenitor cells with defective cholesterol efflux capacity are
associated with an elevated monocytosis and atherosclerosis
(Yvan-Charvet et al., 2010). Monocyte-endothelial cell adhesion
is mediated by complicated signaling pathways, such as the
interaction between P-selectin expressed on damaged endothelial
cells and the special glycosylated P-selectin glycoprotein ligand-
1 that expressed on monocytes (Elstad et al., 1995; McEver
et al., 1995). The interaction of monocyte integrins (such as
very-late antigen 4) with vascular cell adhesion molecule 1
(VCAM-1) or intercellular cell adhesion molecule-1 (ICAM-
1) that expressed on activated endothelial cells forms a strong
adhesion between monocytes and endothelial cells (Xu et al.,
2019). In the following, monocytes penetrate through endothelial
cells into the subendothelial space and display a reduced
migration ability.
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Within the intima, monocytes differentiate into macrophages
by multiple prodifferentiation factors such as macrophage
colony-stimulating factor (M-CSF and CSF-1) and other
differentiation factors such as IL-34 (Franzoni et al., 2017;
Boulakirba et al., 2018; Xu et al., 2019). Upon stimulus of
inflammation and lipoprotein retention, Ly6Chigh monocytes are
rapidly recruited to sites of inflammation and differentiate into
monocyte-derived macrophages in mice. These macrophages
scavenge lipoprotein particles and turn into foam cells,
which form early atherosclerotic plaques and further promote
lipoprotein retention by inducing a cascade of inflammatory
responses. Furthermore, hematopoietic stem and progenitor
cells migrate to the spleen and enhance the generation of
splenic monocytes, such as Ly6Chigh subtype, which display
inflammatory properties and infiltrate the atherosclerotic plaque,
contributing to the deterioration of atherosclerosis (Robbins
et al., 2012; Dutta et al., 2012; Nagenborg et al., 2017).
In general, Ly6Chigh monocytes derived from bone marrow
or extramedullary haemotapoiesis are the major precursor of
plaque macrophages in early plaques, and their recruitment
is dependent on CCR2, CCR5, and CX3CR1 (Combadiére
et al., 2008; Nagenborg et al., 2017). It needs to point out
that some monocytes may differentiate into monocyte-derived
dendritic cells or just remain monocytes (Zernecke et al., 2020).
It is suggested that the depletion of monocytes may inhibit
atherosclerosis in early stage but not in advanced stage of
atherosclerotic plaques (Stoneman et al., 2007). Interestingly,
Rahman K. et al. (2017) found that the mostly reparative
macrophages in regressing lesions may originate from the
newly recruited Ly6Chigh monocytes. Additionally, Ly6Clow

monocytes are suggested to be associated with inflammation
resolution (Moore and Tabas, 2011). Classical monocytes
with proinflammatory features are the majority of total
monocytes, while non-classical monocytes display more M2-
like properties and may counterbalance the effects of classical
monocytes. Furthermore, the intermediate CD14++/CD16+
subtype monocyte account for ∼5% of the total monocytes
and have a stronger capacity to adhere to endothelium than
the classical and non-classical monocytes (Foster et al., 2013).
An interesting hypothesis is that different monocyte subsets
may differentiate into distinct macrophages, thereby contributing
to the formation of corresponding plaques with different
vulnerabilities (Xu et al., 2019). Although these inflammatory
Ly6Chigh monocytes predominantly contribute to the early
atherogenesis, replenishment of macrophages in established
plaques is mainly depended on local resident macrophage
proliferation rather than monocyte influx (Robbins et al., 2013;
Rahman K. et al., 2017).

As reviewed by Sieweke and Allen, both yolk sac progenitor
cells and monocyte-derived macrophages contribute to resident
macrophages. Furthermore, resident macrophages are often
F4/80high, whereas recruited monocyte-derived macrophages are
generally F4/80low (Sieweke and Allen, 2013). Tissue-resident
macrophages are present in all major organs including arteries.
These cells can proliferate at low levels in steady-state conditions
and display high proliferation rate under inflammatory
challenge. These tissue-resident macrophages show distinct

functions depending on different tissue microenvironment
(Italiani and Boraschi, 2014; Nahrendorf, 2019). Of note, lesional
macrophages may proliferate and locally augment their numbers
in plaques, independently of input from adult hematopoietic
stem cells (Robbins et al., 2013; Sieweke and Allen, 2013). In
mice, arterial macrophages arise embryonically from CX3CR1+
precursors and postnatally from circulating monocytes. In
adulthood, resident arterial macrophages are maintained by
CX3CR1-CX3CL1 interactions and local proliferation rather
than monocyte recruitment (Ensan et al., 2016). The study
of Psaltis et al. (2014) suggested that vessel wall serves as a
source of tissue-resident macrophages. Sca-1+CD45+ adventitial
macrophage progenitor cells are not replenished via the
circulation monocytes from bone marrow or spleen. These
cells are upregulated in hyperlipidemic atherosclerosis mouse
models and contribute to macrophage progeny particularly in the
adventitia, and to a lesser extent the atheroma, of atherosclerotic
carotid arteries (Psaltis et al., 2014). Many cytokines, such as
interleukin (IL)-4, IL-13, and M-CSF, and other cues such as
damage-associated molecular patterns and pathogen-associated
molecular patterns, mediate the resident macrophage self-
renewal and determine the spectrum of tissue macrophages
(Sieweke and Allen, 2013; Gentek et al., 2014; Rahman K.
et al., 2017). Furthermore, dyslipidemia might lead to increased
proliferation of tissue-resident macrophages (Rahman M. S.
et al., 2017). A study demonstrated that inhibition of plaque
neovascularization can reduce macrophage accumulation and
progression of advanced atherosclerosis (Moulton et al., 2003).
Differences in resident macrophage phenotypes can influence
their capacity to proliferate locally, contributing the potential
alteration of the abundant macrophage phenotype (Jenkins
et al., 2011; Jenkins et al., 2013). As reviewed by Nahrendorf,
tissue-resident macrophages are supposed to display various
roles: (1) they inhibit tissue inflammation; (2) they rapidly
alert the immune system when encountering infection; (3) they
regulate the matrix metabolism by interacting with fibroblasts
and by producing proteases that degrade extracellular matrix
(Hulsmans et al., 2018; Meschiari et al., 2018).

In general, monocytes/macrophages are essential for the
inflammatory response to microbes (Italiani and Boraschi,
2014). T helper 1 (Th1) activated M1 macrophages are
responsible for cellular immunity to infection (Mills et al.,
2000; Jinnouchi et al., 2020). Activation of macrophages by Th2
cytokines leads to the polarization of M2 macrophages (Gordon,
2003; Mantovani et al., 2004). Macrophage polarization is a
process that macrophages gradually mount a phenotype with
specific functions in response to a microenvironmental stimulus
(Sica and Mantovani, 2012). Theoretically, distinct macrophage
subtypes can be identified by their characteristic expression
of surface markers and chemokine receptors. However, some
markers are shared by different macrophage subtypes and
only a few markers are specific for a given phenotype
(Chinetti-Gbaguidi et al., 2014). The potential overlap of these
markers increases the complexity of macrophage phenotype
classification. For this reason, macrophage phenotypes are
generally defined based on their surface markers as well as their
possible functions. Monocytes, monocyte-derived macrophages,
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and tissue-resident macrophages comprise heterogeneous cell
populations that adapt their functional phenotype in response
to local microenvironmental stimuli (Geissmann et al., 2003;
Gordon and Taylor, 2005).

Within the atherosclerotic plaques, monocyte-derived
macrophages can polarize into different subtypes with
distinct phenotypes and functions. Upon activation with
interferon (IFN)-γ, tumor necrosis factor (TNF), and toll-like
receptor (TLR) ligands, such as lipopolysaccharide (LPS),
monocytes/macrophages exhibit a typical pro-inflammatory M1
phenotype (Shioi and Ikari, 2018; Jinnouchi et al., 2020).
IFN-γ-Jagged1 axis may play a key role in monocytes
differentiation toward an M1 phenotype (Kibbie et al.,
2016). Of note, hemolytic environment and specifically the
hemoglobin-activated platelets differentiate monocytes into
pro-inflammatory M1-like macrophages (CD80high) (Singhal
et al., 2018). Immune complexes from patients with systemic
autoimmune diseases favor the polarization of monocyte-derived
macrophages into a proinflammatory M1-like macrophages
(Burbano et al., 2019). Some endogenous chemical compounds
may play roles in monocytes differentiation. For instance,
calcium oxalate can differentiate human monocytes into
inflammatory M1 macrophages (Dominguez-Gutierrez et al.,
2018), and less stable intravenous iron preparations may also
affect monocyte differentiation toward macrophages (Fell et al.,
2016). microRNAs also participate monocytes differentiation
through regulating transcription factors in response to the
microenvironment signals (Li et al., 2018). For instance,
miR-148a-3p may promote monocyte differentiation and M1
macrophage activation through Notch signaling (Huang et al.,
2017). The activated M1 macrophages secrete reactive oxygen
species (ROS) and nitric oxide (NO) due to the activation of
NADPH oxidase system, pro-inflammatory cytokines, such
as IL-1β, IL-6, IL-12, IL-23 and TNFα, Th1 recruitment-
associated chemokines, such as chemokine (C-X-C motif)
ligand (CXCL)-9, CXCL-10, and CXCL-11, and low levels of
anti-inflammatory cytokine IL-10 (Gordon, 2003; Domschke
and Gleissner, 2019). Therefore, activation of M1 macrophage
induces tissue damage and impairs wound healing (Murray and
Wynn, 2011). On the contrary, activation of M2 macrophages
is responsible for suppressing inflammation, scavenging cell
debris and apoptotic cells, contributing to tissue repair and
fibrosis (Chinetti-Gbaguidi et al., 2011; Murray and Wynn,
2011; Zizzo et al., 2012). Th2-associated cytokines, such
as IL-4, IL-13, induce monocytes/macrophages toward M2
macrophages, and these cells are characterized by the expression
of CD163, mannose receptor 1, resistin like-β, and high levels
of arginase-1 (Barrett, 2020). For instance, both monocyte-
derived and tissue-resident macrophages can be induced
to proliferate by IL-4 (Jenkins et al., 2011). Some enzymes
play important roles in monocyte/macrophage polarization.
Matrix metalloproteinase (MMP)-8 may induce monocytes
toward an M2 phenotype by cleaving fibromodulin and thereby
enhancing the levels of transforming growth factor-β (TGF-β)
(Wen et al., 2015). Monoamine oxidase A play a key role in
activation of monocyte/macrophages toward an M2 phenotype
(Cathcart and Bhattacharjee, 2014). Additionally, virus also

play important roles in monocyte differentiation. For instance,
hepatitis C virus may induce monocyte differentiation into
polarized M2 macrophages (Saha et al., 2016; Zhang et al.,
2016). From a metabolic point of view, M2 polarization is
dependent on oxidation of fatty acid that produced via hydrolysis
of triacylglycerol substrates within macrophages (Huang
et al., 2014). Upon activation, these cells secrete high levels of
anti-inflammatory cytokines, such as IL-10 and TGF-β, and
chemokines as well as low levels of inflammatory cytokine IL-12
(Mantovani et al., 2004). Zarif et al. (2016) established a phased
strategy to differentiate human CD14+ monocytes into M1
and M2 macrophages by alterations in cytokine composition,
dosing, and incubation times, in vitro. Moreover, the authors
demonstrated that M2 macrophages induced in vitro can express
high levels of functional mannose receptor (CD206), which is an
endocytic receptor (Zarif et al., 2016).

Recent advances suggested that M2 macrophages can be
further divided into several subtypes as shown in Figure 1.
For example, lipoxin-A (4) and annexin-A1 induce monocyte
differentiation into M2a + M2c-like cells through modulating
the phosphorylation of signal transducers and activators of
transcription (STAT) 3 in a formyl peptide receptor-2 dependent
manner (Li et al., 2011). Of note, M2d macrophages are
induced by co-stimulation of TLR and adenosine A2A receptor
agonists and are characterized by high levels of IL-10 and
vascular endothelial growth factor and low levels of TNF
and IL-12. M2d phenotype macrophages differ from those
of M2a, 2b and 2c subtypes due to the absent expression
of mannose receptor (CD206) (Colin et al., 2014). Other
macrophage phenotypes have been gradually reported in recent
years (Figure 1). In contrast to the above macrophages that
induced by Th1 and Th2 cytokines, the M4 macrophages induced
by platelet chemokine CXCL-4 are irreversible (Domschke
and Gleissner, 2019). M4 macrophages are associated with
atherogenic and plaque instability due to the production of
pro-inflammatory cytokines, such as IL-6 and TNF-α, and
the decreased expression of the atheroprotective enzyme heme
oxygenase-1 as well as reduced phagocytic properties (Gleissner
et al., 2010; Domschke and Gleissner, 2019). Mox macrophages
are induced by oxidized low-density lipoprotein (LDL) (ox-LDL)
via nuclear factor E2-related factor 2 (Nrf2) in mouse (Kadl
et al., 2010). Plaque neovascularization, increased microvessel
permeability and leakage of blood can cause intraplaque
hemorrhage which induces erythrocyte lysis and release of free
hemoglobin. Ingestion of hemoglobin/haptoglobin complexes by
CD163 induces differentiation of macrophages into an M (Hb)
subtype (Landis et al., 2013). Due to the increased expression
of liver X receptor (LXR) α which induces cholesterol efflux,
M (Hb) macrophages are characterized by low levels of lipid
accumulation (Finn et al., 2012). Furthermore, haem induces
monocytes polarization toward Mhem phenotype via activating
5′-AMP-activated protein kinase (AMPK) and the downstream
transcription factor 1 and the following heme oxygenase-1 and
LXRβ pathway (Chinetti-Gbaguidi et al., 2011; Boyle et al.,
2012). Furthermore, enhancers play crucial roles in macrophage
development and function as recently reviewed by Hoeksema and
Glass (2019).
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FIGURE 1 | Main subtypes of macrophages found in atherosclerotic plaques. Distinct stimuli in atherosclerotic microenvironment drive distinct macrophage
phenotype differentiation. This figure points out some examples of these macrophage markers or related genes, and the subtypes of macrophages are identified in
human (H) and/or mouse (M) atherosclerotic plaques. M1 macrophages can be induced by IFN-γ and LPS, these cells mainly show pro-inflammatory effect. M2
macrophages can be induced by IL-4 and IL-13, and IL-10, these cells can be further divided into M2a, M2b, and M2c subtypes. Of note, these cells are found not
always protective. Furthermore, monocyte/macrophage can be differentiated into Mox, M4, M(Hb), and Mhem subtypes by distinct factors or microenvironments.
Arg-1, arginase-1; CD, cluster of differentiation; CXCL, Chemokine (C-X-C motif) ligand; HMOX-1, heme oxygenase-1; IC, immune complexes; iNOS, inducible nitric
oxide synthase; IFN-γ, interferon-γ; IL, interleukin; LPS, lipopolysaccharide; LXR, liver X receptor; MHC, major histocompatibility complex; MMP, Metalloproteinase;
MR, mannose receptor; Srx1, sulforedoxin-1; Th, T-helper; Txnrd1, thioredoxin reductase 1; TLR, Toll-like receptor; TGFβ, transforming growth factor β. These
abbreviations are suitable for the following figures.

Single-cell technologies allow precise measurement of
individual cell phenotypical and functional variations (Tanay
and Regev, 2017). These advanced technologies, such as single-
cell RNA sequencing, have further improved our knowledge
of macrophage phenotypic diversity (Cochain et al., 2018;
Winkels et al., 2018; Willemsen and de Winther, 2020).
Furthermore, these advanced technologies raise the possibility
for identification and/or monitoring macrophage subtypes in the
dynamic atherosclerotic plaques (Willemsen and de Winther,
2020). For instance, triggering receptor expressed on myeloid
cells 2 (TREM)hi macrophages are recently found in both
mouse and human plaque macrophages (Cochain et al., 2018).
Combined proteomic and transcriptomic single-cell analysis may
change our understanding of macrophage phenotypic diversity
and the related regulatory mechanisms in atherosclerotic plaque
microenvironment, thereby contributing to a potential therapy
for atherosclerosis.

According to a recent study, macrophages (defined as
CD68+CD11b+CD64+Ly6C−) account for over 50% of the
total CD45+ cells. The majority of the aortic macrophages are
CD206+CD169+ (markers usually associated with resident

macrophages), which could be further separated into 2
subtypes based on the expression of CD209b. CD11c+ (with
a pro-inflammatory role) and CD206lo−int subtypes are the
third and fourth most abundant macrophages, respectively.
F4/80highCD11bhigh subtype is the fifth abundant macrophages.
Of note, high-fat diet significantly increased the CD11c+
macrophages and decreased the CD206+CD169+CD209b−
and CD206+CD169+CD209b+ macrophages in the aortas
of apolipoprotein (apo) E-deficient mice, suggesting that
high-fat diet may promote inflammatory monocyte-derived
macrophages (Cole et al., 2018). In combination with
PhenoGraph, CD206+CD169+CD209b− macrophages can
be further divided into 4 clusters (clusters 2, 11, 17 and 20),
CD206lo−int macrophages are differentiated into cluster 3 and
cluster 10, and CD11c+ are divided into two clusters based
on the expression of MHCII (Cole et al., 2018). Recently,
Zernecke et al. (2020) made a meta-analysis of leukocyte in
atherosclerotic mouse aortas by comparing the data from 9
single-cell RNA sequencing and 2 mass cytometry studies. Based
on these data, 5 subtypes of macrophages are distinguished
in atherosclerosis. (1) Resident-like macrophages (expressing
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genes, such as Lyve1 and Mrc1) are associated with resident
aortic macrophages. Of note, these cells also express Pf4
gene, which is used to be considered as platelet specific. (2)
Foamy TREM2 macrophages are predominantly found in
atherosclerotic aortas and almost absent in healthy aortas. These
cells express high levels of MMP12, MMP14, and markers
of lipid loading. However, they have low inflammatory gene
expression and are suggested to be downstream control of
cholesterol metabolism in phagocytes by a TREM2-apoE
pathway (Zernecke et al., 2020). (3) Inflammatory macrophages,
also designated as chemokinehigh macrophages or non-foamy
macrophages, are supposed to be derived from circulation
monocytes and display a high levels of proinflammatory genes,
such as TNF and IL1b as well as chemokines CXCL1, CXCL2,
CCL2, CCL3, and CCL4 (Cochain et al., 2018; Kim et al.,
2018; Lin et al., 2019). (4) IFN-inducible macrophages are a
small cluster cells that expressing IFN-inducible genes, such
as IFIT3, IRF7, and ISG15 (Cochain et al., 2018; Zernecke
et al., 2020). These cells may be related to atherosclerosis
progression (Chen H. J. et al., 2020). (5) Cavity macrophages
only represent a small cell cluster, and they display similarities
to monocyte-derived CD226+CD11c + MHCII+ macrophages
(Kim et al., 2016). Presently, the roles of cavity macrophages
are not known. The use of single cell RNA sequencing and
mass cytometry in conjunction with antibody has improved
the identification resolution of macrophage subtypes, but the
functional characterization of these subtypes is still far from clear
(Honold and Nahrendorf, 2018).

Although M1 and M2 macrophages can be induced in vitro,
the actual situations in vivo are completely different as we
discussed above and reviewed by other groups recently
(Davies and Taylor, 2015; Zernecke et al., 2020). The complex
signals in vivo may change the activation process and the
final outcomes. In vivo, tissue-resident macrophages and
monocyte-derived macrophages may exert similar or distinct
functions depending on the specific microenvironment as
recently reviewed by different groups (Lahmar et al., 2016;
Udalova et al., 2016; Italiani and Boraschi, 2017). For
instance, during chronic inflammation induced by obesity,
monocyte-derived macrophages are recruited to inflamed
tissues, where they produce proinflammatory cytokines and
exacerbate inflammation. However, the Ron receptor tyrosine
kinase expressed on tissue-resident macrophages can reduce
inflammatory macrophage activation and promote a repair
phenotype (Yu et al., 2016; Allen et al., 2017). Recently, Honold
and Nahrendorf (2018) reviewed the ontogeny, function, and
interplay of tissue-resident and monocyte-derived macrophages
in various organs contributing to CVD. Collectively, the main
functions of monocyte-derived macrophages are associated with
inflammation and macrophage replenishment, contributing
to the accumulation of M1 macrophages. Tissue-resident
macrophages are responsible for surveillance, protect host
against infection and maintain tissue microenvironment
homeostasis, thereby mainly contributing to an M2-like
macrophages (Italiani and Boraschi, 2014, 2017; Lahmar
et al., 2016; Udalova et al., 2016; Trzebanski and Jung, 2020).
However, the functional differences between tissue-resident

macrophages and monocyte-derived macrophages are
still far from clear.

MACROPHAGE DISTRIBUTION IN THE
ATHEROSCLEROTIC PLAQUES

Histological analysis has demonstrated that macrophage
subtypes distribute at special locations during development of
atherosclerosis (Stöger et al., 2012; Peled and Fisher, 2014). The
dynamic changes of macrophage phenotype distribution are
shown in Figure 2. In humans, M1 and M2 macrophages are
present throughout atherogenesis. M1 macrophages dominate
the infarction and rupture-prone shoulder regions of the
plaque, while the presence of M2 macrophages is associated
with vascular adventitia and stable plaques (Stöger et al., 2012;
de Gaetano et al., 2016). Furthermore, M2 macrophages
in the adventitia are suggested to have migrated from
perivascular adipose tissue (Colin et al., 2014). Of note, the
comparably stable fibrous caps have equal number of M1
and M2 macrophages (Stöger et al., 2012). In mouse, M2
macrophages are present at the early stages of atherosclerotic
plaques, and M1 macrophages are the dominant phenotype
in the advanced lesions and reduced in plaque regression
(Khallou-Laschet et al., 2010; Peled and Fisher, 2014). It is
suggested that the switch between M1 and M2 macrophages
is due to conversion of local cells in the plaque (Khallou-
Laschet et al., 2010). During the progression of plaques, M1
macrophages are dominant in vulnerable plaques, whereas
activation of STAT3/6 promotes the polarization of macrophages
to M2 phenotype and lead to atherosclerosis regression
(Gong et al., 2017).

Within the advanced plaques, M1 macrophages are mainly
localized near the lipid core, while M2 macrophages are mainly
clustered in neo-angiogenic areas. These distinct distributions
can be partially explained by their distinct biological functions
that mainly characterized by the special receptors and signaling
molecules expressed on these macrophages. Compared to M1
macrophages, M2 macrophages display low cholesterol handling
capacity in line with a reduced expression of LXRα and its
target genes ATP-binding cassette (ABC) transporter A1 and
apoE. However, M2 macrophages display a high phagocytic
activity which is in consistent with the activation of peroxisome
proliferators-activated receptors (PPAR) γ (Chinetti-Gbaguidi
et al., 2011). For instance, M2a macrophages localize in
areas of neovascularization and stable lesion areas. These cells
have a high phagocytotic activity (Chinetti-Gbaguidi et al.,
2011). M4 macrophages mainly express in the adventitia and
intima, and they are associated with atherogenic and plaque
instability (Erbel et al., 2015; Domschke and Gleissner, 2019). In
hypercholesterolemic mice, Mox macrophages account for∼30%
of plaque macrophages, while M1 and M2 phenotype account
for ∼40 and 20% of the remaining macrophages, respectively
(Kadl et al., 2010). The cardio-protective M (Hb) and Mhem
macrophages may coexist in areas of neovascularization or
hemorrhage in atherosclerotic plaques and share some similar
atherosclerosis protective properties, such as low ROS production
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FIGURE 2 | Localization of macrophage subtypes in human atherosclerotic lesions. Atherosclerosis is initiated with a local inflammatory response and the presence
of monocyte-derived macrophages. In the intima, macrophages (mainly M1 phenotype) scavenge lipoprotein particles and become foam cells. The secreta of foam
cells and M1 macrophages promote lipoprotein retention and sustain inflammation, leading to a further M1 macrophage polarization during atherosclerosis
progression. The cholesterol crystals deposited in the plaque can further promote M1 polarization. However, fibrous caps contain similar amounts of M1 and M2
macrophage. In advanced lesions, the gradual accumulation of apoptotic debris results in formation of a necrotic core, which triggers further inflammation and
necrosis. Of note, M1 macrophages are predominantly found in the plaque shoulder and lipid core, whereas M2 macrophages localized in the adventitia and areas of
neovascularization or outside the lipid core. The degradation of the extracellular matrix and cycles accumulation of lipids may induce plaque rupture and the following
thrombosis. In vulnerable plaques, the number of M1 macrophages is increased, while the number of M2 type macrophages is decreased. It is worth noted that M2
macrophages can phagocytose apoptotic M1 macrophages, contributing to the resolution of inflammation. In regressing plaques, there are more M2 macrophages
than M1 type macrophages.

and high cholesterol efflux capacity (Boyle et al., 2011; Chinetti-
Gbaguidi et al., 2011). It is possible that M (Hb) and Mhem
macrophages are produced due to a complementary mechanism
upon stimuli of the atherosclerotic plaque microenvironment.
Collectively, M2 phenotype macrophages are not always
protective, and the balance between M1 and M2 macrophages
is important for the stability of atherosclerotic plaques (Guo L.
et al., 2018; Pourcet and Staels, 2018).

ROLE OF MACROPHAGE IN A DYNAMIC
ATHEROSCLEROTIC PLAQUE
MICROENVIRONMENT

Previously, plaque macrophages are thought to be derived from
monocytes due to the number of circulating monocytes
is correlated with the number of macrophages in the
atherosclerotic plaque (Swirski et al., 2006). However,
accumulating evidence have demonstrated that resident
macrophages can proliferate under microenvironment stimuli

and dominate plaque macrophage accumulation in all stages of
atherosclerosis (Robbins et al., 2013; Lhoták et al., 2016). The
atherosclerotic plaque microenvironment, such as inflammation,
hyperlipidemia, oxidized lipids, cytokines, endoplasmic
reticulum (ER) stress, and other factors, can influence the
activation, polarization and function of macrophages, which will
in turn influence the plaque microenvironment.

Macrophage and Inflammation
Atherosclerosis is a chronic inflammatory disease (Ross,
1999; Libby, 2002). Present data suggest that the ratio of pro-
inflammatory M1 and anti-inflammatory M2 macrophages,
rather than the number of macrophages, within the
atherosclerosis plaques may determine the progression and
regression of atherosclerosis. The earliest type of lesion,
fatty streak, is a pure inflammatory lesion consisted of
monocyte-derived macrophages and T lymphocytes (Stary
et al., 1994). Afterward, endothelium is activated to secrete
chemokines and express adhesion molecules, such as monocyte
chemotactic protein 1 (MCP-1), ICAM-1, and VCAM-1, which
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further attract and bind monocytes in areas of arteries that
are prone to permeation (Lusis, 2000). Monocyte-derived
macrophages ingest the retained apoB-containing lipoproteins,
promoting the intracellular accumulation of lipids (e.g.,
cholesterol, oxysterols, and fatty acids) as well as inflammatory
response (Lusis, 2000; Glass and Witztum, 2001). Of note,
the intimal non-foam macrophages mainly contribute to
the expression of inflammatory transcripts in atherosclerotic
plaques (Kim et al., 2018). Due to the increased expression of
migration-inhibitory molecules, such as netrin-1, macrophage
emigration from atherosclerotic plaques is reduced, maintaining
the inflammatory state of the plaque and contributing to
atherosclerosis progression and the formation of complicated
and rupture-prone plaques (van Gils et al., 2012; Libby et al.,
2014; Barrett, 2020).

Within the plaques, there is a broad range of chemokines,
growth factors, differentiation factors, and cytokines, produced
by the local lesion and those from the circulation, regulating
the phenotype and polarization of macrophages (Wolfs et al.,
2011; Ramji and Davies, 2015). Granulocyte-macrophage
colony stimulating factor (GM-CSF) and M-CSF mediate the
polarization of M1 and M2 macrophages, respectively (Wolfs
et al., 2011). The pro-inflammatory cytokines such as TNF
and IFN-γ promote M1 polarization and further enhance
accumulation of the pro-inflammatory cytokines in the plaques
(Ramji and Davies, 2015). On the contrary, anti-inflammatory
cytokines, such as IL-4 and IL-10, mediate polarization toward
M2 macrophages that generally show an anti-atherosclerosis
effect (Nagenborg et al., 2017). Th2 cell-secreted molecules,
such as IL-4 and PPARγ, can induce the differentiation of
macrophages toward M2 phenotype (Chawla et al., 2001; Laurat
et al., 2001). Heme oxygenase-1 is important for the anti-
inflammatory activities of M-CSF-polarized M2 macrophages
(Sierra-Filardi et al., 2010), whereas Krüppel-like factor (KLF)
2 is involved in the switch of M2 macrophages from anti-
inflammatory to pro-inflammatory state (van Tits et al., 2011).
The shift of macrophages from M1 to M2 phenotype makes it
possible to maintain a basal anti-inflammatory environment
in atherosclerosis plaques. However, haptoglobin activated
CD163+ macrophages that mainly present in atherosclerotic
plaques worsen atherosclerosis, despite their anti-inflammatory
effects (Guo L. et al., 2018; Pourcet and Staels, 2018).

Reactive oxygen and nitrogen species generated by M1
macrophages may worsen oxidative stress in the plaque,
contributing to the deterioration of atherosclerosis (Adamson
and Leitinger, 2011). Minimally oxidized LDL induces generation
of ROS through activation of TLR4 and thereby stimulates
expression of proinflammatory cytokines such as IL-1β and
IL-6 (Bae et al., 2009). It is suggested that junction adhesion
molecule-like protein is required for ox-LDL-induced up-
regulation of macrophage inflammation (Sun et al., 2019).
Ox-LDL-CD36 complex triggers TLR2 signaling and promote
the pro-inflammatory microenvironment and induce apoptosis
of macrophages (Xu et al., 2019). Furthermore, oxidized
phospholipids reprogram cellular metabolism and boost
hyperinflammation in macrophages (Di Gioia et al., 2020).
For instance, they activate transcription factor Nrf2, thereby

promoting the differentiation of Mox macrophages, which
express redox-regulatory genes as well as pro-inflammatory
genes via TLR2 and display a proatherogenic ability (Kadl et al.,
2010; Adamson and Leitinger, 2011). Interaction of oxidized
lipids with pattern recognition receptors drive macrophages
polarization from M2 toward an inflammatory M1 phenotype
(Adamson and Leitinger, 2011). Additionally, inflammatory
factors can upregulate GM-CSF thereby contribute to the
activation of M1 macrophages (Di Gregoli and Johnson, 2012;
Newby, 2016). In M2 macrophages, ox-LDL suppresses the
expression of KLF2, a nuclear transcription factor known to
suppress inflammation, thereby enhancing the production
of pro-inflammatory cytokines such as IL-6 and MCP-1
(van Tits et al., 2011).

Macrophage and Lipids
Macrophages have a fine-tuned system to keep cholesterol
balance within the cells and the underlying mechanisms
have been reviewed by Yu X. H. et al. (2013). Cholesterol
homeostasis in macrophages is important for the progression
of atherosclerosis. Lipid-loading modulates cell surface signaling
molecules as well as gene expression in cells (Getz and Reardon,
2015). Macrophages in the atherosclerotic plaques ingest apoB-
containing lipoproteins (enriched of cholesterol) and turn to
foam cell (Chinetti-Gbaguidi et al., 2011; Moore and Tabas,
2011). Hypercholesterolemia can promote myelopoiesis of the
monocytes and proliferation of tissue-resident macrophages in
the vasculature, thereby accelerating macrophage accumulation
in the intimal space (Moore and Tabas, 2011; Hoeksema and
Glass, 2019). Of note, cholesterol crystals in the atherosclerotic
plaques can induce differentiation of M1 macrophages (Duewell
et al., 2010). Macrophage numbers increase up to 20-fold
within mouse aorta during atherogenesis (Ylä-Herttuala et al.,
1989). Surprisingly, anti-inflammatory M2 macrophages are
more susceptible to foam cell formation than M1 macrophages
(van Tits et al., 2011). These foam macrophages express many
lipid-processing genes and low levels of inflammatory genes
compared to the non-foam macrophages (Kim et al., 2018).
A mathematical model used for describing lipid accumulation
in macrophages and the subsequent changes was established
recently (Ford et al., 2019).

Within the atherosclerotic plaques, cholesteryl esters derived
from lipoproteins are hydrolyzed in lysosomes via the lysosomal
acid lipase, and the produced cholesterol can be re-esterified
by acyl-CoA: cholesterol acyltransferase-1 in the ER and then
be stored as lipid droplets. Of note, cholesterol at the plasma
membrane of macrophages can be removed via ABCA1 and
ABCG1 transporters (Chinetti-Gbaguidi et al., 2011; Gao et al.,
2019; Xia et al., 2021). M (Hb) and Mhem macrophages express
high levels of LXR-α mediating cholesterol efflux and low levels
of scavenger receptors involved in lipid uptake, contributing
to the low levels of lipid accumulation when compared to
that of foam cells (Boyle et al., 2012; Finn et al., 2012).
In human atherosclerotic plaques, M2 macrophages display a
reduced capacity to handle intracellular cholesterol efflux than
M1 macrophages (Chinetti-Gbaguidi et al., 2011). For instance,
M2a macrophages localize in areas of neovascularization as well
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as stable lesion areas away from the lipid core. These cells display
low levels of lipid accumulation and cholesterol efflux capacity
due to the reduced expression of LXRα and ABC transporters
(Chinetti-Gbaguidi et al., 2011). An excessive accumulation of
cholesterol in macrophage lysosomes may impair cholesterol
efflux capacity and promote the formation of cholesterol crystals
in the atherosclerotic plaques.

Different forms of cholesteryl esters may induce
macrophage polarization toward M1 phenotype via distinct
mechanisms. Cholesteryl linoleate, the major cholesteryl ester in
atherosclerotic plaques, induces M1 polarization via a TLR4/NF-
κB dependent mechanism. Oxidized cholesteryl linoleates
activate macrophages via TLR4, they also stimulate endothelial
cells to bind monocytes via extracellular signal-regulated
kinase (ERK) 1/2 pathway and induce NF-κB activation in
macrophages (Huber et al., 2002; Huang et al., 2010). Of
note, many lipids within the plaque microenvironment can
promote macrophage polarization toward M2 phenotype. The
major oxidized product of cholesteryl linoleate, cholesteryl
9-oxononanoate, induces M2 polarization via a TGF-β signaling
pathway, exhibiting a potential anti-inflammatory role (Gargiulo
et al., 2009). Conjugated linoleic acid and docosahexaenoic acid
induce macrophage polarization toward an anti-inflammatory
M2 phenotype, thereby contributing to the regression of
atherosclerosis (Titos et al., 2011; McCarthy et al., 2013). The
bioactive molecule sphingosine-1-phosphate promotes the
production of an anti-inflammatory M2 phenotype macrophages
via activating sphingosine-1-phosphate type 1 receptor. However,
Sphingosine-1-phosphate displays a proatherogenic effect when
interaction with sphingosine-1-phosphate type 2/3 receptors
(Hughes et al., 2008). Palmitoylethanolamide reduces M1
phenotype macrophages and promotes the efferocytotic ability of
M2 macrophage in mice (Rinne et al., 2018). Unsaturated fatty
acids also play an important role in atherosclerosis as recently
review by Ménégaut et al. (2019).

Macrophage Efferocytosis and
Apoptosis
In the progression of atherosclerosis, cellular apoptosis and its
detrimental effects are partially counterbalanced by phagocytes.
Macrophage efferocytosis, termed as their ability to clear
apoptotic cells and debris, is an important process for plaque
stabilization and resolution of inflammation by reducing necrotic
core size (Tabas, 2010a). Macrophages are the dominant
phagocytes in atherosclerotic plaques and play a key role in
maintaining efferocytosis (Tabas, 2005). In the early stages of
apoptosis, cells secrete factors (e.g., lysophosphatidylcholine),
termed as “find-me” signals, that attract phagocytes and suppress
the secretion of molecules (e.g., CD47), termed as “don’t-eat-me”
signals, that normally prevent the phagocytosis of non-apoptotic
cells (Tabas, 2010a). Macrophages are responsible for rapidly and
efficiently clear cells that have undergone apoptosis in the early
atherosclerotic plaques.

In human atherosclerotic plaques, M2 macrophages show
higher phagocytosis than M1 macrophages due to the highly
expressed opsonins and receptors involved in phagocytosis

such as PPARγ (Chinetti-Gbaguidi et al., 2011). MiR-33 skews
macrophages toward an M2 phenotype also enhance the
efferocytotic capacity and promote plaque regression (Rayner
et al., 2011). Mechanistically, macrophage apoptotic cell receptor
Mer tyrosine kinase plays a key role in efferocytosis (Cai
et al., 2017). For instance, M2c macrophages are more
efficient to clear apoptotic cells than other macrophages due
to the high expression of Mer tyrosine kinase (Zizzo et al.,
2012). Furthermore, reduced lipid metabolism and upregulation
of CD47, a key anti-phagocytic molecule, contributing to
the decreased efferocytosis in atherosclerotic plaques (Kojima
et al., 2016). This defective phagocytic clearance leads to an
enhanced inflammation and macrophage apoptosis in advanced
atherosclerotic plaques, promoting the formation of necrotic core
(Tabas, 2005; Tabas, 2010a; Jinnouchi et al., 2020).

Macrophage apoptosis in early stage benefits atherosclerosis
by decreasing the number of the resident cells. Furthermore,
the reduced macrophage number may decrease post-apoptotic
necrosis and further lesion progression. Of note, apoptotic
macrophages are more frequently observed within advanced
plaques, especially in the areas that close to the necrotic
core (Akishima et al., 2005). ER stress may contribute to
macrophage apoptosis in advanced atherosclerotic plaque by
activating the expression of the pro-apoptotic protein CEBP-
homologous protein (CHOP) (Zinszner et al., 1998; Tabas,
2010b). Knockdown of CHOP reduces ER stress-dependent cell
death in vitro, and deletion of CHOP protects advanced lesions
from apoptosis and plaque necrosis in mice (Thorp et al., 2009;
Tsukano et al., 2010). In unstable plaques, macrophage apoptosis
triggered by ER stress is regarded as a key step in the formation
of necrotic core (Tabas, 2010b). A prolonged ER stress may
also activate inflammatory pathways in macrophages, thereby
contributing to the progression of atherosclerosis (Tabas, 2010b).
Furthermore, macrophage programmed necrotic cell death, such
as necroptosis, pyroptosis, and parthanatos, also play key roles in
the progression of atherosclerotic plaques (Robinson et al., 2019).

Macrophage and MMP
Plaques are stabilized by the extracellular matrix produced by
SMCs and destabilized by MMP produced by macrophages
(Ramji and Davies, 2015). Stable plaques with intact fibrous
caps rarely induce detrimental symptoms (Lessner et al.,
2004; Chistiakov et al., 2013). However, macrophages facilitate
expansive arterial remodeling by increasing the production
of MMPs, especially MMP-2 and MMP-9, thereby improving
extracellular matrix degradation (Ivan et al., 2002). Plaques with a
thin fibrous cap may breakdown from the endothelia and induce
thromboembolic events (Virmani et al., 2002; Libby and Theroux,
2005). Therefore, remodeling of the extracellular matrix and cell
surface by macrophage-derived MMPs is important for the final
outcome of atherosclerotic CVDs.

M1 macrophages upregulate the expression of MMP-
1, MMP-3, MMP-10, MMP-12, MMP-14, and MMP-25
depending on mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K). Different chemokines
such as TNF-α, GM-CSF, and IL-1β can modulate MMPs
via prostaglandin-dependent and -independent mechanisms
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(Zhang et al., 1998). However, M2 macrophages decrease the
expression of MMP-2, MMP-8, and MMP-19, and increase
the expression of MMP-11, MMP-12, MMP-25 and tissue
inhibitor of MMP type 3. IL-4 selectively induces MMP-12 as
well as MMP-25 and tissue inhibitor of MMP type 3 in human
monocyte-derived macrophages (Huang et al., 2012). IL-10, an
abundant chemokine in atherosclerotic plaques, decreases the
expression of MMP-1 and MMP-9 and increases tissue inhibitor
of MMP type 1. The different effects of activated M1 and M2
macrophages on the expression of MMPs provide a potential
method for modulation of atherosclerotic stability (Huang et al.,
2012; Newby, 2016).

Clinically used drugs can modulate macrophage MMPs.
The first-line lipid-lowering drugs display attractive activities
on inhibition of macrophage MMPs via transcriptional and
post-transcriptional mechanisms (Newby, 2008). PPARα agonist
can suppress IL-1β-induced MMP-12 production besides lipid-
lowering (Souissi et al., 2008). Both PPARα and PPARγ agonists
can inhibit MMP-9 secretion from human macrophages (Newby,
2016). Of note, MMP-9 has a dual role in the progression of
atherosclerosis. It is suggested that suppressing the production
of collagenases, such as MMP-1, MMP-8, MMP-12, and
maintaining the activity of MMP-9 which is involved in vascular
repair may be a future direction for treating atherosclerosis
(Newby, 2005, 2016).

Macrophage and Vascular Calcification
Vascular calcification is a hallmark of atherosclerosis. As reviewed
by Shioi and Ikari (2018), calcification was ever described as
ossification due to its similar mechanism to bone formation. It
is acknowledged that calcification occurs in both the intimal and
medial layers of the artery. In the plaque microenvironment,
multiple factors, such as inflammation, ER stress, osteoblastic
differentiation, hyperlipidemia, and oxidative stress, drive the
progression of calcification (Shioi and Ikari, 2018; Wang et al.,
2018). Macrophages secreted cytokines, such as IL-1β and
TNF-α, have been demonstrated to promote atherosclerotic
calcification (Shioi et al., 2002; Ceneri et al., 2017). The potential
mechanisms of macrophage on promotion of plaque calcification
is summarized in Figure 3.

In the early phase, plaque microenvironment induces ER
stress that promotes death of the predominant M1 macrophages
and the subsequent vesicle-mediated mineralization,
contributing to the initial microcalcification (Nadra et al., 2005;
Tabas, 2010a). Microcalcification in turn activate inflammation
via protein kinase C and MAPK pathways (Nadra et al., 2005;
Tabas, 2010a). Furthermore, ER stress can stimulate activating
transcription factor (ATF) 4 pathway and promote osteoblastic
differentiation of vascular SMCs (VSMCs) (Masuda et al., 2013).
Of note, the pro-inflammatory cytokines, such as TNF-α and
Oncostain M (OSM), secreted by M1 macrophages may induce
osteogenic trans-differentiation of VSMCs and promote further
mineralization in the plaque lesions (Nadra et al., 2005; Otsuka
et al., 2014). This microcalcification cannot form any organized
architectures to stabilize the plaque and is associated with
increased risk of plaque rupture (Burgmaier et al., 2018; Reith
et al., 2018).

It is suggested that the shift of macrophages from M1
to M2 phenotype is important for the resolution of plaque
microenvironment (e.g., high levels of inflammation, oxidative
stress, and cholesterol) and the regression or stabilization of
atherosclerotic plaques. M2 macrophages not only promote anti-
inflammatory cytokines and extracellular matrix production and
VSMCs maturation, but also accelerate plaque macrocalcification
via enhancing osteoblastic differentiation of VSMCs (Shioi
and Ikari, 2018). Furthermore, OSM secreted by macrophages
may induce M2 polarization and calcification of VSMCs
via Janus Kinase (JAK)3-STAT3 pathway, contributing to the
atherosclerotic calcification (Shioi et al., 2002; Kakutani et al.,
2015). This kind of macrocalcification is believed to form
organized structures, thereby stabilizing atherosclerotic plaques
(Shioi and Ikari, 2018).

POTENTIAL THERAPEUTIC STRATEGIES
TARGETING MACROPHAGES IN
ATHEROSCLEROTIC PLAQUE

Atherosclerosis evolves during the lifespan of an individual,
and developing therapeutic strategies is an important clinical
goal. Clinical trials have demonstrated that cholesterol-lowering
statins and proprotein convertase subtillisin/kexin type 9
(PCSK9) inhibitors prevent atherosclerosis progression and
promotes plaque regression (Nicholls et al., 2016; Guo et al.,
2020). However, lipid-lowering is not sufficient to completely
reduce the morbidity and mortality of atherosclerotic CVD
and many patients experience adverse cardiac events even
with a reached cholesterol-lowering goal (Sabatine et al., 2017;
Du et al., 2019; Guo et al., 2020). Macrophages participate
in the entire progression of atherosclerosis and have a high
plasticity and able to change their phenotypes in response to the
microenvironmental stimuli. Therefore, there are a great deal of
potential therapeutic strategies via targeting macrophage in the
atherosclerotic plaque.

Targeting Macrophage Polarization
M1 macrophages are dominant in progression lesions while M2
macrophages are enriched in regressing plaques. It is worth
noted that a continued recruitment of Ly6Chi inflammatory
monocytes and their STAT3/6-dependent polarization to the M2
phenotype are required for plaque stabilization and regression
in mice (Gong et al., 2017; Rahman K. et al., 2017). These
observations suggest that macrophage polarization from M1
phenotype to M2 phenotype may promote atherosclerosis
stabilization and regression. More importantly, M1 and M2
macrophages are reversible, which highly raised the possibility
of treating atherosclerosis via targeting macrophage plasticity
(Sanson et al., 2013).

Different atherosclerotic plaque microenvironment can
induce distinct macrophage phenotypes. In vivo, the anti-
inflammatory humoral factors such as high-density lipoprotein
(HDL), apoE, adipopectin and angiotensin converting
enzyme, drive M2 polarization (Lovren et al., 2010; Baitsch
et al., 2011), while inflammatory factors such as activin A
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FIGURE 3 | M1/M2 macrophages and their roles in plaque calcification. Calcification occurs in both the intimal and medial layers of the artery. In the plaque
microenvironment, multiple factors, such as inflammation, endoplasmic reticulum (ER) stress, osteoblastic differentiation, hyperlipidemia, and oxidative stress, drive
the progression of calcification. M1 macrophages mainly contribute to microcalcification by the following ways: (1) M1 macrophages and other cells death (such as
induced by ER stress) and the subsequent mineralization; (2) the pro-inflammatory cytokines and Oncostain M (OSM) secreted by M1 macrophages induce
osteogenic trans-differentiation of vascular smooth muscle cells (VSMCs); and (3) ER stress promotes osteoblastic differentiation of VSMCs. M2 macrophages can
induce macrocalcification by the following ways: (1) they counteract inflammation by producing anti-inflammatory cytokines such as IL-10; (2) they promote the
production of extracellular matrix; and (3) they enhance osteoblastic differentiation of VSMCs.

and C-reactive protein (CRP) suppress M2 transformation
(Devaraj and Jialal, 2011; Sierra-Filardi et al., 2011). Distinct
factors may participate this switch by different mechanisms.
Functional HDL particles can suppress inflammation by
activating ATF3 and STAT6, which promotes macrophage
migration and reverses M1-polarized macrophages to an M2
phenotype (Sanson et al., 2013; Sha et al., 2017). Kallistatin,
a plasma protein with anti-inflammatory effect, can inhibit
macrophage polarization toward M1 phenotype and promote
M2 macrophage polarization via KLF4 activation (Li et al., 2019).
IL-19 or recombinant IL-19 induces a reduction in macrophage
number and atherosclerotic plaque and an enrichment in M2
macrophages via activating STATs, KLF4, and PPARγ in mice
(Gabunia et al., 2016). Bone morphogenetic protein 7 polarizes
THP-1 cells into M2 macrophages (Rocher et al., 2012). It is
interesting that artificial extracellular matrices composed of
collagen I and high sulfated hyaluronan modulate monocytes to
M2-like macrophages under sterile inflammation (Kajahn et al.,
2012). Furthermore, some iron channels may also contribute to
the macrophage polarization. For instance, blocking the calcium-
activated potassium channel KCa3.1 inhibits macrophage
polarization toward an M1 phenotype and suppresses plaque
instability (Xu et al., 2017).

Polarization of macrophages are activated by different
chemokines, which activate the transcription factors and
signaling pathways through their corresponding receptors. For
example, IFN-γ receptor interaction leads to the activation

of kinases of the Jak family and then phosphorylation of
STAT-1, which induces the expression of genes related to M1
phenotype (Darnell et al., 1994). Deletion of STAT-1 leads to a
reduction of the atherosclerotic plaque (Agrawal et al., 2007). Th2
cytokines such as IL-4 and IL-13 can induce STAT6 activation,
whereas IL-10 activates STAT3, which then induces macrophage
polarization toward M2 phenotype (Lang et al., 2002; Pauleau
et al., 2004). Furthermore, IL-4 may induce the polarization of
M2 macrophage via inhibiting phosphorylation of ERK and c-Jun
N-terminal kinase (Zhao et al., 2016). The phosphatidylinositol
3-kinase (PI3K)-protein kinase B (AKT/PKB) pathway mediates
multiple signals and plays important roles in macrophage
polarization. It is worth noted that the isoforms of PI3K and
AKT have specific functions as recently reviewed by Vergadi
et al. (2017). Activation of PPARγ, but not PPARα and PPARβ,
is associated with M2 macrophage polarization, while deletion
of PPARγ impair this switch (Amine Bouhlel et al., 2007;
Bouhlel et al., 2009). MicroRNAs, such as miR155, miR-21 and
miR-27b, are expressed in atherosclerotic plaques, where they
negatively regulate gene expression by blocking the translation
process or by increasing mRNA degradation, thereby modulating
macrophage polarization (Stefani and Slack, 2008; Colin et al.,
2014; Zhang et al., 2014; Li et al., 2018). Therefore, transcription
factors and post-transcriptional regulators play important roles
in macrophage polarization. It is possible to control M1 and M2
switch by modulating the related signaling pathways as reviewed
by Colin et al. (2014).
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Recently, immune-modulatory therapies have been proposed
for preventing atherosclerotic CVD (Yamashita et al., 2015).
Regulatory T cells (Tregs) can secrete cytokines and stimulate
macrophage differentiation via different mechanisms besides
Th1 and Th2 (Spitz et al., 2016). For instance, the anti-
inflammatory cytokines (e.g., IL-10) secreted by Tregs
promote the polarization of M1 macrophages toward M2
macrophages (Kita et al., 2014). Pentoxifylline, an inhibitor
of Th1 differentiation pathway, induces the production of
IL-10, blocks Th1 polarization and promoting Th2 polarization,
thereby contributing a ∼60% atherosclerotic plaque reduction
in apoE-knockout mice (Laurat et al., 2001). Furthermore, Tregs
play a key role in the regulation of T-cell-mediated immune
responses through modulating T-cells proliferation and their
secretion of cytokines. Therefore, Tregs are a potential tool
for prevention and treatment of atherosclerotic CVDs via
regulating macrophage polarization toward M2 phenotype
(Foks et al., 2015).

Traditional Chinese medicines play an important role
for treatment of atherosclerosis via modulating macrophage
activity and polarization. Curcumin, an active ingredient in
curcuma rhizomes, inhibits M1 macrophage polarization and the
production of pro-inflammatory factors via TLR4/MAPK/NF-
κB pathways, and induces M2 macrophage polarization via
activating PPARγ, contributing to an anti-atherosclerosis
effect (Zhou et al., 2015; Momtazi-Borojeni et al., 2019).
Ginsenoside Rb1, one active ingredient of Panax Ginseng,
enhances atherosclerotic plaque stability through promoting
M2 macrophage polarization (Zhang et al., 2018). Similarly,
Ginsenoside Rg3 alleviates atherosclerosis via reversing M1
polarization to M2 polarization in a PPARγ-dependent
mechanism (Guo M. et al., 2018). Natural polyphenols also
exhibit effect on promoting macrophage switch from pro-
inflammatory M1 to anti-inflammatory M2 phenotype (Aharoni
et al., 2015). Clinically used drugs and synthesized compounds
are a great source for modulating macrophage polarization. For
example, metformin can induce primary human monocyte-
derived macrophages and mouse bone marrow macrophages
toward Mhem phenotype via activating AMPK and its
downstream transcription factor 1 and the following heme
oxygenase-1 and LXRβ pathway (Boyle et al., 2012; Wan et al.,
2013). Sitagliptin inhibits early atherosclerosis via promoting
macrophage polarization toward an M2-like phenotype (Brenner
et al., 2015). Oleoylethanolamide may suppress M1 macrophage
polarization and promote M2 macrophage polarization via
AMPK-PPARα pathway (Zhao et al., 2018; Chen Z. et al., 2020).
Melatonin, an indoleamine hormone, inhibits M1 polarization
and promotes M2 polarization via differentially regulating of
AMPKα-STATs pathway in a RORα-dependent manner (Ding
et al., 2019). Furthermore, gas signaling molecules such as
NO, carbon monoxide (CO), and hydrogen sulfide (H2S) may
reduce atherosclerosis via modulating macrophage polarization
(Yang et al., 2020).

Targeting Macrophage-Inflammation
The identification of inflammatory biomarkers as independent
risk factors for CVD events has promoted the trials using

anti-inflammatory strategies for treatment of atherosclerosis
(Bäck and Hansson, 2015; Bahrami et al., 2020). Attenuating
macrophage-mediated inflammation can promote plaque
regression. More importantly, inflammatory cytokine production
and release can be modulated by delivering therapeutics into
the macrophage cytoplasm or via modulating the related
signaling pathways.

In patients with atherosclerosis, MLN1202, a specific
monoclonal antibody of CCR2, significantly reduce the level
of high-sensitivity CRP (hsCRP), which is a reliable marker
of proatherogenic inflammation (Gilbert et al., 2011; Xu
et al., 2019). Raising apoA-I and functional levels of HDL
improves plaque inflammation and promotes atherosclerosis
regression (Barrett et al., 2019; Fotakis et al., 2019). IL-6
contributes to atherosclerotic plaque destabilization, and its
antagonist tocilizumab attenuates inflammatory response and
the level of hsCRP in patients with non-ST-elevation myocardial
infarction (Kleveland et al., 2016). The anti-atherosclerotic
and anti-inflammatory effects of AVE0991, a non-peptide
angiotensin 1-7 mimetics, maybe attributed to its suppression
of pro-inflammatory M1 macrophage differentiation (Skiba
et al., 2017). Canakinumab, a monoclonal antibody targeting
IL-1β, significantly lower cardiovascular events and hsCRP
levels independent of lipid-lowering effect (Ridker et al.,
2018). TNF inhibitors have positive cardiovascular effects in
rheumatoid arthritis (Roubille et al., 2015). Activation of PPAR-γ
pathway or supply IL-13, which enhances anti-inflammatory M2
macrophage polarization, decreases atherosclerosis development
in mice (Cardilo-Reis et al., 2012). Additionally, retinoid X
receptor-α modulator, K-80003, can attenuate atherosclerotic
plaque progression via suppressing autophagy-inflammation
axis (Shen et al., 2019). It is proposed that the most attractive
approach to modify macrophage polarization is to reduce
inflammatory gene expression through RNA interference
(Peterson et al., 2018). Loss of AKT2 which favors M1
polarization, promotes anti-inflammatory M2 macrophages and
retards atherosclerosis (Babaev et al., 2014). Pro-inflammatory
NLRP3 deficient or silence can suppress atherosclerosis and
stabilize plaques in mice (Duewell et al., 2010). Regulation
of miRNA levels, such as miR21, may control macrophage
inflammatory status and the outcome of atherosclerosis (He
et al., 2019; Wang H. et al., 2019). Furthermore, immune
suppression mediated by Tregs is a potential method for
regulating chronic inflammation in atherogenesis. A recent
study demonstrated that immunization with macrophage foam
cell vaccination results in decreased inflammation and lesion
development (Wang F. et al., 2019). Two randomized placebo-
controlled clinical trials evaluating anti-inflammatory agents
have been conducted in the United States and Canada to clarify
whether targeting the inflammation itself will reduce CVD
(Yamashita et al., 2015).

Of note, LXRs have anti-inflammatory effects in
macrophages and the underlying mechanisms are related to
the downregulation of NF-κB pathway (Joseph et al., 2003).
LXR induces the expression of arginase II, a characteristic of
M2 macrophages and an enzyme that prevent inflammatory
nitric oxide production (Marathe et al., 2006). Synthetic LXR
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FIGURE 4 | Macrophage-targeted drug delivery. Macrophages can endocytose particles from nanometers to micrometers in size. Furthermore, distinct macrophage
phenotypes express distinct cell surface receptors that can bind special ligands. This raise the possibility of delivering drugs targeting atherosclerotic plaque
macrophages. Drugs or siRNA can be carried by nanoparticles, whose surface are specifically modified by ligands, such as mannose and galactose, that can be
recognized by receptors on the surface of macrophages. These nanoparticles can be captured by macrophages on the surface or within the atherosclerotic plaques.
Once in position, these nanoparticles can be disassembled and drugs are released to exert their functions such as anti-inflammation, promoting macrophage
polarization and cholesterol efflux. Given the monotherapy of lipid-lowering drugs could not completely retard the progression of atherosclerosis, these nanoparticles
may be designed to carry several compounds with different functions, thereby promoting the efficiency of treatment. ABC, ATP-binding cassette; ATF, activating
transcription factor; IRF, interferon regulatory factor; JAK, Janus kinase; LDL, low-density lipoprotein; NF-κB, nuclear factor-kappa B; RXR, retinoid X receptor; SMC,
smooth muscle cell; SR-A, scavenger receptor A; STAT, signal transducers and activators of transcription; VLDL, very low-density lipoprotein.

ligand inhibits the development of atherosclerosis, even after
lesions have been established in mice. However, the synthetic
LXR ligands induce hypertriglyceridemia via activating sterol
regulatory element-binding protein 1c (Schultz et al., 2000).
For this reason, these compounds are not translated well.
Desmosterol found in atherosclerotic plaques is an endogenous
LXR agonist. The desmosterol mimetics that specifically target
LXR pathways in macrophages provide a novel therapeutic
strategy (Muse et al., 2018). Furthermore, clinically used drugs
play important roles in modulating macrophage inflammation.
Pioglitazone induces anti-inflammatory macrophage markers,
suggesting a role in stimulating anti-inflammatory M2
macrophage polarization (Feig et al., 2011). Rivaroxaban
reduces atherosclerotic plaque progression partially by inhibiting
pro-inflammatory activation of macrophages (Hara et al., 2015).
Natural products tanshinone IIA and astragaloside IV can
reduce macrophage inflammation via suppressing TRL4/NF-κB

pathway (Wang et al., 2020). Fucoidan may also have potential
effect on macrophage inflammation (Yin et al., 2019b).

Targeting Macrophage-Mediated Lipid
Homeostasis
Macrophage scavenger receptors, such as scavenger receptor
A, CD36, LDL receptor-related protein 1 (LRP1) and lectin-
like oxidized LDL receptor-1, mediate the uptake of lipids
(Robbins et al., 2013). Inhibition of these receptors may reduce
lipid accumulation in macrophages. For example, deletion of
LRP1 in macrophages are defective in internalizing LDL and
accumulation of cholesterol esters in vivo (Lillis et al., 2015).
To maintain lipid homeostasis, one of the major functions
of macrophages in atherosclerotic plaque is the handling
of cholesterol and other lipids. A previous study suggested
that drugs dissolve or prevent the formation of cholesterol
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crystals may stabilize fragile plaques (Duewell et al., 2010).
Furthermore, ox-LDL activated LXRs promote the outflow of
cholesterol via upregulating transporters, such as ABCA1 and
ABCG1, in macrophages, thereby alleviating atherosclerosis
(Spann et al., 2012). On the contrary, mice deficient in ABCA1
and ABCG1 accelerate atherosclerosis (Yvan-Charvet et al.,
2010). Knockdown of miRNAs, such as miR33, that negatively
regulating ABC transporters may benefit cholesterol efflux and
retard atherosclerosis (Price et al., 2019). HDL and apoA-I are
important mediators of reverse cholesterol transport (Paul et al.,
2019; Yin et al., 2019a). ApoA-I serves as a major regulator
of foam cell lipidome and may play a key role in reducing
atherogenic lipid species (Paul et al., 2019). Patients with diabetes
mellitus have a two to fourfold higher risk of atherosclerotic
CVD due to impaired polarization of plaque macrophages to
M2 phenotype as well as lipid lowering (Parathath et al., 2011).
Raising functional HDL in diabetic mice promotes plaque levels
of M2 macrophage and enhances the cholesterol efflux capacity
as well as anti-inflammatory functions (Barrett et al., 2019).
Of note, the desmosterol mimetics that specifically targeting
LXR pathways can increase macrophage cholesterol efflux and
enhance the ability of macrophages to emigrate, providing a
potential novel therapeutic strategy (Muse et al., 2018). Our
previous studies demonstrated the marine-derived or natural
compounds can modulate macrophage lipid homeostasis in vitro
(Li et al., 2020a,b) and promote cholesterol reverse transport
in vivo (Yang et al., 2019; Yin et al., 2019a). PPARα and PPARγ

agonists may also promote macrophage cholesterol efflux via
activating ABCA1 expression (Chinetti et al., 2001; Li et al., 2004).

Macrophage-Targeted Drug Delivery
Macrophages are particularly important to be considered as
therapeutic targets for treatment of atherosclerosis because they
participate the whole progression of atherosclerosis and display
a great plasticity upon stimuli as discussed earlier. Macrophages
are present in all vertebrate tissues with distinct functions and
cell surface markers that could ultimately be used for tissue
specific macrophage targeting (Gordon and Plüddemann, 2017).
Some receptors, such as CD68 (human), F4/80 and CD11b
(mice), are generally expressed on all macrophages (Murray and
Wynn, 2011; Gordon and Plüddemann, 2017). More importantly,
distinct macrophage subtypes may express specific receptors on
their membrane surface as we described earlier. Researchers can
modify the particle surface to meet the requirement of targeting
special macrophage receptors or local atherosclerotic plaques.
A proposed scheme for macrophage-targeted drug delivery is
shown in Figure 4.

More importantly, macrophages can endocytose particles
from nanometers to micrometers in size due to their phagocytic
characteristic (Peterson et al., 2018). Recent advances in drug
delivery systems, such as micro- and nanoparticles, liposomes,
and oligopeptide complexes, provide the potential for selectively
target macrophages (Hillaireau and Couvreur, 2009; Peterson
et al., 2018). Designed liposomes that carrying monoclonal
antibodies of IL-6 and CD163 can be ingested by M1 and
M2 phenotype macrophages, respectively (Etzerodt et al., 2012).
The high level of mannose receptor expression on M(Hb) and

Mhem cells provides a way to target these cells via mannosylated
particles. Mannose-functionalized dendrimeric nanoparticles
that conjugated LXR agonists can be selectively ingested by
macrophages and exert their functions within cells (He et al.,
2018). A cylic nonapeptide, LyP-1, displays preferentially affinity
for hypoxic atherosclerotic plaques and triggers apoptosis
of plaque macrophages in mice (She et al., 2016). A pH-
responsive and mannosylated polymeric micelles can successfully
achieve CD206 (mannose receptor)-targeted siRNA delivery
(Yu S. S. et al., 2013). Beta 1,3-D-glucan-encapsulated siRNA
particles are efficient oral delivery vehicles that silence pro-
inflammatory or other genes via targeting macrophages (Aouadi
et al., 2009). Plaque-hyaluronidase-responsive HDL-mimetic
nanoparticles can efficiently target intimal macrophage for
drug delivery (Zhang et al., 2017). Hyaluronan nanoparticles
selectively target plaque-associated macrophages and reduce
inflammation in vivo (Beldman et al., 2017). Once in position,
various approaches could be applied to modulate macrophages,
such as cell apoptosis, anti-inflammatory and cholesterol efflux
promoting therapy. For instance, targeted delivery of antioxidant
into the atherosclerotic plaques may modify atherosclerosis by
attenuating and production of ROS and further oxidation of
lipids in the subendothelial space, and the subsequent release
of inflammatory cytokines in macrophages (Toledo-Ibelles and
Mas-Oliva, 2018; Fiorelli et al., 2019).

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Recent studies have demonstrated that atherosclerosis
progression is associated with macrophage phenotypic diversity.
As lipid-lowering cannot completely retards the progression of
atherosclerosis, macrophages with a great plasticity represent
a potential therapeutic target. Therapies that reduce plaque
macrophage accumulation, inflammation, and oxidative
stress, and especially promote macrophage polarization to
an atheroprotective phenotype may benefit the outcomes of
atherosclerotic CVDs. Given the important roles of macrophages
in atherosclerosis and the advanced drug delivery system, it
is reasonable to explore a viable therapeutic strategy targeting
atherosclerotic plaque macrophages. However, much work is
needed to fully understand this area and to enable a reliable
therapeutic strategy targeting the dynamic atherosclerotic plaque
microenvironment. (1) Macrophage phenotype and function
need to be further clarified using recently developed technologies
such as single cell analysis, especially the potential diversity of M1
macrophages. (2) Data from mice cannot directly be translated
into humans because macrophage phenotypic diversity as well
as the atherosclerotic plaque evolution in mice and humans
are inconsistent. Therefore, an increased understanding of the
role of macrophages in human atherosclerosis is anticipated.
(3) The development of atherosclerosis involves many cells,
understanding of the crosstalk between macrophages and
other cells in the atherosclerotic plaque need to be improved.
(4) Due to the important role of hyperlipidemia in the
progression of atherosclerosis, the macrophage-targeted
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therapeutic strategy should be combined with lipid-
lowering therapies.
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Mitomycin C Inhibits Esophageal
Fibrosis by Regulating Cell Apoptosis
and Autophagy via lncRNA-ATB and
miR-200b
Yin Zhang1,2, Qinge Wang1,2, Yuping Xu1,2, Jing Sun1,2, Yanbo Ding1,2, Li Wang1,2,
Bingfang Chen1,2, Kewen Sun1,2* and Jianping Chen1,2*

1Department of Gastroenterology, The Third Affiliated Hospital of Soochow University, Changzhou, China, 2The First People’s
Hospital of Changzhou, Changzhou, China

Benign esophageal strictures (BESs) frequently results from esophageal fibrosis. The
transformation of fibroblasts into fibrocyte is an important cause of fibrosis. The treatment
of fibrosis is challenging. Some previous studies have indicated the antifibrotic effect of
mitomycin C (MMC). However, the mechanism of action of MMC and its optimal dose for
treatment remains unclear. In the present study, the role of MMC in fighting fibrosis and its
mechanism was investigated. Human esophageal fibroblast cells (HEFs)were treated
without or with MMC, at 2, 5, 10 μg/ml, combining with mimic lncRNA-ATB, miR-200b
inhibitor, rapamycin (RAPA), and 3-Methyladenine (3-MA). The cell viability, and cell
apoptosis were evaluated. In addition, expression of apoptosis related proteins
(caspase8 and caspase3), autophagy related proteins (LC3II and ATG5) and fibrosis
related proteins (α-SMA collagen-1 and TGF-β) were also evaluated. Furthermore,
autophagosome was observed by transmission electron microscope. Results showed
that the expression of lncRNA-ATB was down-regulated and miR-200b was up-regulated
after treated with MMC. AndMMC induced cell apoptosis and inhibited cell autophagy. On
the other hand, RAPA, mimic lncRNA-ATB and miR-200b inhibitor reduced fibrogenic
effect of MMC on HEFs. Collectively, this study suggests that MMC inhibited esophageal
fibrosis by regulating cell apoptosis and autophagy via downregulating lncRNA-ATB and
upregulating miR-200b.

Keywords: esophageal fibrosis, mitomycin, lncRNA-ATB, MiR-200b, autophagy, apoptosis

INTRODUCTION

Benign esophageal stricture (BES) is the consequence of esophageal fibrosis, which is caused by a
variety of esophageal injuries, such as gastroesophageal reflux, radiotherapy, corrosive substance
ingestion, eosinophilic esophagitis and partial esophageal resection (Mizusawa et al., 2019). Recently,
esophageal stricture after endoscopic submucosal dissection (ESD) is frequently seen in clinical
setting and in standard therapy for early esophageal carcinoma (Ravich, 2017). The stricture
formation rate exceeds 90% when the lesions are 75% the size of the circumference (Liao et al.,
2018). Esophageal fibrosis results from chronic inflammation, in which inflammatory cells stimulate
the fibroblasts, leading to the activation of myofibroblasts and production of extracellular matrix
proteins, including collagen (Henderson et al., 2013; Walraven and Hinz, 2018). In addition,
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myofibroblast, which express smooth-muscle proteins, become
contractile. The contraction of these cells contributes to disease
pathogenesis and tissue failure. The repair process results in
substantial deposition of extracellular matrix components in
which normal tissue is replaced with permanent scar tissue
(Bülow and Boor, 2019). Hence, the key cellular mediator of
fibrosis is fibroblast-myofibroblast transformation and
extracellular matrix component disposition.

Mitomycin C (MMC) has been successfully used as an
antifibrotic agent to prevent scar formation in glaucoma,
lacrimal duct, laryngeal, respiratory, urinary or gastrointestinal
tract (Hofheinz et al., 2008; Mizusawa et al., 2019). MMC induced
fibroblasts apoptosis and reduced fibrosis by regulating miR-200b
and its target gene, RhoE (Sun et al., 2015). Other studies reported
that MMC inhibited fibrosis by inducing cell autophagy regulated
by certain miRNAs, including miR-200 family (Wang et al., 2017;
Hu et al., 2019). Clinical application of MMC on esophageal
stricture is used since 2002 (Afzal et al., 2002). Preliminary results
were encouraging, however, MMC is an anti-tumor drug that can
interfere with natural wound healing and result in serious
complications (Wu et al., 2014; Bartel et al., 2016). The
mechanism of action of MMC and its optimal dosage for
treatment is unknown, that prevent it being regularly used.
Therefore, elucidating the mechanism of action and the
applicable dosage of MMC is needed.

Based on the encyclopedia of DNA elements initiated in 2003,
approximately 65% of genes were transcribed into noncoding
RNAs (ncRNAs), and the ncRNAs that possessed more than 200
nucleotides were named long noncoding RNAs (lncRNAs) (Gao
et al., 2020). Recently, many studies have shown that lncRNAs are
frequently dysregulated in various diseases and have multiple
functions in a wide range of biological processes, such as cell
proliferation, apoptosis and migration (Yuan et al., 2014).
LncRNA-ATB, the lncRNA activated by TGF-β, promotes
tumor cell invasion and metastasis, exhibiting oncogenic
functions (Xiao et al., 2018). It was reported that the
interaction of lncRNA-ATB with miR-200 family promotes the
progression of fibrosis in various organs. LncRNA-ATB could act
as a fibrogenic cytokine and knockdown of which inhibited the
proliferation of keloid fibroblasts by interacting with miR-200c
(Zhu et al., 2016). Another study by Fu Na et al. found that
lncRNA-ATB promoted liver fibrosis in HCV patients by
regulating miR-200a/β-catenin axis (Fu et al., 2017), indicating
that lncRNA-ATB could facilitate the progression of fibrosis.
However, how MMC interacted with lncRNA-ATB remains
controversial.

Recent studies have indicated the protective effects of
autophagy on fibrosis in various organs, including renal
fibrosis and cardiac fibrosis. Li Huiyan showed that Atg5-
mediated autophagy in proximal epithelial cells is a critical
host-defense mechanism that prevents renal fibrosis by
blocking G2/M arrest (Li et al., 2016). In another study,
Trehalose confirmed that Atg5 activates autophagy and
improves cardiac remodeling after myocardial infarction.
Atg5 increases expression of LC3II, inhibits cardiac fibrosis
and increases the ventricular function in mice (Sciarretta et al.,
2018).

Given the potential linkage of MMC, lncRNA-ATB, and miR-
200b, we explored whether MMC inhibits esophageal fibrosis by
regulating lncRNA-ATB, miR-200b and their target genes. In
addition, we examined cell autophagy and apoptosis regulated by
the expression of lncRNA-ATB and miR-200b. We demonstrated
that MMC could induce apoptosis and inhibit autophagy of
esophageal fibroblasts by inhibiting lncRNA-ATB, upregulating
miR-200b and its target gene LC3 and Atg5, therefore inhibit
fibrosis.

MATERIALS AND METHODS

Cells and Cell Culture
The human esophageal fibroblast cells (HEFs) were obtained
from iCell Bioscience (iCell Bioscience Inc., Shanghai, China).
The HEFs were cultured within Dulbecco’s modified Eagle’s
medium that contained 20% fetal bovine serum (Gibco,
United States) and 1% penicillin/streptomycin (Solarbio,
China). The cell culture was maintained at the atmosphere
with 5% CO2 and 95% air, saturated humidity and 37°C. Cells
were passaged when the density reached 80–90%. Mimic
lncRNA-ATB and miRNA 200b inhibitor were synthesized by
the Hanbio Biotechnology. Rapamycin (RAPA, CAS NO.53123-
88-9) and 3-Methyladenine (3-MA,CAS NO.5142-23-4) were
purchased from Aladdin.

Cell Viability Assay
The viability of HEFs treated with various concentrations of
MMC (2, 5, 10 μg/ml) for 24 or 48 h were evaluated using the
cell counting kit-8 assay (Dojindo Laboratories, Japan) according
to the manufacturer’s instructions. Cells were treated with PBS in
the control group. Cells were plated at a density of 5000 cells/well
on a 96-well plate in six replicates. After 24 h, the cells were
subjected to various treatments, and then the CCK-8 solution was
added to each well and incubated for 2 h at 37°C. Thereafter, the
optical density (OD) was measured at 450 nm with a microplate
reader (ELx800 Absorbance Microplate Reader, Bio-Tek,
United States).

Flow Cytometry Analysis for Apoptosis
Annexin V/propidium iodide double staining (Invitrogen,
United States) was used to detect cell apoptosis. A 6-well plate
was used to inoculate HEFs 5*105cells/well. After treatment with
2,5 or 10 μg/ml MMC with or without RAPA (0.4 μmol/ml),3-
MA (4 mmol/ml),hs-miRNA-200b (100 nM) andMinic lncRNA-
ATB (10 nM), the cells were collected at about 24 h and washed
twice with ice-cold PBS. The cells were then resuspended in
binding buffer at a concentration of 1 × 106/ml and incubated
with annexin V-FITC and propidium iodide for double staining,
according to the manufacturer’s instructions. The mixture was
incubated in the dark for 15 min at room temperature. Annexin
V-FITC was analyzed using the FITC flow cytometry system (Ex
� 488 nm; Em � 530 nm) and PI fluorescence intensity was
analyzed using PI detection channel (ex � 535 nm; EM �
615 nm). The apoptosis rate in this study represents the total
apoptosis rate, including both early and late apoptosis.
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RNA Extraction and Quantitative
Real-Time PCR
A 6-well plate was used to inoculate HEFs 5*105 cells/well. After
treatment with 2,5 or 10 μg/ml MMC with or without RAPA
(0.4 μmol/ml),3-MA (4mmol/ml),hs-miRNA-200b (100 nM) and
Minic lncRNA-ATB (10 nM) for 24 h. The cell plate was added
with 600 μl Trizol Reagent (Beyotime, China) and placed on ice for
30min. RNA was extracted and a Nanodrop 2000 was used to detect
the concentration and purity of RNA. The high concentration of
RNAwas diluted to obtain the final RNA concentration of 200 ng/μl.

Solution containing 2 ug RNA was added with 1 μl oligo (dT)18.
Then,makeup to 12 μl with deionizedwaterwithout ribonuclease. The
mixture was incubated at 65°C for 5 min, and then quickly cooled on
ice. 4 μl of 5 × buffer, 2 μl 10mm dNTPs, 1 μl RNA inhibitor and 1 μl
reverse transcriptase were added in turn, and then the mixture was
aspirated. The reverse transcriptase was inactivated at 42°C for 60min
and at 80°C for 5min. Information of the primers is listed in Table 1.

The total RNA was reversely transcribed into complementary
DNAs (cDNAs) in light of the guidance of PrimeScript RT Reagent
Kit (TaKaRa, Japan) under conditions of 37°C for 30 min and 98°C
for 5 min. Primer sequences used in the RT-PCR assay were shown
in Table S1. 12.5 μl 2× qPCR Mix, 2μl 7.5 μM primer, 2.5μl reverse
transcription product, 8.0 μl ddH2O, were added in turn. The
cDNAs were then amplified via polymerase chain reaction
(TaKaRa, Japan). Besides, the reaction conditions for ATB and
miR-200b were as follow: (a) degeneration at 95°C for 20 s and
(b) 40 cycles of degeneration at 94°C for 5 s, annealing at 55°C for
20 s and extension at 72°C for 20 s. The expressions of lncRNA-ATB
and miR-200b were quantified by using 2−ΔΔCt method, with
GAPDH and U6 as the internal reference.

Cell Transfection
For siRNA transfection, Lipofectamine 2000 reagent (Invitrogen,
United States) was used according to the manufacturer’s
instructions. Cells were trypsinized and seeded in six-well
plates at a density of 5*105cells/well for 18 h. Cells that
reached 70–90% confluence were transfected with serum-free
DMEM medium (iCell Bioscience Inc., China) containing
100 nM siRNA Control, siRNA Beclin 1 for 6 h, followed by
recovery in medium containing serum.

Immunofluorescence
A 12 well plate was used to inoculate HEFs 5*105cells/well. After
70% of confluence, cells were washed with PBS for three times

and fixed in 4% paraformaldehyde (Macklin Inc, China) for
30 min. Then, 1 ml 0.2% Triton X 100 (Solarbio lnc, China)
was added into the solution for 10 min. The samples were then
washed three times with PBS for 10 min each time on the shaker
at room temperature. 5% BSA was added for blocking no specific
binding for 30 min. Then, the diluted primary antibody (diluted
with 1% BSA, Abcam, China) was added and incubated overnight
at 4°C. After that, samples were washed three times with PBS, and
fluorescent second antibody (1% BSA dilution, Abcam, China)
was added and incubated for another 30 min at room
temperature. After washing 3 times with PBS, one drop of
DAPI was added for 3 min, and another drop of anti-
fluorescence quenching agent was added. At last, cells were
observed under the fluorescence microscope.

Western Blot
A six-well plate was taken to inoculate HEF 5*105cells/well. After
treatments, cells were washed with PBS for three times. The cells
were lyzed with RIPA supplemented with protease inhibitor and
protein phosphatase inhibitor. Then, the cell lysate was put on ice
for 30 min. The supernatant was centrifuged at 12,000 rpm for
15 min and the protein concentration was detected by Bradford
kit. Next, 15 μg/well protein was loaded in 15% SDS-
polyacrylamide gel for electrophoresis. Proteins were then
transferred onto the polyvinylidene fluoride membrane. After
2 h blocking with 5% bovine serum albumin at room
temperature, the diluted primary antibody (Abcam, China)
was added for overnight incubation at 4°C. The samples were
then washed three times with polysorbate and triethanolamine-
buffered saline solution (TBST). Subsequently, the secondary
antibody with horseradish peroxidase (1:3000, catalog no.:
ab6721, Abcam, China) were added and incubated for another
2 h at room temperature. After rinsing cells with TBST three
times, the enhanced chemiluminescence (plusECL) luminescence
reagent (Amersham Biosciences) was added for development.
Gray value of the protein bands was analyzed by ImageJ software
and the data was analyzed by Graphpad.

Autophagosome Observation by
Transmission Electron Microscope
HEFs were inoculated in six-well culture plates and cultured for
24 h. After treatment with different drugs, the cells were fixed
with 1% glutaraldehyde and post-fixed with 2% osmium
tetroxide. Then, the cell pellets were embedded in Epon resin.

TABLE 1 | Primer sequences used in the RT-PCR assay.

Genes Sequences (5’-39)

LncRNA-ATB Forward 5′-CTTCACCAGCACCCAGAGA-3′
Reverse 5′-AAGACAGAAAAACAGTTCCGAGTC-3

GAPDH Forward 5′-AAAGATGTG CTTCGAGATGTGT-3′
Reverse 5′-CACTTTGTCAGTTACCAACGTCA-3′

U6 Forward 5′-CTCGCTTCGGCAGCACA-3′
Reverse 5′-AACGCTTCACGAATTTGCGT-3′

miR-200b Forward 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCATCATT-3′
Reverse 5′-ACACTCCAGCTGGGTAATACTGCCTGGTAA-3′
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Representative areas were chosen for ultrathin sectioning and
viewed using a FEI Tecnai G2 Spirit Bio TWIN transmission
electron microscope (FEI Co., Netherlands) at an acceleration
voltage of 120 kV.

Statistical Analysis
All the statistical analyses were carried out using the SPSS 19.0
software or GraphPad Prism (7.0). A one-way analysis of variance
(ANOVA), followed by a LSD (Least Significant Difference) test
were used to compare among different treatment groups. The
difference was deemed as statistically significant in case of *P <
0.05, **P < 0.01 and ***P < 0.001.

RESULTS

MMCHEFs Induced Cell Apoptosis
Cells were treated with various concentrations of MMC (0, 2, 5,
10 μg/ml) for 24 or 48 h and evaluated using the CCK-8 assay. As
shown in Figure 1A, MMC inhibited the proliferation of these
fibroblasts in a time- and dose-dependent manner. A reduction in
cell viability was observed 24 h after treatment with MMC at a
concentration of 2 μg/ml. After treatment with MMC at 2, 5,
10 μg/ml for 24 h, the cell viability decreased by 15.4%、28.0%、
34.7%, respectively (P < 0.05). After treatment with MMC at 2, 5,
10 μg/ml for 48 h, it decreased by 43.8%, 56.3%, 71.1%,

respectively (P < 0.05). Cells treated with the MMC
concentration higher than 10 μg/ml led to obvious cell death
(result not shown). For the following experiment, the exposure
time of MMC was set at 24 h and the highest concentration was
10 μg/ml. Cells treated with 0, 2, 5, 10 μg/ml MMC for 24 h
underwent obviously apoptosis, as shown by the cytometric
analysis on the annexin V/propidium iodide double staining.
Compared with the control group, the percentage of apoptotic
cells increased from 5.09% to 8.04%, 8.51%, and 22.57%,
respectively, with the red box area (Figures 1B,C).

The proteins related to apoptosis were examined using
Western blotting. As showed in Figures 1D,E compared with
the control group, MMC treatment with the concentration of 2, 5,
10 μg/ml, resulted in upregulation of Caspase3 by 22.7% after
10 μg/ml MMC treatment (p < 0.05). However, Caspase8 was
significantly up-regulated by 119.8%, 116.8% and 139.5%,
respectively (p < 0.05).

MMC Inhibited HEFs Autophagy and
Regulated Expression of lncRNA-ATB and
miR-200b
Autophagy related proteins, including LC3 II and ATG5 were
significantly down-regulated as shown by Western blot analysis.
The expression of LC3 II was 27.9%, 44.6%, 45.2% lower (p< 0.05)
and ATG5 was 19.2%, 31.6%, 43.6% lower (P < 0.05) compared

FIGURE 1 | MMC inhibited HEFs proliferation and induced cell apoptosis. HEFs cells were treated with MMC at 2, 5, and 10 μg/ml for 24 or 48 h (A) Cell viability
was assessed by CCK-8 assay with HEFS treated with or without MMC for 24 or 48 h (B) Apoptosis was assessed by annexin V-FITC/PI staining followed by flow
cytometry with HEFS treated with or without MMC for 24 h (C)Apoptosis positive cells were counted from three independent experiments. (D)Western blotting was used
to determine the expression levels of Caspase3 and Caspase8 with HEFS treated with or without MMC for 24 h (E) Relative protein expression levels by image J
statistics from three independent experiments. Data are shown as the means ± SEM from three independent experiments. **P < 0.01,***P < 0.001 vs. Control.
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with the control group (Figures 2A,B). In addition, as shown in
Figure 2C, fewer autophagosomes and more lysosomes were
observed in MMC treated cells observed by transmission electron
microscope after MMC treatment with higher concentration.

Furthermore, to determine the effect of MMC on lncRNA-
ATB and miR-200b expression in HEFs, we treated HEFs with 0,
2, 5, or 10 μg/ml MMC for 24 h. The level of lncRNA-ATB and
miR-200b was evaluated by qRT-PCR. It was found that the level
of lncRNA-ATB in MMC-treated HEFs was significantly
downregulated by 17.95%, 68.04% and 93.47%, respectively. In
addition, miR-200b was significantly up-regulated by 4.89, 12.56
and 18.23 times, compared with the control group (Figures
2D,E). These results indicated that MMC downregulated
lncRNA-ATB expression and upregulated miR-200b
expression in HEFs.

MMC Inhibited the Expression of Fibrotic
Marker Proteins in HEFs
Immunofluorescence staining was performed on HEFs after
treatment with 0, 2, 5 and 10 μg/ml MMC. It was found that
the fluorescence intensity of fibrotic marker proteins α-SMA and
collagen-1 (green) decreased compared with the control group,
indicating that MMC inhibited the process of fibrosis
(Figure 3A). And, the fibrogenic related protein, TGF-β, was
decreased by 33.9%, 63.0% and 67.2%, after treatment of different
concentration of MMC (Figures 3B,C).

MMC Treatment Combined With Autophagy
Agonist or Antagonist, or With lncRNA-ATB
Mimic or miR-200b Inhibitor Regulated Cell
Apoptosis and Autophagy
MMC induced cell apoptosis, as shown in Figure 1. MMC
treatment combined with autophagy agonist RAPA reduced cell
apoptosis in both early and later stage, while the autophagy inhibitor
3-MA promoted cell apoptosis induced by MMC. On the other
hand, LncRNA-ATB mimic or miR-200b inhibitor reduced cell
apoptosis induced byMMC treatment (Figures 4A,B). These results
suggested that MMC induced cell apoptosis can be alleviated by
LncRNA-ATB and miR-200b-inducing cell autophagy.

In addition, after treatment with MMC in HEFs, the apoptosis
related proteins were upregulated. Meanwhile, the autophagy and
fibrosis related proteins were downregulated. Furthermore,
combined treatment with MMC and RAPA reduced the
expression of caspase3 and caspase8, while increasing the
expression of LC3 II and ATG5. In addition, lncRNA-ATB
mimic or miR-200b inhibitor had similar effect compared with
RAPA, reducing cell apoptosis, and promoting autophagy. On the
other hand, 3-MA had the opposite effect on apoptosis, fibrosis
and autophagy (Figure 4C).

As shown in Figure 4D, after co-treatment with MMC and
RAPA or lncRNA-ATB mimic, the number of autophagosomes
increased and lysosomes reduced compared with the MMC
group. On the other hand, after co-treatment with MMC and 3-
MA or miR-200b inhibitor, no autophagosome was observed and
lysosomes also reduced.

MMC Treatment Combined With Autophagy
Agonist or Antagonist, or lncRNA-ATB
Mimic or miR-200b Inhibitor Regulated
Fibrotic Marker Proteins
MMC inhibited the expression of fibrotic marker proteins,
including TGF-β by Western blotting, α-SMA and Collagen-1
by immunofluorescence analysis. Furthermore, combined
treatment with MMC + RAPA, MMC + lncRNA-ATB mimic,
MMC + miR-200b inhibitor increased the expression of α-SMA
and Collagen-1, compared with MMC group. On the other hand,
3-MA had the opposite effect on the expression of α-SMA and
Collagen-1 (Figure 5A). Furthermore, the expression of TGF-β
was also up-regulated after treatment with MMC and RAPA,
lncRNA-ATB mimic or miR-200b (Figures 5B,C).

FIGURE 2 | MMC inhibited HEFs autophagy and regulated expression
levels of lncRNA-ATB and miR-200b (A) Western blotting was used to
determine the expression levels of LC3II and ATG5 with HEFS treated with or
without MMC for 24 h (B) Relative protein expression levels of LC3II and
ATG5 compared with the control group. (C) Autophagosomes and lysosomes
were observed by transmission electron microscope after treatment with
MMC at 2, 5, and 10 μg/ml (D,E) HEFs cells were treated with MMC at 2, 5,
10 μg/ml, the relative expression of miR-200b and lncRNA-ATB was
compared with the control group. Black arrow: Autophagosome; Yellow
arrow: lysosome *P < 0.05 **P < 0.01***P < 0.001 vs. Control.
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DISCUSSION

Previous studies have demonstrated the antifibrotic effect of
MMC after surgery or trauma in various organs. MMC serves
as a potent inhibitor of fibroblasts. The antifibrotic mechanisms
of MMC on fibroblasts include inhibiting cell proliferation,
migration and transformation, and inducing cell apoptosis
(Rustagi et al., 2015). The dose of MMC at the concentrations
ranging from 0.05–0.4 mg/ml could significantly induce
cytotoxicity in intraocular fibroblasts. The concentration of
MMC to induce cytotoxicity could be much lower in other
organs. A number of studies using MMC in clinic showed its
safety and effectiveness (Sui et al., 2017; Chen et al., 2019).
However, in an animal study by Wu et al., injection of MMC
at the concentrations of 0.5 mg/ml or 0.05 mg/ml was used in
porcine models after endoscopic mucosectomy. One pig died
from an esophageal perforation after the use of high MMC
concentration (Wu et al., 2014). Therefore, optimal
concentration of MMC is critical. In this study, MMC
inhibited the proliferation of fibroblasts in a time- and dose-
dependent manner. Cells treated with MMC at the concentration
higher than 10 μg/ml led to cell death. Thus, MMC less than
10 μg/ml for 24 h incubation is the safe concentration for the
treatment of fibroblasts.

In a study published in 2015 by Sun et al., they showed that
MMC reduced epidural fibrosis and induced fibroblasts apoptosis
by regulating miR-200b and its targeting gene RhoE-2 (9). In

another study by Wang et al., they showed that after MMC
treatment on scar tissue of laminectomy, the expression of miR-
34a, miR-146a and miR-200 were significantly increased, while
the levels of miR-16, miR-221 and miR-378a were significantly
decreased (10). In addition, the levels of autophagy-related
proteins (autophagy protein 5, beclin-1, LC3B-2/1 and p53)
were significantly elevated after MMC treatment. These studies
suggested that MMC might inhibit fibrosis by regulating
autophagy via interacting with certain ncRNAs. Consistently,
results in this study also showed that MMC induced cell
apoptosis, inhibit autophagy and fibrosis. In this study, we
found that MMC could significantly down-regulate the
expression of lncRNA-ATB and up-regulate the expression of
miR-200b. The expression of apoptosis related proteins (caspase3
and caspase8) was upregulated and expression of fibrosis related
proteins (α-SMA and Collagen-1) was downregulated.
Furthermore, WB showed the autophagy related proteins (LC3
II and ATG5) were also reduced. These results indicated that
MMC could induce fibroblast apoptosis and inhibit cell
autophagy and fibrosis. The schematic diagram of mechanism
was shown in Figure 6. The results of our study were in consistent
with most of the previous studies.

LncRNA-ATB plays vital roles in the progression of various
tumors and it is supposed to be an indicator of prognosis for
many tumors. For example, in the study by Chuan-Zhuo Wang,
lncRNA-ATB promoted autophagy by activating Yes-associated
protein and inducing autophagy-related protein 5 in

FIGURE 3 |MMC inhibited the expression of fibrotic marker proteins in HEFs. (A) Expression of α-SMA and collagen-1 were shown by immunofluorescence after
treated with MMC at 2, 5, and 10 μg/ml; (B)Western blotting was used to determine the expression levels of TGF-β treated with or without MMC for 24 h. (C) Relative
protein expression level of TGF-β was shown compared with control group. *P < 0.05 **P < 0.01***P < 0.001.
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hepatocellular carcinoma (Wang et al., 2019). Some recent studies
showed that lncRNA-ATB played a fibrogenic role, and bound to
miR-200 family and their downstream target genes (Zhu et al.,
2016; Fu et al., 2017). On the other hand, lncRNA-ATB was
reported to play its functions by regulating autophagy (Li et al.,
2016). In their results by luciferase reporter gene assay, miR-200
family was confirmed as the target of lncRNA-ATB. These results
indicated that lncRNA-ATB might drive the process of fibrosis,
while miR-200 played an inhibiting role in fibrosis. In the present
study, after MMC treatment, the expression of these ncRNAs
were dysregulated.We suggested that high expression of lncRNA-
ATB and low expression of miR-200b might facilitate the process
of esophageal fibrosis.

Some studies also showed that autophagy plays a role on the
process of fibrosis. Autophagy is another type of cell death and
has been a hotspot in cancer research. Autophagy is related with
fibrosis. A study by Zhao et al. suggested that DNMT3A inhibited
the expression of miR-200b in cardiac fibroblasts and miR-200b
inhibition could activate autophagy and then inhibit the process
of fibrosis (Zhao et al., 2018). Another study by Wu et al. showed
that autophagy promoted fibrosis and apoptosis in peritoneum

fibroblasts in patients with peritoneal dialysis (Wu et al., 2018).
So, whether autophagy is a promoter or protector of fibrosis was
controversial. In our study, MMC treatment led to inhibition of
autophagy, which suggested that fibroblast autophagy promoted
the fibrosis process.

We found that LncRNA-ATB mimic and miR-200b inhibitor
could partially attenuate the effect of MMC, which could promote
autophagy and fibrosis. Meanwhile, the cell apoptosis was
significant reduced. After treatment with lncRNA-ATB mimic
or miR-200b inhibitor, the expression of apoptosis related
proteins (caspase3 and caspase8) was downregulated and
expression of fibrosis related proteins (α-SMA, Collagen-1 and
TGF-β) was upregulated. Immunofluorescence showed that the
expression of α-SMA and collagen-1 reduced. These results also
showed that MMC inhibited fibrosis via acting on lncRNA-ATB
and miR-200b.

In addition, MMC could inhibit autophagy according to the
results from transmission electronmicroscope and the expression
of LC3 II and ATG5. After treatment with MMC, no more
autophagosomes were observed by transmission electron
microscope. And autophagy related proteins LC3 II and ATG5

FIGURE 4 |MMC treatment combined with autophagy agonist or antagonist, or lncRNA-ATBmimic or miR-200b inhibitor regulated cell apoptosis and autophagy.
(A) Apoptosis was assessed by annexin V-FITC/PI staining followed by flow cytometry with HEFS treated with or without MMC for 24 h, MMC + RAPA, MMC+3-MA,
MMC + lncRNA-ATBmimic or MMC+miR-200b inhibitor. (B) Apoptosis positive cells were counted from the six groups. (C)Western blotting was used to determine the
expression levels of Caspase3, Caspase8, LC3II and ATG5 after treated with or without MMC for 24 h, MMC + RAPA, MMC+3-MA, MMC + lncRNA-ATBmimic or
MMC + miR-200b inhibitor. (D) Autophagosomes and lysosomes were observed after treatment with MMC or combined with other drugs. Different letters on the bar
chart meant significant difference.
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FIGURE 5 | MMC treatment combined with autophagy agonist or antagonist, or lncRNA-ATB mimic or miR-200b inhibitor regulated fibrotic marker proteins. (A)
Expression of α-SMA and collagen-1 were shown by immunofluorescence after treatment with or without MMC, MMC + RAPA, MMC+3-MA, MMC + lncRNA-ATB
mimic or MMC + miR-200b inhibitor. (B)Western blotting was used to determine the expression levels of TGF-βtreated with or without MMC, MMC + RAPA, MMC+3-
MA, MMC + lncRNA-ATB mimic or MMC + miR-200b inhibitor. (C) Relative protein expression level of TGF-β was shown compared with each other. Different
letters on the bar chart meant significant difference.

FIGURE 6 | A schema of mechanism of MMC on HEFs. MMC acted on lncRNA-ATB. LncRNA-ATB bound to miR-200b and sequestered miR-200b away from
mRNA of ATG5. ATG5 protein led to the downstream change from LC3-I to LC3-II and promoted formation of autophagosome.
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were downregulated as shown by WB analysis. However, after
treatment with lncRNA-ATB mimic or miR-200b inhibitor, the
opposite results were obtained, in which more autophagosomes
were observed and expression of LC3 II and ATG5 increased.

The autophagy inducer RAPA and autophagy inhibitor 3-MA
were used to evaluate the effect of fibroblast apoptosis and the
process of fibrosis. Treatment with RAPA showed similar results
with lncRNA-ATB mimic and miR-200b inhibitor. And, 3-MA
had the opposite results. These results showed that MMC
inhibited fibrosis by regulating cell apoptosis and autophagy
via acting on lncRNA-ATB and miR-200b. MMC induced
apoptosis and inhibit fibrosis. On the other hand, after co-
treatment with RAPA, the cell apoptosis significantly reduced,
which also indicated that autophagy might facilitate fibrosis by
reducing fibroblast apoptosis.

In summary, this study provides several novel findings on the
mechanism by which MMC reduced esophageal fibrosis. First,
lncRNA-ATB was significantly downregulated and miR-200b was
significantly upregulated in response to MMC treatment. Second,
MMC could induce apoptosis and reduce fibrosis by regulating
lncRNA-ATB and miR-200b expression. Third, autophagy was
important in cell apoptosis and fibrosis. The role of MMC in
fibrosis is summarized in Figure 6. Our findings showed that
MMC inhibited fibrosis by enhancing cell apoptosis and
inhibiting autophagy via upregulating lncRNA-ATB and
downregulating miR-200b, suggesting that lncRNA-ATB and

miR-200b could be ideal targets for prevention and treatment of
esophageal fibrosis and other age-related fibrotic diseases.
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Sinomenine Suppresses Development
of Hepatocellular Carcinoma Cells via
Inhibiting MARCH1 and AMPK/STAT3
Signaling Pathway
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Promotion of apoptosis and suppression of proliferation in tumor cells are popular
strategies for developing anticancer drugs. Sinomenine (SIN), a plant-derived alkaloid,
displays antitumor activity. However, the mechanism of action of SIN against
hepatocellular carcinoma (HCC) is unclear. Herein, several molecular technologies,
such as Western Blotting, qRT-PCR, flow cytometry, and gene knockdown were
applied to explore the role and mechanism of action of SIN in the treatment of HCC. It
was found that SIN arrests HCC cell cycle at G0/G1 phase, induces apoptosis, and
suppresses proliferation of HCC cells via down-regulating the expression of membrane-
associated RING-CH finger protein 1 (MARCH1). Moreover, SIN induces cell death and
growth inhibition through AMPK/STAT3 signaling pathway. MARCH1 expression was
silenced by siRNA to explore its involvement in the regulation of AMPK/STAT3 signaling
pathway. Silencing MARCH1 caused down-regulation of phosphorylation of AMPK,
STAT3 and decreased cell viability and function. Our results suggested that SIN
inhibits proliferation and promotes apoptosis of HCC cells by MARCH1-mediated
AMPK/STAT3 signaling pathway. This study provides new support for SIN as a clinical
anticancer drug and illustrates that targeting MARCH1 could be a novel treatment strategy
in developing anticancer therapeutics.

Keywords: hepatocellular carcinoma, sinomenine, proliferation, AMPK, STAT3, MARCH1

INTRODUCTION

Hepatocellular carcinoma (HCC) is a common malignancy worldwide. According to GLOBOCAN
2018, about 841,080 new cases of HCC are diagnosed globally and 781,631 deaths occur annually.
Approximately 50% of HCC cases and deaths are reported in China (Bray et al., 2018). The current
management, such as transarterial chemoembolization (TACE), systemic treatment, and targeted
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therapy are primary choices for patients with intermediate or
advanced stage HCC (Marrero, 2006; Zhu, 2012). Advanced HCC
is commonly treated with therapeutic agents, include sorafenib,
adriamycin, and 5-fluorouracil; however, multi-drug resistance
often develops and limits the success of treatment, resulting in
poor prognoses (Grem, 2000; Shen et al., 2013; Kalyan et al.,
2015). Thus, it is needed to understand the molecular
mechanisms and develop novel therapeutic strategies in HCC
treatment.

Natural products represent a considerable source of diverse
bioactive chemicals. For example, more than 4,000 alkaloids
represent a large and important group of natural products that
display potent and highly varied biological activities. Extracts and
compounds, particularly alkaloids, isolated from different parts of
plants, have been used medically for centuries. Sinomenine (SIN)
is an alkaloid with anti-rheumatic, anti-inflammatory,
neuroprotective, and analgesic properties. SIN is used
extensively for the treatment of rheumatoid arthritis and
neuralgia in China (Qian et al., 2007; Zhu et al., 2016; Liu
et al., 2018). Some experimental studies indicate that SIN is
useful for the treatment of gastric carcinoma, lung cancer and
breast cancer through regulating PI3K/AKT/Wnt, JAK/STAT3,
JNK, and MEK/ERK signaling pathways (Jiang et al., 2016; Gao
et al., 2019; Liu et al., 2019). SIN hydrochloride inhibits
proliferation, induces apoptosis and causes cell cycle arrest in
human HCC cells (Hong et al., 2013; Lu et al., 2013); however, the
underlying mechanism of action of SIN in anti-HCC remains to
be elucidated.

Membrane-associated RING-CH finger protein1 (MARCH1)
is a member of the MARCH family of membrane-bound E3
ubiquitin ligases. MARCH1 induces the ubiquitination ofMHC II
in B cells to reduce MHC II surface expression and prevent
antigen presentation (Matsuki et al., 2007). Further, loss of
MARCH1 in B cells and dendritic cells (DCs) leads to increase
MHC I surface expression and results in ineffective antigen
presentation (Wilson et al., 2018). Previously, MARCH1
played an important role in immune system. Recent years,
increasing attentions have been paid on the research of
MARCH1 in progression and development of cancer. Meng Y
et al. reported that silencing MARCH1 suppresses ovarian cancer
through downregulating NF-κB and Wnt/β-catenin signaling
pathways (Meng et al., 2016). Our Lab found that MARCH1
was over-expressed in HCC cells and tissues, and promoted the
proliferation of HCC cells. MARCH1 downregulation induced by
siRNA or drugs could inhibit the progression of HCC by down-
regulating PI3K-AKT-β-catenin and PTEN/AKT signaling
pathways (Xie et al., 2019a; Xie et al., 2019b; Dai et al., 2020).
However, the molecular mechanism of SIN in inhibiting
MARCH1 expression and its downstream signaling molecules
is unclear.

AMPK/STAT3 signaling pathways are closely related to tumor
biological functions, such as proliferation, and apoptosis (Lin
et al., 2011; Jeon et al., 2012; De Veirman et al., 2019). It is
reported that STAT3 signaling pathway participates in regulation
of SIN against lung cancer and osteosarcoma cells (Jiang et al.,
2016; Xie et al., 2016). However, whether SIN inhibits HCC by
regulating the STAT3 signaling pathway has not been reported. In

addition, AMPK signaling pathway has not been studied in anti-
cancer of SIN. Therefore, we explored the role of SIN on AMPK/
STAT3 signaling pathway in Hep3B and HepG2 cells.
Furthermore, we assessed the involvement MARCH1 in
regulating AMPK/STAT3 pathways by silencing MARCH1 in
Hep3B and HepG2 cells. Our study demonstrated that SIN
inhibits proliferation of HCC cells and promotes apoptosis by
inhibiting MARCH1 expression and AMPK/STAT3 signaling
pathway.

MATERIALS AND METHODS

Cell Culture
Human liver cancer cell lines, HepG2 and Hep3B, were obtained
from the Chinese Academy of Science (Shanghai, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose (Hyclone, Logan, UT, United States), 10% fetal
bovine serum (Gibco, Waltham, MA, United States), 100 units/
ml penicillin and 100 μg/ml streptomycin (Solarbio, Beijing,
China), and incubated at 37°C in a humified atmosphere with
5% CO2.

Reagents and Antibodies
Sinomenine was purchased from Solarbio Life Sciences
(#SS8560,Solarbio, Beijing, China), dissolved in DMSO and
placed away from light at −20°C. Anti-MARCH1 antibody
(#bs-9335R) was obtained from Bioss (Beijing, China). Anti-p-
STAT3 (#ab32143), p-AMPK (#ab92701) and AMPK (#ab32047)
antibodies were purchased from Abcam (Cambridge,
United Kingdom). Anti-Bcl-2 (#12789-1-AP), CyclinB1
(#55004-1-AP), CyclinD1 (#26939-1-AP), Mcl-1 (#16225-1-
AP), Bax (#50599-2-Ig), STAT3 (#10253-2-AP), GAPDH
(#10494-1-AP) and Peroxidase-conjugated Affinipure Goat
anti-Rabbit IgG (H + L) (#SA00001-2) antibodies were
purchased from the Proteintech Group (Chicago, IL,
United States).

Transfection of SiRNA
SiRNA sequences of MARCH1 were designed and synthesized by
Genepharma (Shanghai, China). The sequence is: MARCH1
siRNA-1: sense: 5′-CAGGAGGUCUUGUCUUCAUTT-3′;
antisense: 5′-AUGAAGACAAGACCUCCUGTT-3′. MARCH1
siRNA-2: sense: 5′-GGUAGUGCCUGUACCACAATT-3′;
antisense: 5′-UUGUGGUACAGGCACUACCTT-3′. Non-
target siRNA: sense: 5-UUCUCCGAACGUGUCACGUTT-3′;
antisense: 5′-ACGUGACACGUUCGGAGAATT-3′. All
siRNAs were dissolved in DEPC-treated water. The
transfection was performed according to the manufacturer’s
instructions. Cells were seeded in 6-well culture dishes to
reach about 50% confluence. Then, 50 nM siRNA or 5 μl
Lipofectamine 2,000 (Invitrogen, Carlsbad, CA, United States)
were added into 100 μl serum-free DMEM/High glucose medium
and allowed to incubate at room temperature for 5 min.
Lipofectamine 2,000 complex was mixed with the siRNA
complex and allowed to stand at room temperature for
20 min. Finally, the mixture was added into each well and
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incubated in 37°C incubator for 5 h. Medium with penicillin-
streptomycin was replaced with the transfection medium, and
incubation was continued for 48 h.

Western Blot
Cells were lysed in pre-cooled RIPA lysis buffer (#P0013B,
Beyotime, Shanghai, China) containing proteasome and
phosphatase inhibitors, then, incubated on ice for 40 min and
centrifuged for 20 min at the speed of 12,000 rpm to acquire cell
lysates. BCA Protein Assay Kit (#PC0020, Solarbio, Beijing,
China) was used for protein quantification. Protein samples
were boiled in SDS-PAGE sample loading buffer for 8 min at
99°C, and at least 20 μg proteins were separated in SDS-PAGE
gels (#P1200, Solarbio, Beijing, China). After electrophoresis, the
gels were transferred to PVDF membrane (#ISEQ00010,
Immobilon®-PSQ PVDF 0.2 μm, Ireland). Membranes were
then blocked at room temperature for 2.5 h in 5% skim milk
prepared in tris buffered saline and Tween 20 (TBST, PH 7.4).
Next, membranes were incubated with primary antibodies
overnight at 4°C. Membranes were washed four times in
TBST, and then incubated with secondary antibodies for
40 min at 37°C. Finally, membranes were again washed four
times in TBST, and protein bands visualize with
chemiluminescent reagent (#PWB-001S, Novland, Shanghai,
China). Images were obtained by ChemiDocTM XRS+ (BIO-
RAD, Hercules, CA, United States). Photoshop CS6 was used to
quantify protein bands.

CCK-8 Assay
Cells were inoculated into 96-well plates at 5,000 cells per well and
incubated for 24 h at 37°C. Cells were then treated with SIN for
24 h. CCK-8 reagent (Biosharp, Beijing, China) was added to each
well and reacted with cells for 1 h at 37°C following the
manufacturer’s instructions. Light absorbance at 450 nm was
measured by a microplate reader (SpectraMax M2, Molecular
Devices, Shanghai, China).

Colony Formation Assay
Cells were inoculated into 6-well plates at 8,000 cells each well.
After 24 h incubation at 37°C, SIN was added, and incubation
continued for 36 h. Subsequently, cells were incubated in
complete medium without SIN for 10 days. Cells were fixed
with methanol for 20 min and washed with phosphate buffer
solution (PBS). Clones were stained with 0.1% crystal violet
solution (#G1064, Solarbio, Beijing, China), washed by PBS,
and dried. Finally, the number of clones was counted by
Photoshop CS6 and colony-formation efficiency was calculated.

Cell Proliferation Assay
Cell proliferation was evaluated by EdU assay using a
commercially available kit (#C10310-1, Ribobio, Guangzhou,
China). Cells were seeded in 96-well plates at 5,000 cells per
well, and incubated for 24 h at 37°C before treating with SIN.
After 24 h of drug treatment, cells were incubated with 50 μM
EdU medium for 2 h. Cells were then immobilized with 4%
polyoxymethylene for 30 min, treated with 2 mg/ml glycine for
5 min, and permeated by 0.5% TritonX-100 for 10 min. Cells were

incubated in Apollo 567 for 30 min at room temperature in the
dark and permeated by 0.5% TritonX-100 for 20 min. At last, cells
were incubated with Hoechst 33,342 for 30 min at room
temperature in the dark. PBS was used for washing between
each step. Images were collected by a fluorescence microscope
(Olympus TL4 photomicroscope, Japan).

Cell Cycle Assay
A flow cytometer (Becton Dickinson FACSCantoTM II, Franklin
Lakes, NJ, United States) was used to determine the phase of cell
cycle arrest in cells treated with SIN. Cells were prepared
following instructions included in the cell cycle detection kit
(#CA002, SAB, Maryland, United States). Briefly, cells were
detached from 6-well plates and fixed in pre-cooled 75%
ethanol overnight at 4°C. Then, cells were collected and
resuspended in PBS. Cells were treated with RNase for 30 min
at 37°C, and stained with propidium iodide for 30 min at 4°C.
Fluorescent intensity was measured within 1 h after staining.

qRT-PCR
Total RNA was extracted from Hep3B and HepG2 cells using the
TRIZOL reagents. The primer of humanGAPDHandMARCH1were
purchased from Takara. GAPDH sequences: F: 5′-GCACCGTCA
AGGCTGAGAAC-3′; R: 5′-TGGTGAAGACGCCAGTGGA-3’.
MARCH1 sequences: F:5′-CTGCTGTGAGCTCTGCAAGTATGA-
3′; R: 5′-TACGTGGAATGTGACAGAGCAGAA-3′. A reverse
transcription kit (#RR047A, Takara) was used for reversed
transcription into cDNA. Real-Time PCR used Tli RNaseH Plus
(#RR820A, Takara). GAPDH and MARCH1 were amplified and
measured by QuantStudio 3. PCR products were quantified using
the 2−ΔΔct method.

Statistical Analysis
Data analysis was carried out using the GraphPad Prism 7
(GraphPad Software Inc, San Diego, United States). All
experimental data are presented as the means ± SD from at
least three independent experiments. Differences between the
groups were assessed using Student’s t-test and ANOVA. p < 0.05
was considered significant.

RESULTS

SIN Suppresses Expression of MARCH1 in
HCC Cells
The Hep3B and HepG2 cells were treated with different
concentrations of SIN for 24 h and its antitumor effect was
evaluated. We found that the expression of MARCH1 was
down-regulated in both Hep3B and HepG2 cells following SIN
treatment in a dose-dependent manner, as measured by Western
Blotting (Figure 1A). Microscopically, the number of cells
decreased, some cell bodies shrank and cytoplasm condensed,
and some cells became round and bright after exposure to SIN
(Figure 1B). We performed qPCR to evaluate the mRNA
expression of MARCH1. Interestingly, the mRNA level of
MARCH1 was slightly increased in HepG2 cells (Figure 1C).
HepG2 cells were then treated with SINwith or withoutMG132, a
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proteasome inhibitor, to explore the reason of MARCH1 protein
down-regulation. Low protein expression of MARCH1 caused by
SIN was rescued by MG132 treatment (Figure 1D). These results
suggested that SIN reduces the expression of MARCH1 by
proteasome-mediated protein degradation.

Low Expression of MARCH1 Attenuates
Phosphorylation of AMPK and STAT3
We used Western Blotting to measure expression of AMPK/
STAT3 signaling molecules. SIN treatment decreases the
expression of p-AMPK and p-STAT3 in Hep3B and HepG2
cells (Figure 2A). Expression of these proteins were
normalized using GAPDH as a reference, and statistical
analysis on these signaling molecules in Hep3B and HepG2
are provided in Figure 2B. SiRNA was used to knockdown
MARCH1 in these cells to confirm its involvement in
inhibiting AMPK/STAT3 signaling pathway. The results
showed that phosphorylation of AMPK and STAT3 decreases

after MARCH1 knockdown in Hep3B and HepG2 cells
(Figure 2C). These results demonstrated that SIN down-
regulates phosphorylation of AMPK and STAT3 through
down-regulating expression of MARCH1. To solidify this
conclusion, the p-AMPK and p-STAT3 expression were
detected when HepG2 cells were treated with SIN combined
with or without MG132. The results showed that p-AMPK
expression was partly rescued when MARCH1 was rescued by
MG132. But the rescue effect of MG132 to p-STAT3 was not
obvious. (Figure 2D and Supplementary Material).

Sinomenine Induces HCC Cell Apoptosis
AMPK/STAT3 signaling pathway is involved in regulating tumor
cell proliferation, apoptosis, and cell cycle. CCK-8 and colony-
formation assays were used to evaluate whether SIN affects these
biological behaviors of these HCC cells. It was found that SIN
intervention suppresses the growth of Hep3B and HepG2 cells in
a time and dose-dependent manner (Figure 3A). In addition,
cells treated with different concentrations of SIN for 36 h were

FIGURE 1 | SIN downregulated MARCH1 expression in HCC cells. (A) Western Blotting on the protein expression of MARCH1 in Hep3B and HepG2 cells treated
with SIN. (B) The morphology of Hep3B and HepG2 cells treated with different concentrations of SIN for 24 h, the number of cells counted and analyzed. 0 mM as
control. (C) qRT-PCR on the mRNA expression of MARCH1 in HepG2 cells treated with SIN. (D) Western Blotting on the protein expression of MARCH1 HepG2 cells
treated withMG132 (0.5μΜ) and with or without SIN (2 mM). All data aremeans ± SD of results from three experiments. * represents p < 0.05, ** represents p < 0.01.
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cultured for 10 days after treatment of SIN. The number and the
size of colonies declined in a dose-dependent manner in SIN
treated cells (Figure 3B). Moreover, the expression of apoptosis-
related proteins was examined by Western Blotting. The result
showed that the expression of pro-apoptotic protein, Bax, was
elevated and anti-apoptotic molecules including, Mcl-1 and Bcl-2
were down-regulated in Hep3B and HepG2 cells. This result is in
consistent with the previous study (Lu et al., 2013). (Figure 3C).

Sinomenine Causes HCC Cell Cycle Arrest
Flow cytometric analysis was performed to pinpoint the phase of cell
cycle arrest following SIN treatment. HepG2 andHep3B cells exposed
to different concentrations of SIN showed G0/G1 phase arrest
(Figure 4A). Furthermore, we found that the expression of cell

cycle-related proteins, CyclinD1, CyclinB1, and Bcl-2 were down-
regulated in both Hep3B and HepG2 cells (Figure 4B). These results
indicated that SIN might induce cells cycle arrest by down-regulating
the expression of these cell cycle associated proteins.

Sinomenine Suppresses HCC Cell
Proliferation by Inhibiting MARCH1
The EdU assay was implemented to assess whether SIN inhibits HCC
cell proliferation. Nuclei were stained with EdU and Hoechst reagents.
The result showed that the number of EdU positive cells were reduced
compared to untreated control cells. (Figures 5A,B). To evaluate
whether MARCH1 participates in the inhibition of SIN on HCC
cell proliferation, MARCH1 was knocked down using siRNA in

FIGURE 2 | SIN decreased phosphorylation of AMPK and STAT3 via inhibiting MARCH1. (A) The expression of MARCH1 and AMPK/STAT3 signaling molecules
detected by Western Blotting in Hep3B and HepG2 cells treated with SIN for 24 h. (B) The protein expression of MARCH1, p-AMPK and p-STAT3 quantified by
measuring the gray band value using photoshop CS6. GAPDH was used for normalization. 0 mM as control. (C) The protein expression of AMPK, p-AMPK, STAT3 and
p-STAT3 after MARCH1 knockdown in Hep3B and HepG2 cells. (D) p-AMPK and p-STAT3 expression were detected when HepG2 cells were treated with SIN
and MG132. All data are means ± SD of results from three experiments. * represents p < 0.05, ** represents p < 0.01.
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HepG2 cells. The result showed that the surviving HepG2 cells were
significantly reduced in knockdown cells compared to control cells
(Figure 5C). Furthermore, MARCH1 knockdown down-regulated the
protein expression of CyclinD1 and Bcl-2 (Figure 5D). These results
revealed that SIN suppresses cell proliferation and promotes apoptosis
of HCC cells by inhibitingMARCH1. All results in this study indicated
that the effect of SIN in inhibiting proliferation and inducing apoptosis
in HCC cells is based on inhibition of MARCH1, resulting in down-
regulating AMPK/STAT3 signaling pathway and downstream
molecules, CyclinD1, CyclinB1, Mcl-1, Bax, and Bcl-2 (Figure 5E).

DISCUSSION

In the present study, we revealed that SIN, one of the alkaloid
natural products, possesses potential anti-cancer effect. We found

that SIN induces cell apoptosis and arrests the proliferation of
HCC cells. These activities are partly dependent on down-
regulation of MARCH1 expression. Interestingly, SIN down-
regulated the MARCH1 protein expression but increased
MARCH1 transcription in HepG2 cells. MG132, as a
proteasome inhibitor Dai et al. (2020), rescues MARCH1
protein expression in HepG2 cells after SIN treatment.
Therefore, SIN-induced MARCH1 down-regulation through
proteasomal degradation. Moreover, treatment of Hep3B and
HepG2 cells with SIN or siRNA of MARCH1 impaired the
phosphorylation of AMPK and STAT3.

SIN is a common plant-derived alkaloid, and some
experimental studies recognize its anticancer activities. SIN
inhibits proliferation, invasion, and migration and promotes
apoptosis in cancer cells by modulating signaling pathways
and microRNAs, such as PI3K/AKT/Wnt signaling pathway,

FIGURE 3 | SIN induced HCC cells apoptosis. (A) CCK-8 assay on the viability of Hep3B and HepG2 cells treated with SIN for 24, 48, and 72 h. 0 mM as control.
(B) The Hep3B and HepG2 cells was treated with SIN (Hep3B: 0, 2, 4 mM; HepG2: 0, 1, 2 mM) for 36 h, and then incubated in fresh medium without SIN for 10 days.
The colonies were fixed and stained. 0 mM as control. (C) The apoptosis-related signaling molecules Mcl-1, Bax and Bcl-2 tested in Hep3B and HepG2 cells. All data are
means ± SD of results from three experiments. ** represents p < 0.01; ## indicates p < 0.01.
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SHh pathway, and miR-23a (Song et al., 2018; Liu et al., 2019; Xu
et al., 2019). We uncover that SIN induces HCC cell apoptosis
and inhibits proliferation via the AMPK pathway. AMP-activated
protein kinase (AMPK) is known as a sensor of the energy status
of cells. It regulates the whole-body as well as cellular energy
balance by monitoring the levels of AMP, ADP and ATP (Hardie
et al., 2012; Hardie, 2015; Ross et al., 2016). AMPK inhibits cancer
cell growth and tumorigenesis via regulating mitochondria-
mediated metabolism and the LKB1-AMPK pathway. Loss of
AMPK signaling works with oncogenic Myc to enhance
tumorigenesis (Shackelford and Shaw, 2009; Faubert et al.,
2013; Jiang et al., 2019). AMPK is a tumor suppressor; it is
pivotal in cell survival during metabolic stress that can often
occur under pathological conditions, such as tumor. In these
situations, AMPK promotes cell survival in both normal and
tumor cells (Chhipa et al., 2018). Many reports indicate that
AMPK activation promotes survival of tumor cells via NADPH,
AMPK–CREB1, and AMPK-mTOR-Akt/ERK signaling
pathways (Jeon et al., 2012; Gao et al., 2016; Chhipa et al.,
2018). However, the role of AMPK in SIN anticancer
treatment is not reported. This study is the first one to show
that SIN reduces the activity of p-AMPK in HCC cells. We also
observe that SIN decreases expression of Bcl-2 in Hep3B and

HepG2 cells. Notably, activation of AMPK-induced tumor cell
survival is associated with Bcl-2. Kim De Veirman indicated that
AMPK phosphorylation induces myeloid-derived suppressor
cells that promote multiple myeloma progression. These cells
cause immuno-suppression and induction of angiogenesis that
are associated with an increase in anti-apoptotic factors Mcl-1
and Bcl-2 (De Veirman et al., 2019). Also, Bcl-2 is linked to
AMPK-mediated protection against apoptosis of cardiomyocytes
(Accordi et al., 2013). Thus, these studies support our findings
that SIN promotes apoptosis and inhibits proliferation in HCC
cells by inhibiting the AMPK-Bcl-2 pathway.

Furthermore, STAT3 signaling also participates in the
anticancer activity of SIN. STAT3 signaling is crucial for the
signal transduction cascade, in which cancer cells sense and adapt
to a variety of environmental stimuli. STAT3 is also important to
cell activities, such as proliferation, apoptosis and is a prominent
target for cancer therapy (Corvinus et al., 2005; Chai et al., 2016;
Huynh et al., 2019). Many studies show that inactivation of
STAT3 pathway inhibits tumor cell proliferation, angiogenesis
and metastasis (Chen et al., 2012; Chai et al., 2016). Previous
experimental studies showed that SIN exerts its anticancer effect
in prostate cell carcinoma and human osteosarcoma cells via
inactivating JAK/STAT and CXCR-4-STAT3 signaling pathways

FIGURE 4 | SIN Causes HCC Cell Cycle Arrest. (A) Flow cytometric analysis on cell cycle of Hep3B and HepG2 cells treated with or without SIN, and data are
presented in tables and statistical graphs. (B) Cell cycle-related proteins including MARCH1, CyclinD1, CyclinB1 and Bcl-2 measured by Western Blotting. 0 mM as
control.
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FIGURE 5 |SIN suppressed the proliferation of HCC cells by inhibiting MARCH1. (A) The EdU assay. The Hep3B and HepG2 cells were treated with SIN (Hep3B: 0,
2, 4 mM HepG2: 0, 1, 2 mM) for 24 h. The number of proliferative nuclei were counted. Bar, 20 μm. 0 mM as control. (B) The statistical graphs of different concentration
of SIN on HCC cells inhibition. (C) The morphology of cells after silencing MARCH1 in HepG2 cells. (D) The expression of CyclinD1 and Bcl-2 detected after MARCH1
knockdown using siRNA in Hep3B and HepG2 cells. (E) The schemm shows that SIN regulates MARCH1-mediated AMPK/STAT3 signaling to affect cell
proliferation and apoptosis. All data are means ± SD of results from three experiments. ** represents p < 0.01.
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(Xie et al., 2016; Xu et al., 2019). In this study, we demonstrated
that SIN down-regulated the activity of p-STAT3 in Hep3B and
HepG2 cells. Moreover, STAT3 signaling pathway positively
regulates CyclinD1, Survivin, Bcl-2, Bcl-XL, and Mcl-1 to
facilitate cancer cell cycle progression (Epling-Burnette et al.,
2001; Lin et al., 2011). Thus, SIN exerts anti-apoptotic and
proliferative function in HCC cells by regulating CyclinD1 and
Bcl-2 through STAT3 signaling pathway. Also, the reduction of
CyclinD1 and CyclinB1 in HCC cells treated with SIN is in
agreement with a previous study, in which CyclinD1 and
CyclinB1 down-regulation promoted cells exit from G2/M and
enter into G0/G1 phase (Wang et al., 2018).

Silencing MARCH1 was achieved by transfection of siRNA-
MARCH1 sequences into Hep3B and HepG2 cells. Western
Blotting analysis on the expression of AMPK/STAT3 signaling
related proteins showed that phosphorylation of AMPK and
STAT3, and the expression of CyclinD1 and Bcl-2 in HCC
cells were significantly down-regulated by MARCH1
knockdown. Thus, SIN down-regulates phosphorylation of
AMPK and STAT3 through down-regulating expression of
MARCH1 to inhibit HCC cells proliferation. In addition,
p-AMPK expression was partly incresesd when down-
regulation of MARCH1 induced by SIN was rescued by
MG132. This partially confirms the above conclusion. But
p-STAT3 expression was not significant change. This
suggested that STAT3 signaling pathway may be regulated by
more than just MARCH1. There may be another molecule
mechanism to regulate STAT3 signaling pathway when HCC
cells were treated with SIN, and the underlying molecular
mechanisms need to be further explored.

Taken together, this study suggests that SIN treatment
decreases MARCH1 expression, resulting in inhibiting
AMPK/STAT3 signaling pathway, therefore inhibiting
proliferation and enhancing apoptosis in HCC cells. This
study provides a rationale for using SIN for the treatment
of HCC and supports the application of SIN as a clinical
anticancer drug.
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HTR2B and SLC5A3 Are Specific
Markers in Age-Related Osteoarthritis
and Involved in Apoptosis and
Inflammation of Osteoarthritis
Synovial Cells
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1Department of Orthopaedics, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences and Peking Union
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Objective: Osteoarthritis (OA) is a heterogeneous age-related disease, which is badly
difficult to cure due to its complex regulatory networks of pathogenesis. This study
explored OA-specific genes in synovial tissues and validated their roles on apoptosis
and inflammation of OA synovial cells.

Methods:Weighted correlation network analysis (WGCNA) was employed to explore OA-
related co-expression modules in the GSE55235 and GSE55457 datasets. Then, this
study screened OA-specific genes. After validation of these genes in the GSE12021 and
GSE32317 datasets, HTR2B and SLC5A3 were obtained. Their expression was detected
in human OA and healthy synovial tissues by RT-qPCR and western blot. OA rat models
were constructed by anterior cruciate ligament transection (ACLT) operation. In OA
synovial cells, HTR2B and SLC5A3 proteins were examined via western blot. After
transfection with sh-HTR2B or sh-SLC5A3, apoptosis and inflammation of OA synovial
cells were investigated by flow cytometry and western blot.

Results: A total of 17 OA-specific DEGs were identified, which were significantly enriched in
inflammation pathways. Among them, HTR2B and SLC5A3 were highly expressed in end-than
early-stage OA. Their up-regulation was validated in humanOA synovial tissues and ACLT-induced
OA synovial cells. Knockdown of HTR2B and SLC5A3 restrained apoptosis and increased TGF-β
and IL-4 expression as well as reduced TNF-α and IL-1β expression in OA synovial cells.

Conclusion: Collectively, this study identified two OA-specific markers HTR2B and
SLC5A3 and their knockdown ameliorated apoptosis and inflammation of OA synovial cells.

Keywords: osteoarthritis, synovial tissues, weighted correlation network analysis, HTR2B, SLC5A3, apoptosis,
inflammation
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INTRODUCTION

Osteoarthritis (OA) is an age-related chronic joint disease,
characterized by degenerated cartilage erosion, osteophyte
formation, subchondral bone modification as well as synovitis
(Hunter et al., 2020; Kolasinski et al., 2020; Xie et al., 2020). OA is
a heterogeneous and multifactorial disease, involving genetic,
biological and immunologic factors (Ratneswaran et al., 2020).
Its main manifestations are joint pain, swelling, stiffness,
deformity, and dysfunction, which seriously endanger the
health of middle-aged and elderly people (Woolf and Pfleger,
2003; Latourte et al., 2020; Rim et al., 2020). It has been estimated
that about 10% of men and 18% of women over 65 have varying
degrees of OA (Lie et al., 2019). With the aging of the global
population, the incidence of OA is on the rise, but no targeted
drugs have been found to effectively cure this disease (Mandl,
2019).

Except the cartilage damage as the most remarkable
alterations, synovial tissues, joint ligaments and subchondral
bone are affected (Abramoff and Caldera, 2020). Previous
views believed that changes in the biomechanical and chemical
factors of articular cartilage might lead to OA, but the latest
research has found that pathological changes in the synovium
may be an important factor affecting OA (Zhang et al., 2019).
Weighted gene co-expression network analysis (WGCNA) is an
algorithm based on high-throughput gene expression profiling
(Langfelder and Horvath, 2008). It is widely used in the
identification of gene co-expression networks of various
diseases to reveal the correlation between genes and to find
significantly related gene modules (Niu et al., 2019; Song et al.,
2019; Li et al., 2020). With the help of WGCNA algorithm, gene
modules can be constructed, and the pivot genes in related gene
modules can be studied. Here, this study retrieved the gene
expression profiles of OA synovial tissues from the Gene
Expression Omnibus (GEO) database. WGCNA was employed
to explore OA-specific genes. Among them, HTR2B and SLC5A3
were confirmed to be up-regulated in human OA synovial tissues
and anterior cruciate ligament transection (ACLT)-induced OA
synovial cells. After silencing their expression, apoptosis and
inflammation of OA synovial cells were distinctly ameliorated.
Thus, this study may provide novel therapeutic targets against
OA progression.

MATERIALS AND METHODS

Acquisition of Datasets
Microarray expression profiles of OA were retrieved from the
GEO (https://www.ncbi.nlm.nih.gov/gds/) database, including
GSE55235, GSE55457, GSE12021 and GSE32317. Synovial
tissues from 10 osteoarthritic joint and 10 healthy joint were
retrieved from the GSE55235 dataset (Woetzel et al., 2014). The
GSE55457 dataset contained 10 normal and 10 OA synovial
membrane samples (Woetzel et al., 2014). The GSE12021
dataset included 20 osteoarthritic and 11 normal synovial
membrane specimens (Huber et al., 2008). The GSE32317
dataset was comprised of 10 early and 9 end-stage OA

synovial membrane samples. The GSE55235 and GSE55457
datasets were employed for differential expression analysis and
WGCNA. The GSE12021 and GSE32317 datasets were used for
validating the OA-specific DEGs.

Differential Expression Analysis
The gene expression matrix was analyzed through limma package
v3.9.19 (Ritchie et al., 2015). Differentially expressed genes
(DEGs) were screened between OA and normal synovial
tissues. Genes with |fold change (FC)| > 1.5 and false
discovery rate (FDR) < 0.05 were considered differentially
expressed in OA. The results of DEGs were visualized into
volcano and heatmap plots.

WGCNA
WGCNA package was employed to find co-expression modules of
highly corelated genes across specimens from the GSE55235 and
GSE55457 datasets (Langfelder and Horvath, 2008). The
correlation coefficients between two genes were calculated, and
then a similarity matrix was constructed. The formula was as
follows: Smn � cor(Xm,Xn), S � [Smn], where Smn represents the
Pearson correlation coefficient between gene m and gene n, and S
indicates the similarity matrix. To make the network conform to
the non-scale network, the appropriate weight value was selected
using the pickSoftThreshold function. To eliminate the errors
caused by background noise and pseudo-correlation, the
adjacency matrix was converted to the topological overlap
matrix (TOM). Furthermore, the function dissTom � 1–TOM
was used to inverse the topological overlap matrix to obtain the
dissimilarity matrix. Using the function hclust, we presented
hierarchical clustering of dissimilar matrices. The dynamic tree
cut method was employed to cut the gene clustering tree. The
minModuleSize was set as 30. This process can merge genes with
similar expression patterns in the same branch, and each branch
represents a co-expression module. Genes with similar expression
patterns are considered to have similar biological functions. A
module is a collection of genes with highly similar expression
patterns. To in-depth study the modules that were highly related to
OA, the correlation coefficients between module eigengene (ME)
and OA were calculated. The larger the correlation coefficient, the
higher the correlation between the module and OA. The threshold
value of the correlation coefficient defined in this study was 0.65,
that is, any module with a correlation coefficient higher than 0.65
would be defined as anOA-specificmodule. Gene significance (GS)
is the Pearson correlation coefficient between the expression of
each gene and OA. Module membership (MM) is the correlation
coefficient between each gene in the module and the ME. GS and
MM were calculated to measure the importance of genes in the
module.

Protein-Protein Interaction
After intersection of DEGs and the genes in the OA-related
modules, OA-related DEGs were identified and uploaded onto
the STRING database v11 (https://string-db.org/) (Szklarczyk
et al., 2017). Parameters were set to default. Then, a PPI
network was established. Furthermore, the correlation between
OA-related DEGs was evaluated by Spearson analysis.
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Functional Enrichment Analysis
Biological functions of OA-related DEGs were analyzed via
clusterProfiler package, including Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses (Yu et al., 2012). GO contained biological
process (BP), cellular component (CC) and molecular function
(MF). Terms with adjusted p-value < 0.05 indicated significant
enrichment.

Specimens
A total of 12 healthy synovial tissues from individuals during the
operation of traffic accidents and 15 OA synovial tissues were
collected in the Peking Union Medical College Hospital between
January 2019 to January 2020. The synovial tissues were
examined macroscopically and microscopically. OA synovial
samples were obtained from patients that underwent total knee
arthroplasty. Each OA patient was diagnosed in line with the
criteria of the American College of Rheumatology Diagnostic
Subcommittee for OA. Each participant provided written
informed consent and this research gained the approval of
the ethics committee of Peking Union Medical College
Hospital (2019016).

Real-Time Quantitative Polymerase Chain
Reaction
Total RNA was extracted from synovial tissues by the Trizol
reagent (Beyotime, Shanghai, China). The absorbance of RNA
was measured and the A260/A280 ratio was used to evaluate the
purity of RNA. RT-qPCRwas presented based on the SYBR qPCR
mix manual. GAPDH was used as an internal reference. The
relative expression of the target genes was analyzed using the
2−ΔΔCt method. The primer sequences were as follows: HTR2B:
5′-TGATTTGCTGGTTGGATTGTTTG-3’ (forward), 5′-ATG
GATGCGGTTGAAAAGAGAA-3’ (reverse); SLC5A3: 5′-AGC
ACCGTGAGTGGATACTTC-3’ (forward), 5′-CCCTGACCG
GATGTAAATTGG-3’ (reverse); GAPDH: 5′-CTGGGCTAC
ACTGAGCACC-3’ (forward), 5′-AAGTGGTCGTTGAGG
GCAATG-3’ (reverse).

Western Blot
Total protein was extracted from tissues by RIPA lysis buffer
(Beyotime), 10 μL PMSF and 10 μL phosphatase inhibitor. SDS-
PAGE gel electrophoresis was utilized to separate the extracted
protein. The protein was transferred to polyvinylidene fluoride
membrane. After blocking with 50 g/L BAS for 1 h, the

FIGURE 1 | Identifying DEGs in osteoarthritic and healthy synovial tissues in the GSE55235 and GSE55457 datasets. (A,B) Volcano and heatmap for visualizing
up- (red) and down-regulated (green) genes in osteoarthritic compared to healthy synovial tissues in the GSE55235 dataset. Black spots indicate non-DEGs. (C,D)
Volcano and heatmap showing up- (red) and down-regulated (green) genes between OA and control synovial tissues in the GSE55457 dataset.
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membrane was incubated with primary antibodies against
HTR2B (1/3000; ab227722; Abcam, Cambridge, MA,
United States), SLC5A3 (1/1000; ab113245), GAPDH (1/3000;
ab8245), TNF-α (1/1000; ab215188), IL-1β (1/1000; ab200478),
TGF-β (9ab208156) and IL-4 (1/1000; ab34277) at 4°C
overnight. After washing the membrane with TBST, the
membrane was incubated with secondary antibody (1/5000;
ab7097) for 1.5 h. The ultra-sensitive ECL chemiluminescence
kit was used to configure the luminescence buffer, and the band
was developed.

Animal Models
Healthy 3-month-old SD female rats (weighing 200–250 g) that
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (China), were bred adaptively for 1
week. All the tested rats were kept in separate cages in an
animal room under natural light at a room temperature of
20–24°C. A rat model of knee arthritis was established by
cutting the right ACLT. The rats were fasted 12 h before
modeling, and 2% sodium pentobarbital was used for
intraperitoneal anesthesia at a dosage of 30 mg/kg. After the

anesthesia, the rats were shaved before surgery, routinely
disinfected, and draped in front of the knee. A median
incision was made, and the skin subcutaneous tissue was
found to find the white patellar tendon, and cut the knot
bundle along its medial side. At the same time, we made the
knee joint hyperextension and flexed the knee joint to find the
anterior cruciate ligament, cut off with ophthalmology, and
restored its normal straight position. After that, the patella
was repositioned, the joint capsule, subcutaneous tissue and
skin were sutured layer by layer, disinfected again before
suture, and a drawer experiment was performed after the
operation to verify that the ACL was indeed cut off. In the
sham group, only the right knee joint cavity was cut, the
anterior cruciate ligament was not cut, and the knee joint was
sutured directly. The left knee joint was not operated on. After
operation, each rat was intramuscularly injected with penicillin
(400,000 units) once a day for 3 consecutive days to prevent
infection. Then, rats continued to be fed for 1 week after
modeling. This animal experiment followed the Guide of the
Management and Use of Laboratory Animals issued by the
National Institutes of Health and gained the approval of the

FIGURE 2 | Establishment of co-expression modules for OA in the GSE55235 dataset. (A)Heatmap for sample dendrogram and clinical traits. (B)Determination of
soft-thresholding power (β). Under different β values, scale independence and mean connectivity were determined. (C) Gene dynamic cutting cluster tree. Each color
represents a module. (D) Heatmap for correlations of modules with clinical traits. Each row represents a module, and each column represents a trait. The numbers in the
rectangular box represent the correlation coefficient between the module and the trait and the corresponding p value. Red represents positive correlation, and blue
represents negative correlation. The darker the color, the stronger the correlation. (E) Scatter plots for the correlation between GS and MM in the turquoize module.
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Institutional Animal Care and Use Committee (IACUC) of
Peking Union Medical College Hospital (2019016).

Culture of Synovial Cells
The synovial tissue removed during the operation was cut into pieces
under aseptic conditions, soaked in D-Hank’s solution and rinsed 3
times. After separating and removing mixed adipose tissues and a
small amount of muscle tissues, samples were cut into 1mm3 tissue
pieces. Then, samples were centrifuged at 2500 r/min for 6min and
washed twice. The supernatant was aspirated and discarded. 100 μL
fetal bovine serum (FBS) was added and mixed, suck out with a
pipette and place it in a culture flask, with each small piece about
5 mm apart. The culture bottle was gently turned over, with the
bottom of the bottle facing upwards. 3 ml culture medium
containing 20% FBS was injected into the bottle, and placed it in
a CO2 incubator (37°C, 5% CO2) to grow adherently. After 5 h,
the culture bottle was turned upright. The medium for the first
time was changed after standing for 4–5 days, and the cell
growth and adhesion was observed under an inverted
microscope. Subculture was carried out when the primary
cultured synovial cells were 85–95% of the bottom of the
culture flask. This experiment was generally 9–11 days in line

with the passage. Subculture inoculation at a ratio of 1:2 or 1:3,
this was the first generation of synovial cells. When the culture
continued to cover 85–95% of the bottom of the bottle, synovial
cells were passaged again at a ratio of 1:3.

Transfection
The shRNAs against HTR2B and SLC5A3 were completed by
Shanghai GenePharma Company (China). Double-stranded
DNA fragments were cut to sticky ends and hairpin sequences
with BHSI and BamHI restriction enzymes in vitro. The fragment
was ligated to the pGPHI/GFP/Neo vector, transformed into
E. coli DH5α for propagation, and then amplified and
screened. The second-generation synovial cells were seeded in
a 6-well plate (2 × 105 cells/well). Then, the medium containing
the lentivirus solution was added to each well. The lentivirus
carrying sh-HTR2B and sh-SLC5A3 with a virus titer of 3 × 108

was transfected into synovial cells. After 48 h of transfection, the
inhibition effect was detected by RT-qPCR.

Flow Cytometry
The Annexin V-FITC/PI apoptosis kit (APOAF-20TST; Sigma-
Aldrich, United States) was used for detecting cell apoptosis. Cells

FIGURE 3 | Construction of co-expression modules for OA in the GSE55457 dataset. (A) Heatmap showing sample dendrogram and clinical traits. (B)
Determination of the appropriate soft-thresholding power (β). (C) Gene dendrogram. Each color expresses a module. (D) Heatmap for correlations between modules
and clinical traits. (E,F) Scatter plots for the correlations between GS and MM in the blue and turquoize modules.
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were added with 5 μL Annexin V-FITC and 5 μL PI successively
after suspending. After mixing, cells were incubated at room
temperature and avoided light for 15 min. Apoptosis was detected
by flow cytometry.

Statistical Analyses
Statistical analyses were presented using R language v3.6.1 and
GraphPad Prism v8.0 (GraphPad, San Diego, CA). Data are
presented as mean ± standard deviation. Comparisons
between groups were assessed through unpaired student’s
t test or one-way analysis of variance. p-value < 0.05 was
indicative of statistical significance.

RESULTS

Screening DEGs in Osteoarthritic Synovial
Tissues
This study employed the GSE55235 and GSE55457 datasets for
differential expression analysis in OA. Under the criteria of |FC| >
1.5 and FDR < 0.05, 145 genes were up-regulated and 133 genes were
down-regulated in 10 OA synovial tissues compared to 10 healthy
synovial tissues in the GSE55235 dataset (Figure 1A). The specific
information ofDEGswas listed in SupplementaryTable S1. Heatmap
visualized the expression of eachDEG in eachOAand healthy synovial
tissue (Figure 1B). A distinct difference in DEGs was found between
OA and healthy samples. In the GSE55457 dataset, we screened 69 up-

FIGURE 4 | Identifying OA-specific DEGs and their functions. (A) Venn diagram for OA-specific DEGs by intersections of genes in the turquoize modules and DEGs.
(B) A PPI network based on OA-specific DEGs. (C,D) Heatmap for the correlations between OA-specific DEGs in the (C) normal and (D) OA samples. Blue represents
positive correlation and red represents negative correlation. The bigger the circle, the stronger the correlation. (E,F) GO and KEGG enrichment analysis results of OA-
specific DEGs. The ordinate represents the GO entry or the KEGG pathway, and the abscissa represents the percentage of the enriched genes in the module. The
length of the rectangle represents the number of enriched genes, and the color of the rectangle represents the p value.
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and 104 down-regulated genes in 10 OA than 10 normal synovial
samples (Figure 1C; Supplementary Table S2). These DEGs could
differentiate OA from normal specimens (Figure 1D).

Establishment of OA-Related
Co-Expression Modules in the GSE55235
Dataset
WGCNA was applied for finding OA-related co-expression modules.
We firstly detected outlier samples in the GSE55235 dataset. As shown
in Figure 2A, there was no outlier. The gene clustering tree of each
sample can correspondwell to the sample. According toFigure 2B, the
soft threshold β � 20 was chosen to construct the scale-free co-
expression network. The dynamic cutting tree method was used to
merge the modules with similar expression patterns. As a result, 2 co-
expression modules were obtained (Figure 2C). Different colors
represented different modules. The number of genes in the module
was allocated according to their expression level to perform a

correlation clustering, and the genes with a higher clustering degree
were allocated to a module. There were 380 genes in the turquoize
module (Supplementary Table S3). The gray module contained a set
of genes that were not assigned to the turquoizemodule. The turquoize
module was highly correlated to OA (r � 0.95 and p � 2e-10;
Figure 2D). As shown in Figure 2E, genes in the turquoize
module exhibited a strong correlation to OA (r � 0.89, p � 5.5e-131).

Construction of OA-Related Co-Expression
Modules in the GSE55457 Dataset
For clustering of 10 OA and 10 normal synovial samples in the
GSE55457 dataset, no outlier sample was found (Figure 3A).With the
soft threshold β � 20, the network was scale-free (Figure 3B). Totally,
3 co-expression modules were merged (Figure 3C). The genes in the
gray module cannot be classified into any other modules. Among
them, the blue module was negatively associated with OA (r � −0.82
and p� 9e-06) while the turquoizemodule was positively correlated to

FIGURE 5 | Validation of OA-specific DEGs in the GSE12021 and GSE32317 datasets. (A) Box plots for the expression patterns of these 17 OA-specific DEGs in
normal and OA synovial tissues in the GSE12021 dataset. (B) Box plots for validation of the expression of the OA-specific DEGs in early- and end-stage OA synovial
membrane samples in the GSE32317 dataset. Ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 6916027

Lu et al. HTR2B and SLC5A3 in Osteoarthritis

62

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


OA (r � 0.49 and p � 0.03; Figure 3D). The genes in the blue (r �
0.73 and p � 6.6e-24; Figure 3E) and turquoize (r � 0.36 and p �
1.7e-11; Figure 3F) modules displayed significant correlations
to OA. Supplementary Table S4 listed all genes in the turquoize
module.

Identifying OA-Specific DEGs and Their
Functions
We identified 17 OA-specific DEGs by intersection of genes in the
turquoize modules and DEGs, including CCNL1, DDX3Y, EFNB2,
GADD45B, HTR2B, JUN, JUNB, MAFF, MYC, NFKBIA, NR4A1,
PTGS2, SFPQ, SLC5A3, TNFAIP3, XIST and ZFP36 (Figure 4A).
Genes with similar expression patterns may have the same
biological functions. The modules constructed through co-
expression networks could be largely related to specific
biological tissues, and specific biological tissues could be highly
synergistic with specific life activities. Here, we constructed a PPI
network based on these OA-specific DEGs. There were 12 nodes in
this network (Figure 4B). Both in the normal and OA samples,
their closely interactions between them were found, as shown in
Figures 4C,D. To further analyze the biological functions of OA-
specificmodules, this study conducted enrichment analysis onOA-
specific DEGs. We found that they were mainly enriched in
proliferation and differentiation of epithelial cells and myeloid
cells (Figure 4E). Furthermore, they were primarily associated with
inflammation-related pathways such as TNF, IL-17, B cell receptor,

T cell receptor and Toll-like receptor signaling pathways as well as
Th1 and Th2 cell differentiation (Figure 4F).

Validation of OA-Specific DEGs in
Independent Datasets
We further validated the expression of the OA-specific DEGs in
the GSE12021 dataset. Our results confirmed that CCNL1,
DDX3Y, EFNB2, GADD45B, JUN, JUNB, MAFF, MYC,
NFKBIA, NR4A1, PTGS2, SFPQ, TNFAIP3 and ZFP36 were
lowly expressed in OA compared to normal synovial samples in
the GSE12021 dataset (p < 0.05; Figure 5A). Meanwhile, HTR2B,
SLC5A3 and XIST were highly expressed in OA than normal
synovial tissues. Furthermore, we assessed the expression patterns
of these OA-specific DEGs in 10 early- and 9 end-stage OA
synovial membrane samples from the GSE32317 dataset. As a
result, HTR2B and SLC5A3 displayed higher expression levels in
end-stage than early-stage OA samples (p < 0.05; Figure 5B).
These data were indicative that HTR2B and SLC5A3 could
participate in OA progression.

Verification of HTR2B and SLC5A3
Expression in OA Synovial Tissues
Here, we gathered 15 OA and 12 healthy synovial tissues.
Our results confirmed that HTR2B and SLC5A3 mRNAs
were significantly up-regulated in OA than normal

FIGURE 6 | Validation of HTR2B and SLC5A3 expression in OA synovial tissues. (A,B) RT-qPCR for the mRNA expression of HTR2B and SLC5A3 in OA and
healthy synovial tissues. (C–E) Western blot for detecting the expression of HTR2B and SLC5A3 proteins in OA and healthy synovial tissues. **p < 0.01; ***p < 0.001.
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synovial tissues (p < 0.05; Figures 6A,B). Also, their
overexpression was detected in OA by western blot
(Figures 6C–E).

HTR2B and SLC5A3 Are Overexpressed in
Synovial Cells of OA Rats
This study constructed ACLT-induced OA rat models. Then,
synovial cells from sham-operation control group and ACLT
group were separated and cultured. After 4 days of primary
culture, fibroblast-like growth of synovial cells was seen under
the inverted microscope when the medium was changed for the
first time. The cells divided and proliferated rapidly, and were
arranged in a long spindle polar orientation. After the 9th day of
culture, the cells were almost all over the bottom of the bottle.
After passage, the synovial cells began to adhere to the wall after

2 h, and could fully adhere to the wall after 12 h. The growth
rate was faster, and the shape was mainly fusiform. The
bottom of the bottle could be grown on the third day. The
growth of synovial cells after the second generation was
relatively stable, and there remained basically only B-type
cells that grown adherently. We examined the expression of
HTR2B and SLC5A3 in control and ALCT-induced OA
synovial cells. As a result, HTR2B and SLC5A3 proteins
were both overexpressed in OA synovial cells compared to
control synovial cells (p < 0.05; Figures 7A–C). Flow
cytometry was utilized for detecting apoptotic levels of
synovial cells. The results showed that the apoptotic levels
were distinctly elevated in OA synovial cells than controls
(p < 0.05; Figures 7D,E). To silence HTR2B and SLC5A3
expression, shRNAs against HTR2B and SLC5A3 were
separately transfected into OA synovial cells. RT-qPCR

FIGURE 7 | Up-regulation of HTR2B and SLC5A3 in synovial cells of OA rats. (A–C)Western bot for detection of the expression of HTR2B and SLC5A3 proteins in
synovial cells from sham-operation control and OA rats. (D,E) Flow cytometry for the apoptotic levels of control and OA synovial cells. (F,G) RT-qPCR for examining the
mRNA expression of HTR2B and SLC5A3 in OA synovial cells transfected with sh-HTR2B or sh-SLC5A3. **p < 0.01; ****p < 0.0001.
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results confirmed the successful knockdown of HTR2B and
SLC5A3 in OA synovial cells (p < 0.05; Figures 7F,G).

Knockdown of HTR2B or SLC5A3 Restrains
Apoptosis of OA Synovial Cells
Apoptosis of OA synovial cells was assessed by flow cytometry.
No distinct difference was investigated between ACLT group and
ACLT + sh-NC group (p < 0.05; Figures 8A–C). There were
lowered apoptotic levels in ACLT + sh-HTR2B or ACLT + sh-
SLC5A3 group in comparison to ACLT + sh-NC group. Hence,
silencing HTR2B or SLC5A3 could exert inhibitory effects on
apoptosis of OA synovial cells.

Knockdown of HTR2B or SLC5A3
Suppresses Inflammatory Response of OA
Synovial Cells
Synovial inflammation is involved in OA progression. Here, we
assessed whether HTR2B or SLC5A3 affected inflammatory
response of OA synovial cells. After transfection with sh-HTR2B
or sh-SLC5A3, we examined the expression of anti-inflammatory
factors (TGF-β and IL-4) and proinflammatory factors (TNF-α and
IL-1β) in OA synovial cells. As a result, knockdown of HTR2B or
SLC5A3 distinctly increased the expression of TGF-β and IL-4 as
well as reduced the expression of TNF-α and IL-1β in OA synovial
cells (p < 0.05; Figures 9A–D). These data were indicative that

FIGURE 8 | The effects of HTR2B or SLC5A3 knockdown on apoptotic levels of OA synovial cells. (A) Representative images of flow cytometry of OA synovial cells
transfected with sh-HTR2B or sh-SLC5A3. (B,C) Determination of apoptotic levels of OA synovial cells transfected with sh-HTR2B or sh-SLC5A3. **p < 0.01; ***p < 0.001.
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silencing HTR2B or SLC5A3 restrained inflammatory response of
OA synovial cells.

DISCUSSION

OA is the most common chronic joint disease in orthopedics,
characterized by joint degeneration and synovial and cartilage
hyperplasia, which is related to many factors such as age (Liu
et al., 2019a; Wang et al., 2019b). It often manifests as articular
cartilage degeneration and secondary bone hyperplasia (Sharma,
2021). The traditional concept believes that the biomechanical
changes and biochemical factors in the joint cause the destruction
of articular cartilage, resulting in OA (Zheng et al., 2021).
However, the latest research results indicate that the
pathological changes of the synovial tissues may lead to the
degeneration of articular cartilage, so the inflammation of the
synovial tissues may be the initial link in the onset of OA
(Mathiessen and Conaghan, 2017; Wang et al., 2019a; Chou
et al., 2020). Here, this study identified two specific markers
HTR2B and SLC5A3 in OA synovial tissues. After validation,
both could be involved in OA progression.

Traditional biological research focuses on explaining the
impacts of individual functional elements (such as DNA,
mRNA, and protein) on life activities at the molecular level.

Although this method is very important for revealing the genetic
mechanism of specific traits, it can only be partially explained the
cause of a certain life activity. With the rapid development of
sequencing technology, traditional biological research cannot
fully and effectively explore the biological significance
contained in massive data. As a research method of systems
biology, the network uses the data of genome, transcriptome, and
metabolome to be widely used in the exploration of life sciences.
Compared with other regulatory networks, WGCNA can
specifically screen genes related to traits and perform modular
classification to obtain co-expression modules with high
biological significance (Yin et al., 2018). It has been proven to
be an efficient data mining method. Previous studies have applied
WGCNA to analyze the pathogenesis of OA. For instance, Zhu
et al. identified one OA-related co-expression module and 13 hub
genes that were in relation to OA progression by applying
WGCNA (Zhu et al., 2020). Gu and colleagues employed
WGCNA to find hub genes and pathological processes for OA
(Gu et al., 2019). Gao et al. determined key gene modules as well
as transcription factors for OA through WGCNA (Gao et al.,
2019). Furthermore, Guo and colleagues analyzed gene
expression profiling and mined hub genes in subchondral
bone of OA (Guo et al., 2018). However, there is currently no
research to explore key genes in OA synovial tissues. Here, to fill
this gap, we constructed co-expression networks in synovial

FIGURE 9 | The roles of silencing HTR2B or SLC5A3 on inflammatory response of OA synovial cells. (A–D) Western blot for examining the expression of TNF-α,
IL-1β, TGF-β and IL-4 in OA synovial cells transfected with (A,B) sh-HTR2B or (C,D) sh-SLC5A3. ****p < 0.0001.
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tissues of OA in the GSE55235 and GSE55457 datasets. By
intersecting DEGs and genes in the OA-related modules, we
finally identified 17 OA-specific DEGs in synovial tissues.
Functional enrichment analysis demonstrated that these genes
were mainly related to inflammation-related pathways in OA
such as TNF, IL-17, B cell receptor, T cell receptor and Toll-like
receptor signaling pathways as well as Th1 and Th2 cell
differentiation (Conaghan et al., 2019).

Among 17 OA-specific DEGs, HTR2B and SLC5A3 were up-
regulated in end-compared to early-stage OA, indicating that
both could be involved in OA progression. Following validation,
up-regulated HTR2B and SLC5A3 were found in human OA
synovial tissues as well as ACLT-induced OA synovial cells.
HTR2B relates to neovascularization and immunomodulation
in addition to neurotransmission, indicating that it could be
involved in synovitis in the pathogenesis of OA (Z. Liu et al.,
2019b; Weber et al., 2019). SLC5A3 encodes sodium/myo-
inositol cotransporter 1, related to osteogenesis and bone
formation. Subchondral bone plays a pivotal role in OA
pathogenesis (Li et al., 2013). Herein, we found that silencing
HTR2B and SLC5A3 could ameliorate apoptosis and
inflammation of OA synovial cells. Collectively, the two OA-
specific genes could participate in OA progression and become
promising therapeutic targets for OA.

CONCLUSION

Taken together, this study screened two OA-specific markers
HTR2B and SLC5A3, which could participate in OA progression.
Their overexpression was confirmed in human OA synovial
tissues as well as ACLT-induced OA synovial cells. Silencing
HTR2B or SLC5A3 remitted apoptosis and inflammation of OA
synovial cells. Our findings were indicative that HTR2B and

SLC5A3 possessed the potential as therapeutic targets against OA,
which required in-depth exploration in further studies.
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Propofol Ameliorates ox-LDL-Induced
Endothelial Damage Through
Enhancing Autophagy via PI3K/Akt/
m-TOR Pathway: A Novel Therapeutic
Strategy in Atherosclerosis
Hongyi Zhou1,2, Fan Jiang3 and Yufang Leng1,4*

1The First School of Clinical Medicine, Lanzhou University, Lanzhou, China, 2Department of Anesthesiology, Tongzhou Maternal
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University, Beijin, China, 4Department of Anesthesiology, The First Hospital of Lanzhou University, Lanzhou, China

Objective: Atherosclerosis (AS) represents a common age-associated disease, which
may be accelerated by oxidized low-density lipoprotein (ox-LDL)-induced endothelial cell
injury. This study aimed to investigate the effects of Propofol on ox-LDL-induced
endothelial damage and the underlying molecular mechanisms.

Methods: Human umbilical vein endothelial cells (HUVECs) were exposed to ox-LDL to
induce endothelial damage. HUVECs were pretreated with 0, 5, 25 and 100°μM Propofol,
followed by exposure to 100°μg/ml ox-LDL for 24°h. Cell viability was assessed by cell
counting kit-8 (CCK-8) assay. The expression of autophagy- and apoptosis-related
proteins was detected via western blot. Autophagosome was investigated under a
transmission electron microscope. After co-treatment with autophagy inhibitor
Bafilomycin A1 or si-Beclin-1, cell apoptosis was detected by flow cytometry.
Furthermore, under cotreatment with PI3K activator 740Y-P, PI3K/Akt/m-TOR
pathway- and autophagy-related proteins were examined by western blot.

Results: With a concentration-dependent manner, Propofol promoted the viability of
HUVECs exposed to ox-LDL, and increased LC3-II/I ratio and Beclin-1 expression, and
decreased P62 expression. The formation of autophagosome was enhanced by Propofol.
Furthermore, Propofol treatment elevated Bcl-2/Bax ratio and lowered Caspase-3
expression. Bafilomycin A1 or si-Beclin-1 distinctly ameliorated the inhibitory effects of
Propofol on apoptosis in ox-LDL-exposed HUVECs. Moreover, Propofol lowered the
activation of PI3K/Akt/m-TOR pathway in HUVECs under exposure to ox-LDL. However,
its inhibitory effects were weakened by 740Y-P.

Conclusion: Collectively, this study revealed that Propofol could ameliorate ox-LDL-
induced endothelial damage through enhancing autophagy via PI3K/Akt/m-TOR pathway,
which might offer a novel therapeutic strategy in AS.
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INTRODUCTION

Atherosclerosis (AS) is an age-associated chronic inflammatory
disease induced by multiple factors (Kattoor et al., 2019). The
exact cause of AS is still unclear, but the generally accepted
“injury-response theory”. Endothelial damage is the initial link of
AS. There are many factors that cause endothelial damage, among
which oxidized low-density lipoprotein (ox-LDL) is the main
factor (Kattoor et al., 2019). LDL, the main carrier of cholesterol
in the blood, is a lipoprotein particle that carries cholesterol into
peripheral tissue cells (Trpkovic et al., 2015). LDL is converted
into ox-LDL after oxidative modification (Hartley et al., 2019).
Evidence demonstrates that ox-LDL promotes vascular
endothelial dysfunction and structural damage, which is
involved in cardiovascular diseases, especially AS (Kattoor
et al., 2019). Ox-LDL has been considered as a major marker
of AS (Li et al., 2019). The endothelial damage model induced by
ox-LDL has been widely utilized to explore the mechanism of AS.
Ox-LDL affects the function of endothelial cells in many ways,
thereby inducing the occurrence and development of AS (Chang
et al., 2019). For instance, ox-LDL facilitates apoptosis and
ameliorates viability for endothelial cells (Zhong et al., 2018).
Thus, it is of importance to develop novel drugs like Propofol to
ameliorate ox-LDL-induced endothelial damage.

Propofol (2,6-diisopropylphenol) is a commonly used
intravenous anesthetics (Zitta et al., 2018). Propofol can relieve
endothelial cell dysfunction through multiple mechanisms. For
example, Propofol ameliorates P66shc expression in endothelial
cells exposed to high glucose via Sirt1 (Wang et al., 2019a). It can
improve endothelial damage via suppressing HMGB1 release
(Feng et al., 2019). Furthermore, endothelial dysfunction and
inflammatory response are relieved by Propofol through
inhibiting PP2A expression (Wu et al., 2017). However, it
remains unclear whether Propofol can improve endothelial
damage caused by ox-LDL. Previously, Propofol can increase
the movement and angiogenesis of endothelial cells via enhancing
autophagy (Chang et al., 2015). However, the specific molecular
mechanism still needs further exploration. Autophagy plays a
critical physiological role in eukaryotic cells (Dikic, 2017). In the
case of energy or nutrient deficiency, it can prevent cell damage,
thereby adapting to the ever-changing environment (Schaaf et al.,
2019). PI3K is a phosphatidylinositol kinase widely distributed in
the cytoplasm (Zhan et al., 2020). It is an important signal
transduction molecule in the cells (Jing et al., 2019). It can be
activated by a variety of extracellular signals such as hormones,
growth factors and cytokines, thereby converting
phosphatidylinositol 4,5-bisphosphate into phosphatidylinositol
3,4,5-triphosphate, which binds to the PH domain in the
N-terminal of Akt (Zegeye et al., 2018). Akt is finally activated
by transferring from near the cell membrane to the cytoplasm.
m-TOR, as a key downstream signal of PI3K/Akt, is activated
after being phosphorylated (Wang et al., 2018b). mTOR
negatively regulates autophagy. In the process of

autophagosome formation and maturation, there are many
autophagy-related markers involved, like light chain 3 (LC3)
composed of LC3-I and LC3-II two forms, Beclin-1 and P62
(Wang et al., 2019a). It has been found that moderate autophagy
of endothelial cells inhibits the development of AS. However,
excessive autophagy may induce AS progression (Wang et al.,
2018a). In this study, we used ox-LDL to establish a vascular
endothelial cell injury model. The effects of Propofol on
endothelial damage were investigated. Moreover, their
underlying molecular mechanisms were explored in depth.

MATERIALS AND METHODS

Cell Culture and Treatment
HUVECs (American Type Culture Collection, United States)
were cultured in the DMEM medium (GIBCO, United States)
plus 10% fetal bovine serum (044; GIBCO) in a 5% saturated
humidity incubator at 37°C. HUVECs were separately stimulated
by different concentrations (0, 10, 20, 50, 100 and 150°μg/ml) of
ox-LDL (Cat. No.YB-002; Yiyuan biotechnology, China) for 24°h.
Furthermore, HUVECs were exposed to 100°μg/ml ox-LDL for
6°h, 12°h and 24°h, respectively. HUVECs were pretreated with
different concentrations of Propofol (0, 5, 25 and 100°μM),
100°μM Bafilomycin A1 (Gene operation, United States) or
PI3K activator 740Y-P, followed by exposure to 100°μg/ml ox-
LDL for 24°h.

Flow Cytometry Assay
Apoptosis was detected following the instructions of Annexin V /
PI Flow Double Staining Detection Kit (Nanjing KGI
Biotechnology Development Co., Ltd., China). The cell
concentration was adjusted to 1 × 105°cells/well, and 2°ml /
well was inoculated in a 6-well culture plate, which was
cultured in a 5°C and 5% CO2 incubator. After treatment with
different conditions, the cells of each group were collected in a 6-
well plate (1 × 106°cells/ml). 1°ml of the cell suspension was
centrifuged at 1,000°rpm at 4°C for 10°min. Following discarding
the supernatant, 1°ml of pre-cooled PBS was added, and gently
shook to suspend the cells. After washing the suspended cells
twice, the cells were resuspended in 200°μl 1 × Binding Buffer. 5°μl
Annexin V-FITC was added and incubated for 15°min in the
dark. Then, cells were incubated with 10°μl PI under dark
conditions. Finally, early and late apoptosis was monitored
using flow cytometry.

Cell Viability Assay
HUVECs were seeded in 96-well plates at 1 × 103/well and pre-
cultured for 12°h. After 24°h of incubation under different
conditions, 10°μl Cell Counting Kit-8 (CCK-8) solution
(Dojindo, Japan) was added to each well and incubated in a
37°C incubator for 2°h. The absorbance of each well was weighed
up at 450°nm with a microplate reader.
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Western Blot
Treated HUVECs or tissues were lysed by RIPA lysates (P0013B,
Beyotime, Beijing). After being processed by the ultrasonic cell
disruptor, the sample was centrifuged at 12,000°g at 4°C for 5°min
on the ice. The supernatant was collected in a new EP tube. The
BCA protein assay kit (#23227; Thermo, United States) was utilized
to evaluate the protein concentration. The protein sample was
separated by SDS-PAGE gel electrophoresis and transferred to the
PVDF membrane. The membrane was sealed with 5% skimmed
milk powder (232100-500°g, BD, United States) at room
temperature for 2°h. Following being incubated with the
primary antibodies against PI3K (1:1,000; ab32089; Abcam,
United States), p-PI3K (1:1,000; ab86714; ab32089), Akt (4298;
CST, United States), p-Akt (12694), mTOR (2972; Cell Signaling,
United States), p-mTOR (2971; Cell Signaling), LC3-I / II (1:1,000;
ab62721; Abcam), Beclin-1 (1:1,000; ab210498; Abcam), P62 (1:
1,000; ab211324; Abcam), Bcl-2 (1:1,000; ab218123; Abcam), Bax
(1:1,000; ab3191; Abcam), Caspase-3 (1:1,000; ab179517; Abcam)
and β-actin (1:1,000; ab115777; Abcam) overnight at 4°C, samples
were incubated with horseradish Peroxidase (HRP) labeled goat

anti-rabbit (ZB-2301; ZSGB-BIO, Beijing, China) or anti-mouse
(ZB-2305; ZSGB-BIO) IgG at room temperature for 2°h. The
expression of target proteins was quantified by ImageJ software.

Lactate Dehydrogenase Release Assay
Cells were lysed by RIPA lysates (Beyotime). LDH release levels
were monitored using a LDH cytotoxicity assay kit (Beyotime) in
line with the specification. The results were analyzed by the
Automatic analyzer (AU600; Olympus, Japan).

Transmission Electron Microscope
After centrifugation, HUVECs were fixed with 5%
glutaraldehyde. Then, cells were fixated with 1% osmium acid-
1.5% potassium ferrocyanide for 2°h, and rinsed with PBS.
Alcohol-acetone gradient was used for dehydration. The
samples were embedded by epoxy resin 618 embedding agent.
After the ultrathin sections were made, the sections were stained
with uranyl acetate and lead citrate. The morphology of
autophagosomes were observed under transmission electron
microscope (Hilips, Netherlands).

FIGURE 1 | ox-LDL exposure heightens apoptosis and autophagy in HUVECs. (A,B) Flow cytometry assay results showing the apoptotic levels of HUVECs
stimulated by 0, 10, 20, 50, 100 and 150°μg/ml ox-LDL for 24°h. (C)CCK-8 assay was utilized for assessment of the viability of HUVECs stimulated by 0, 10, 20, 50, 100
and 150°μg/ml ox-LDL for 24°h. (D)Representative images of western blots for LC3-I, LC3-II, Beclin-1 and P62 in HUVECs stimulated by 100°μg/ml ox-LDL for 6, 12 and
24°h. LC3- II / I ratio (E), Beclin-1 (F) and P62 expression (G) levels were separately quantified. *p < 0.05; **p < 0.01 and ****p < 0.0001.
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Transfection
HUVECs (3.0 × 105) were seeded onto a 6-well plate. After 24°h,
2°μg si-Beclin-1 (5′-UUCAACACUCUUCAGCUCAUCAUCC-
3′; GenePharma, China) and negative control (5′-UUCUCCGAA
CGUGUCACGUTT-3′; GenePharma, China) were transfected
into HUVECs via Lipofectamine 2000 (Invitrogen, United
States). After 6°h of transfection, a new medium was changed
and continued to culture for 18°h. Then the cells were pretreated
with Propofol for 2°h, and then treated with 100°μg/ml ox-LDL
for 24°h. The transfection results were assessed by western blot.

Atherosclerosis Mouse Models
Totally, twenty ApoE-/- male mice with 8°weeks old were obtained
from Shanghai Experimental Animal Center (China), which were
housed in an environment with a day-night cycle of 12°h, a
temperature of 22–25°C and a humidity of 50–70%. These
animals were randomly separated into four groups: control,

AS model, model + propofol and model + propofol + 740Y-P
groups. To construct ASmodels, mice were fed by high fat diet for
12°weeks. Control mice were normally fed basic diet. At the
10th°week, AS mice were randomly separated into three groups:
AS model, model + propofol and model + propofol + 740Y-P
groups. In brief, mice in model + propofol group were injected
with 75°mg/kg propofol intraperitoneally and those in model +
propofol + 740Y-P group were injected with 75°mg/kg propofol
and 22.4°mg/kg 740Y-P. Meanwhile, mice in AS model group
were injected by normal saline. After 12°weeks, all mice were
euthanized. This animal experiment gained approval by the
Animal Ethics Committee of Lanzhou University (2020048).

Hematein and Eosin
Fresh artery tissue specimens were fixed by 4% paraformaldehyde
for 24°h. Then, the specimens were dehydrated and embedded.
The tissues were cut into 4°μm thick. After being dewaxed, the

FIGURE 2 | Propofol enhances autophagy in HUVECs under exposure to ox-LDL. (A)Cell viability was utilized for the evaluation of the viability of 100°μg/ml ox-LDL-
induced HUVECs following treatment with 0, 5, 25 and 100°μM Propofol. (B) LDH release levels were determined in 100°μg/mL ox-LDL-exposed HUVECs following
disposal with different concentrations of Propofol. (C) Representative of western blots for LC3-I, LC3-II, Beclin-1, P62, Bcl-2, Bax and Caspase-3. (D) LC3-II/I ratio, (E)
Beclin-1, (F) P62, (G) Bcl-2/Bax and (H) Caspase-3 expression levels were quantified in 100°μM Propofol-treated HUVECs under exposure to 100°μg/ml ox-LDL.
(I-K) Western blot for (J) LC3-II/I ratio and (K) Beclin-1 expression in HUVECs treated with 100°μg/ml ox-LDL and / or 100°μM Propofol. Ns: no statistical significance;
*p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001.
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sections were stained with hematoxylin and 0.5% eosin solution.
Afterwards, the sections were mounted with neutral gum. The
images were investigated under an optimal microscope
(Olympus, Japan).

Statistical Analysis
Statistical analyses were presented via GraphPad Prism 8.0. Each
experiment was independently repeated three times.
Measurement data are expressed as mean ± standard
deviation. One-way analysis of variance (ANOVA) was
utilized for comparisons between multiple groups. p < 0.05
was statistically significant.

RESULTS

ox-LDL Stimulation Induces Apoptosis and
Autophagy in HUVECs
HUVECs were stimulated by 0, 10, 20, 50, 100 and 150°μg/ml ox-
LDL for 24°h. When the concentration of ox-LDL reached 20°μg/
ml, apoptotic levels were distinctly increased with a
concentration-dependent manner (Figures 1A,B). As the
concentration increased, the viability of HUVECs continued to
decrease (Figure 1C). When the concentration of ox-LDL
reached 100°μg/ml, cell viability was significantly decreased.
Then, HUVECs were treated by 100°μg/ml ox-LDL. The
expression of autophagy-related proteins was monitored via
western blot. As a result, LC3 II/I ratio was markedly

increased after stimulation with 100°μg/ml ox-LDL for 6, 12
and 24°h in comparison to control group (Figures 1D,E). In
Figure 1F, Beclin-1 exhibited a significantly higher expression
level in HUVECs treated with ox-LDL for 6, 12 and 24°h than
controls. In comparison to controls, P62 protein levels were
prominently lower in HUVECs induced by 100°μg/ml ox-LDL
for 6, 12 and 24°h (Figure 1G).

Propofol Enhances Autophagy in
ox-LDL-Induced HUVECs
Following treatment with different concentrations of propofol for 2°h,
HUVECs were exposed to ox-LDL for 24°h. Our CCK-8 results
suggested that 25 and 100°μM propofol markedly improved the
viability of ox-LDL-stimulated HUVECs (Figure 2A). Moreover, we
found that ox-LDL exposure distinctly induced LDH release in
HUVECs (Figure 2B). However, propofol pretreatment distinctly
ameliorated ox-LDL-induced LDH release inHUVECs. Additionally,
we investigated whether propofol affected the autophagy induced by
ox-LDL in HUVECs via western blot. Our data suggested that
propofol distinctly increased the LC3 II/I ratio in HUVECs under
exposure to ox-LDL, with a dose-dependentmanner (Figures 2C,D).
In Figure 2E. 25 and 100°μM propofol treatment prominently
enhanced the expression of Beclin-1 in ox-LDL-induced
HUVECs. As the concentration of propofol improved, P62
expression gradually decreased in HUVECs under exposure to ox-
LDL (Figure 2F). The data suggested that Propofol can strengthen
autophagy in ox-LDL-inducedHUVECs.We also assessed the effects

FIGURE 3 | Transmission electron microscope for the autophagosomes in 100 μg/mL ox-LDL-exposed HUVECs treated with 0, 5, 25 and 100°μM Propofol
(Bar � 2°μm). Autophagosomes are boxed.
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of Propofol on apoptotic levels in HUVECs under exposure to ox-
LDL. Our data showed that Propofol distinctly augmented Bcl-2/Bax
ratio in ox-LDL-exposed HUVECs, which was proportional to the
concentrations of Propofol (Figure 2G). As shown in Figure 2H,
Caspase-3 expression was gradually lowered by 0, 5, 25 and 100°μM
Propofol in ox-LDL-induced HUVECs. These suggested that
Propofol relieved apoptotic levels in HUVECs exposed to ox-LDL.
The final concentration of Propofol was 100°μM for further
experiments. We found that 100°μM Propofol did not alter the
LC3 II/I ratio (Figures 2I,J) and Beclin-1 (Figure 2K) expression
in non-ox-LDL-induced HUVECs, indicating that 100°μM Propofol
did not affect the autophagy of normal HUVECs. Furthermore, the
autophagosome formation was investigated under a transmission

electron microscope. As shown in Figure 3, the autophagosome was
discovered in ox-LDL-exposed HUVECs. Following treatment by
Propofol, the amount of autophagosome was increased in HUVECs
under exposure to ox-LDL.

Propofol Ameliorates ox-LDL-Induced
Damage of HUVECs via Enhancing
Autophagy
We further observed whether 100°μMPropofol might ameliorate ox-
LDL-induced injury of HUVECs passing enhancing autophagy. The
CCK-8 results suggested that the cellular viability of HUVECs was
weakened by 100°μg/ml ox-LDL exposure. Nevertheless, its viability

FIGURE 4 | Propofol ameliorates ox-LDL-induced damage of HUVECs by enhancing autophagy. (A) The cell viability of 100°μg/ml ox-LDL-induced HUVECs
treated with 100°μM Propofol and / or 100°μM Bafilomycin A1. (B) LDH release levels were examined in 100°μg/mL ox-LDL-induced HUVECs treated with 100°μM
Propofol and / or 100°μM Bafilomycin A1. (C, D) Flow cytometry assay was presented to assess the apoptotic levels of 100°μg/mL ox-LDL-induced HUVECs treated
with 100°μM Propofol and / or 100°μM Bafilomycin A1. (E) Representative images of western blot for Beclin-1, Bcl-2, Bax and Caspase-3 in 100°μg/ml ox-LDL-
exposed HUVECs treated with si-Beclin-1 and / or 100°μM Propofol. (F) Beclin-1, (G) Bcl-2/Bax ratio and (H) Caspase-3 protein levels were quantified according to the
western blot results. *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001.
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was ameliorated by 100°μM Propofol treatment. After co-treatment
with 100°μM autophagy inhibitor Bafilomycin A1 and 100°μM
Propofol, the viability of 100°μg/ml ox-LDL-induced HUVECs
was significantly lowered than those treated with Propofol
(Figure 4A). In Figure 4B. 100°μM Propofol treatment markedly
weakened the LDH release of HUVECs under exposure to 100°μg/ml
ox-LDL. However, this decrease was improved by 100°μM
Bafilomycin A1. As shown in the flow cytometry assay results, the
apoptotic levels were ameliorated by 100°μMPropofol for 100°μg/ml
ox-LDL-inducedHUVECs (Figures 4C,D). On the contrary, 100°μM
Bafilomycin A1 co-treatment weakened the protective effects of
100°μM Propofol on 100°μg/ml ox-LDL-induced apoptosis in
endothelial cells. This study further observed whether Beclin-1
knockdown affected the effects of Propofol on ox-LDL-induced
damage in HUVECs. Si-Beclin-1 was transfected into ox-LDL-
exposed HUVECs. The western blot confirmed that Beclin-1 was
effectively suppressed (Figures 4E,F). Si-Beclin-1 transfection
distinctly suppressed the enhancement in Beclin-1 expression
treated by 100°μM Propofol treatment in 100°μg/ml ox-LDL-
induced HUVECs. In Figure 4G, Bcl-2/Bax ratio was markedly
inhibited via Beclin-1 knockdown in HUVECs under exposure to
100°μg/ml ox-LDL. Also, 100°μMPropofol significantly increased the
Bcl-2/Bax ratio, which was distinctly lowered by si-Beclin-1
transfection in 100°μg/ml ox-LDL-induced HUVECs. Caspase-3
expression exhibited a significant increase following Beclin-1
knockdown in ox-LDL-exposed HUVECs (Figure 4H). This
decrease in Caspase-3 expression induced by Propofol was
reversed by silencing Beclin-1 in ox-LDL-induced HUVECs. In
Figure 5, we detected the autophagosome expression in 100°μg/ml

ox-LDL-exposed HUVECs. Our data confirmed that 100°μM
Propofol increased the expression of autophagosome in 100°μg/ml
ox-LDL-induced HUVECs. However, 100°μM Bafilomycin A1
cotreatment suppressed the effects of Propofol on the
autophagosome expression. Collectively, Propofol could ameliorate
ox-LDL-induced damage of HUVECs via enhancing autophagy.

Propofol Boosts ox-LDL-Induced
Autophagy via Inactivation of PI3K/Akt/
m-TOR Pathway in HUVECs
The molecular mechanisms of Propofol enhancing ox-LDL-induced
autophagy were explored in depth. As shown in the western blot
results, p-PI3K/PI3K ratio exhibited a distinctly higher level in
HUVECs under exposure to ox-LDL than control group (Figures
6A,B). This increase was markedly ameliorated by Propofol
treatment. However, the decrease in p-PI3K/PI3K ratio induced
by Propofol was reversed by PI3K activator 740Y-P. In Figures
6C,D, p-Akt/Akt and p-mTOR/mTOR ratios were distinctly
fortified in HUVECs exposed to ox-LDL compared to controls.
Conversely, their ratios were prominently lowered by Propofol
treatment. However, this decrease was significantly reversed by
740Y-P. Using the western blot, we evaluated the expression of
autophagy-related proteins in ox-LDL-exposed HUVECs. These
findings showed that Propofol distinctly enhanced Beclin-1
expression in ox-LDL-exposed HUVECs (Figure 6E). The
enhancement was weakened by 740Y-P. The LC3 II/I ratio was
distinctly elevated in ox-LDL-exposed HUVECs, which was
reinforced by propofol treatment (Figure 6F). Nevertheless, this

FIGURE 5 | Transmission electronmicroscope for detection of the autophagosomes in 100°μg/ml ox-LDL-exposed HUVECs treated with 100°μMPropofol and / or
Bafilomycin A1. Autophagosomes are boxed. Bar � 2°μm.
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enhancement was reversed by 740Y-P treatment. The P62
expression was also examined. As shown in Figure 6G, propofol
markedly lowered P62 expression in ox-LDL-exposed HUVECs,
whichwas reversed by 740Y-P. Taken together, Propofol could boost
autophagy through suppressing PI3K/Akt/m-TOR pathway in ox-
LDL-induced HUVECs.

Propofol Ameliorates Endothelial Damage
and Promotes Autophagy in
Atherosclerosis Mouse Models
AS mouse models were constructed in this study. H & E staining
results showed that mice in the model group had severe arterial
endothelial injury compared to controls (Figure 7). Propofol
treatment significantly ameliorated endothelial injury in AS
mouse models. However, 740Y-P cotreatment partially weakened
the therapeutic effects of propofol. Autophagy-related proteins
including Beclin-1, LC3II/I and P62 were detected in arterial
tissues by western blot (Figure 8A). Our data showed that
Propofol treatment significantly increased the expression of

Beclin-1 (Figure 8B), LC3II/I (Figure 8C) as well as decreased
P2 expression (Figure 8D) in arterial tissues of AS mouse models.
However, 740Y-P cotreatment partially weakened the effects of
propofol on autophagy in arterial tissues of AS mouse models.
Collectively, Propofol might ameliorate endothelial damage and
promote autophagy in AS mouse models.

DISCUSSION

Endothelial cells are the first barrier of the vascular system against
body damage, and the destruction of endothelial homeostasis is one
of the early stages of AS (Eelen et al., 2015; Gimbrone and García-
Cardeña, 2016; Paone et al., 2019). Endothelial cells are arranged in a
single layer in the inner layer of blood vessels. Endothelial cell damage
is recognized as one of the pathological characteristics of AS. As a
highly selective permeable barrier between circulating blood and
tissues, intact endothelium inhibits the adhesion of monocytes and
platelets and maintains blood vessel homeostasis. ox-LDL is one of
the risk factors of AS (Messner and Bernhard, 2014; Esse et al., 2019;

FIGURE 6 | Propofol boosts autophagy via inhibiting PI3K/Akt/m-TOR pathway in ox-LDL-induced HUVECs. (A)Representative images of western blot for p-PI3K,
PI3K, p-Akt, Akt, p-mTOR, mTOR, Beclin-1, P62, LC3-I and LC3-II in 100°μg/ml ox-LDL-exposed HUVECs treated with 100°μM Propofol and / or 100°μM 740Y-P. The
quantification of (B) p-PI3K / PI3K ratio, (C) p-Akt / Akt ratio, (D) p-mTOR /mTOR ratio, (E)Beclin-1, (F) LC3-II / LC3-I ratio and (G) P62 expression based on the western
blot results. *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001.
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Maguire et al., 2019). At present, vascular endothelial cells under
exposure to ox-LDL are commonly used as cellular models for
studying AS pathogenesis. Due to the increasing incidence of AS,
there is an increasingly urgent need to study the molecular
mechanisms at the cellular levels. In this study, we conducted an
ox-LDL-induced endothelial injury cellular model. These results
showed that Propofol ameliorated the endothelial damage induced
by ox-LDL via enhancing autophagy and suppressing the PI3K/Akt/
m-TOR pathway activation.

Apoptosis of vascular endothelial cells is one of the key signs of
endothelial injury, which is closely related to the degree of
endothelial damage and the severity of AS (Paone et al., 2019).
Endothelial cell apoptosis can lead to local lipid deposition,
thereby eventually developing AS. Prevention of endothelial
cell apoptosis as a new treatment for AS has received greater
attention. Consistent with previous research, our data showed
that exposure to ox-LDL may stimulate the apoptosis of
HUVECs. Furthermore, Propofol ameliorated inflammatory
response of human cerebral microvascular endothelial cells
(Ding et al., 2019). But Propofol significantly relieved the
apoptosis-induced by ox-LDL exposure. Previously, Propofol
can induce apoptosis of endothelial cells via various factors
such as angiotensin II (Zhang et al., 2018), lipopolysaccharide
(Lv et al., 2017), high glucose (Wang et al., 2019a), nitrosative
stress (Chen et al., 2013) and hydrogen peroxide (Wang et al.,
2007). Bcl-2 and Caspase gene families play an important role in
the process of cell apoptosis. Herein, Propofol distinctly increased
the Bcl-2/Bax ratio and lowered Caspase-3 expression in ox-LDL-
exposed HUVECs. Hence, Propofol exhibited an inhibitory effect
on the apoptosis of ox-LDL-exposed HUVECs.

Autophagy, an evolutionary conservative self-degradation process,
is an important defensemechanism of cells under internal and external
stimulation (He et al., 2020). It forms characteristic autophagosomes to
encapsulate excess or damaged intracellular components and transport
them to lysosomes degrade, thereby maintaining the stability of the
cell’s environment. Previous studies have shown that ox-LDL can
induce autophagy in HUVECs (Wang et al., 2019b). The activation of
autophagy promotes the degradation of ox-LDL, which is a self-
protection process of cells (Zhang et al., 2017). Our research also
found that HUVECs treated with 100°μg/ml ox-LDL can increase
LC3-II/I ratio and Becin-1 expression, and decrease P62 expression.
Increased levels of autophagy are beneficial to enhance the tolerance of
vascular endothelial cells to stress and survival (Schaaf et al., 2019).
Transmission electron microscope results confirmed the increased
number of autophagosomes after treatment with Propofol inHUVECs
exposed to ox-LDL. Furthermore, Propofol augmented Beclin-1
expression and LC3 II/I ratio as well as lowered P62 expression in
ox-LDL-exposed HUVECs. These data manifested that Propofol can
boost ox-LDL-induced autophagy in HUVECs. Consistent with
previous studies, Propofol could enhance autophagy of HUVECs
(Chang et al., 2015). To further analyze whether Propofol
ameliorated ox-LDL-induced endothelial damage via enhancing
autophagy in HUVECs, HUVECs were treated or transfected with
autophagy inhibitor Bafilomycin A1 or si-Beclin-1. As a result,
Bafilomycin A1 or si-Beclin-1 distinctly lowered the inhibitory
effects of Propofol on apoptosis induced by ox-LDL, suggesting that
Propofol could suppress apoptosis of ox-LDL-exposed HUVECs via
heightening autophagy.

The kinase mTOR is the main negative regulator of autophagy. It
receives signals from different signal transduction pathways, which is

FIGURE 7 | H & E staining for the endothelial damage in AS mouse models treated with Propofol and / or 740Y-P. The arrow points to the lesion. Bar � 20°μm.
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the downstream target of the PI3K/AKT pathway. Research has
shown that multiple signal pathways could participate in the
regulation of autophagy in vascular endothelial cells. Among
them, the PI3K/Akt/mTOR pathway is critical for autophagosome
formation (Zheng et al., 2019). We tested the expression changes of
related indicators in the PI3K/Akt/mTOR pathway in HUVECs
treated with ox-LDL. These data suggested that ox-LDL promoted
the activation of PI3K/Akt/mTOR pathway in HUVECs. However,
Propofol decreased the activation of PI3K/Akt/mTORpathway in ox-
LDL-induced HUVECs, thereby enhancing the autophagy. As
previous studies, Propofol could suppress renal (Wei et al., 2019)
and hepatic (Wei et al., 2017) ischemia-reperfusion damage via this
pathway. Our findings revealed that Propofol induced autophagy of
HUVECs under exposure to ox-LDL partly via the inactivation of
PI3K/Akt/mTOR pathway.

CONCLUSION

Collectively, this study manifested that Propofol could ameliorate ox-
LDL-induced endothelial damage via suppressing apoptosis and
enhancing autophagy. Furthermore, Propofol inactivated the PI3K/
Akt/m-TORpathway inHUVECsunder exposure to ox-LDL, thereby

heightening the autophagy levels. Thus, Propofol could become a
promising novel drug to relieve ox-LDL-induced endothelial damage.
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FIGURE 8 | Propofol boosts autophagy in AS mouse models. (A) Representative images of western blot for Beclin-1, LC3II/I and P62 proteins in arterial tissues of
control model mice, model mice treated with Propofol and model mice treated with Propofol and 740Y-P. The quantification of (B) Beclin-1, (C) LC3II/I and (D) P62
proteins based on the western blot results. ***p < 0.001 and ****p < 0.0001.
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miR-615-5p
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Objective: This study was conducted for investigating the functions of circular RNA
circRNA_100146 (circRNA_100146) in the development of prostate cancer (PCa) and
identifying the underlying mechanisms of the circRNA_100146/miR-615-5p/TRIP13 axis.

Materials and Methods: Under the support of RT-PCR, the expression of
circRNA_100146 in PCa cells was examined. Cell Counting Kit-8 (CCK-8) assays and
clone formation assays were applied to the assessment of cell proliferation. We then
determined cell invasion and migration through transwell assays and wound healing
assays. RNA pull-down assays and luciferase reporter assays were performed for the
exploration of the regulatory effects of potential molecules on the expressions of the
targeting genes. In addition, a nude mouse xenograft model was applied to demonstrate
the oncogenic roles of circRNA_100146 in PCa.

Results:CircRNA_100146 expression was distinctly upregulated in PCa cells. Silencing of
circRNA_100146 suppressed PCa cells’ invasion, migration, and proliferation.
CircRNA_100146 sponged miR-615-5p to suppress its expressions, while miR-615-
5p targeted the 3’-UTR of TRIP13 to repress the expression of TRIP13. In addition, we
observed that knockdown of miR-615-5p reversed the suppression of circRNA_100146
silence on the proliferation and invasion of PCa cells. In addition, the tumor growth was also
suppressed by silencing circRNA_100146 in vivo.

Conclusion: CircRNA_100146 is a tumor promoter in PCa, which promoted progression
by mediating the miR-615-5p/TRIP13. CircRNA_100146 can be a potential candidate for
targeted therapy of PCa.

Keywords: CircRNA_100146, miR-615-5p, TRIP13, progression, prostate cancer

INTRODUCTION

Prostate cancer (PCa) is the second largest cause of human malignancy throughout the world (Wang
et al., 2018). According to the epidemiological investigations, in the last twenty years, advanced
countries exhibited deterioration in the incidence and mortality of PCa patients, followed by
underdeveloped countries (Chang et al., 2014). Local therapies are useful for about one-third of
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patients with PCa who then develop metastatic diseases
(Gonzalez et al., 2008). The PCa specimens with distant
metastasis might result in androgen-independent PCa and
hormone refractory PCa, which was considered to be one of
the major causes of death in PCa patients (Wang et al., 2012;
Wright et al., 2013). Although more and more achievements have
been made on the improvements of the treatment efficiencies of
PCa, a poor understanding of the mechanisms that drive the
oncogenesis of the tumors has limited the development of better
treatment outcome.

Circular RNAs (circRNAs) are closed-loop. They originate
from the process of RNA transcription fragments connecting in
an end-to-end way during transcription (Chen and Yang, 2015).
Most circRNAs are conserved and expressed in a specimen- or
cellular type–specific manner. More and more studies identify
circRNAs as regulators in the expressions of various genes in
diverse levels via interacting with DNAs, miRNAs, lncRNAs, or
proteins to exhibit regulatory effects on various cellular
physiological and pathological processes (Salzman, 2016;
Kristensen et al., 2019). Recently, many types of tumors have
shown a dysregulated expression of circRNAs (Meng et al., 2017;
Yu et al., 2019). It has been proven that circRNAs are involved in
the modulation of tumor-related genes by playing the role of
protein-coding RNAs or competitive endogenous RNAs
(ceRNAs) (Tay et al., 2014; Qi et al., 2015). However, the
potential roles and molecular mechanisms of circRNAs
remained largely unclear.

Thyroid hormone receptor interacting protein 13 (TRIP13)
displays a functional regulatory effect on mitotic processes (Lu
et al., 2019). In recent years, more and more studies reported the
tumor-promotive roles of TRIP13 in many types of tumors,
including PCa (Banerjee et al., 2014; Chen et al., 2020).
However, the potential mechanisms involved in TRIP13
dysregulation remained largely unclear.

Hsa_circRNA_100146 (circRNA_100146) was newly
identified to be a tumor-related circRNA. Its
overexpression reportedly appears in some tumors like
bladder cancer and lung cancer (Chen et al., 2019; Wang
et al., 2020a). In addition, the oncogenic roles of
circRNA_100146 were also demonstrated in the above
tumors. However, in other types of tumors, rare research
reported the expression and function of circRNA_100146.
Herein, circRNA_100146 expression was found to be
distinctly upregulated in PCa. Then, many functional
assays were performed for exploring its biological function
and the related mechanisms in PCa progression.

MATERIALS AND METHODS

Cell Culture and Transfection
The American Type Culture Collection (ATCC, Manassas, VA,
United States) was applied to the collection of normal
myofibroblast stromal cell lines (WPMY1) and human PCa
cell lines (LNCaP, VCaP, 22RV1, DU145, and PC-3). In an
incubator with a humidified atmosphere and 5% CO2, cell
culture was carried out in DMEM (Aiyan Teochnology,

Pudong, Shanghai, China) containing 100 U/mL penicillin,
100 mg/ml streptomycin, 3 mM L-glutamine, and 10% fetal
bovine serum at 37 °C.

Inhibitors, MiR-615-5p mimics, and their negative controls
came from RiboBio. Specific siRNA oligonucleotides that targeted
circRNA_100146 or TRIP13, and negative control (NC) siRNA
came from Wuhe Biology (Fengxian, Shanghai, China). The
transfected sequences of the above factors are shown in
Supplementary Table S1. Based on the manufacturer’s
protocols, Lipofectamine 3,000 (Invitrogen, Guangzhou,
Guangdong, China) was used to conduct cell transfections.
Western blot assays and RT-qPCR were used to achieve the
detection of transfection efficiency.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)
Cells with TRIzol (Invitrogen, Guangzhou, Guangdong, China)
were used to extract total RNA. By the use of the miScript II RT
Kit (Qiagen, Haidian, Beijing, China), cDNA synthesis was
performed with 3 mg of total RNAs. Real-time PCR was
carried out by the miScript SYBR Green PCR Kit (Qiagen) on
the ABI 7,600 cycler (Applied Biosystems). GAPDH and U6 were
used as endogenous controls. 2-ΔΔCt methods were used to
calculate the relative expressions. Table 1 listed the sequence
of the used primers.

RNA Isolation and RNase R Treatments
TRIzol reagent was used to collect RNAs from 22RV1 and DU145
cells, which were then treated by DNase I (Ambion, Pudong,
Shanghai, China) (37°C, half an hour, two times). The use of the
Ribosomal Eukaryotic Kit (Qiagen, Chengdu, Sichuan, China)
aimed to remove ribosomal RNAs. The purified RNAs were
treated with RNase R (Jisai Biology, Xuhui, Shanghai, China),
and then purified using TRIzol.

Isolation of Nuclear and Cytoplasmic
Fractions
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific, Guangdong, Shenzhen, China) were used to prepare
cytoplasmic and nuclear fractions; qRT-PCR was used to test
circRNA_100146 expression.

TABLE 1 | Primers used in this study for RT-PCR.

Names Sequences (59–39)

circRNA_100146: F GAGCTCAACCAGTATAGTGCC
circRNA_100146: R ACATGATGATGTTGCCCCCAA
miR-615-5p: F GCATTTAGCAGCGAGACAA
miR-615-5p: R AGCGACACGTGCGAATGTTCT
TRIP13: F ATCCCATCTCCTCGATTATGTGA
TRIP13: R GGGCTAACGCTTTACACAGGG
GAPDH: F GCCACATCGCTCAGACACCAT
GAPDH: R CCCATACGACTGCAAAGACCC
U6: F TGCGGGTGCTCGCTTCGGCAGC
U6: R GTGCAGGGTCCGAGGT
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Cell Counting Kit-8 (CCK8) Assays
The Cell Counting Kit 8 (CCK-8; Laifu Biology, Nanjing, Jiangsu,
China) assays were applied to the measurement of PCa cells’
proliferation in vitro. In brief, 48 h after transfection, a 48-well
plate was used to seed a total of 3 × 103 cells and culture them at
37 °C. At indicated time points, the culture medium in each well
was added by 15 μL CCK-8 (8 mg/ml). A microplate reader was
applied for the detection of each well’s absorbance at 450 nm after
1 h of incubation at 37 °C.

Clone Formation Assay
After 24 h of transfection, a 6-cm culture dish was used to seed
PCa cells at a density of 300 cells/well. These cells were cultured
until they could be seen by naked eyes. Subsequently,
supernatants were removed, followed by 20 min of cell
staining with crystal violet. A digital camera was used to
capture images of the colonies.

Transwell Assays
1.5 × 105 22RV1 and DU145 cells/well were applied for invasion
assays. Cells that invaded were fixed 20 min with 100%methanol,
followed by a staining process of 30 min with 0.5% crystal violet
(Baomanbio, Xuhui, Shanghai, China). Finally, in five random
fields of each filter, a microscope (IX71; Olympus) was used to
count cells.

Wound Healing Assays
The 6-well culture plates whose density was 1.0 × 106 cells/well
were used to implant cells. After cell fusing, a pipette tip was
scraped on the cell monolayer, and cells were seeded by an FBS-
free medium. Then, the inverted microscope (Olympus, Japan)
was used to photograph PCa cell lines at 0 and 48 h of incubation.

Western Blot Assay and Antibodies
RIPA lysate, as well as protein enzyme inhibitor cocktail, was
applied to the extraction of the protein of 22RV1 and DU145
cells. Afterward, we loaded and separated them in 4–12% SDS-
PAGE and transferred proteins in the gel to PVDF membranes
(Sigma, Pudong, Shanghai, China). It was followed by the
incubation process with specific antibodies and 5% milk.
GAPDH was used as a control. Antibodies directed against
TRIP13 (1:1,000, ab64964, Abcam, United States) and
GAPDH (1:1,000, ab181602, Abcam, United States) were
purchased from Guyan Technology (Pudong, Shanghai, China).

Luciferase Reporter Assays
Synthesis of full-length circRNA_100146, TRIP13-3’UTR, and
their corresponding mutant versions with mutant miR-615-5p
binding sites was conducted. They were then cloned into the
luciferase reporter vector psiCHECK-2. The 24-well plates were
used to seed 22RV1 and DU145 cells (5 × 104), and
Lipofectamine 3,000 was used to co-transfect them with
corresponding plasmids and microRNA mimics. After
incubation for two days, the cells were lysed, and a Dual-
Luciferase Assay Kit (Promega, Pudong, Shanghai, China) was
applied to the examination of their relative luciferase activity
following the manufacturer’s protocol.

Statistical Analysis
SPSS 19.0 software (IBM Corporation, Armonk, NY,
United States) was applied to overall statistical analyses, and
mean ± SD was used to express data. Statistical analyses were
based on one-way ANOVA and Student’s t-test. Statistical
significant differences were identified at p-value <0.05.

RESULTS

CircRNA_100146 Expression Upregulated
in PCa
First, RT-PCR was applied to examine the levels of
circRNA_100146 in PCa cells. As shown in Figure 1A, we
observed distinctly upregulated circRNA_100146 expression in
five PCa cells compared to WPMY1 cells. The RNase R
experiment targeting 22RV1 and DU145 cells revealed
resistance of circRNA_100146 to RNase digestion (Figure 1B).
We also examined circRNA_100146 expressions in the nucleus
and cytoplasm, which were confirmed by the results. Notably,
circRNA_100146 in the cytoplasm presented higher expression
abundance than that in the nucleus (Figure 1C).

circRNA_100146 Silencing Inhibited the
Proliferation and Metastasis of PCa Cells In
Vitro
We conducted loss-of-functional experiments in vitro the
investigation of circRNA_100146’s biological influence on PCa
cells. The expression level of circRNA_100146 in 22RV1 and
DU145 cells was significantly impeded by siRNA targeting
circRNA_100146 (si-circRNA_100146) transfection
(Figure 2A). As found from CCK-8 and clone formation
assays, si-circRNA_100146 obviously inhibited cell viability of
22RV1 and DU145 compared with si-NC (Figures 2B,C). Also,
compared with si-NC, in both 22RV1 and DU145 cells, si-
circRNA_100146 significantly inhibited both invasion ability
(Figure 2D) and migration ability (p < 0.01) (Figure 2E). Our
finding suggested circRNA_100146 as a tumor promoter in PCa
progression.

CircRNA_100146 Served as a Sponge of
miR-615-5p
ceRNA (competing endogenous RNA) network is an important
mechanism by which circRNAs function (Karreth and Pandolfi,
2013). Whether circRNA_100146 regulated protein-coding gene
by functioning as a ceRNA of miRNA was explored. It was
predicted in Circular RNA Interactome database that MiR-
615-5p served as a candidate target of circRNA_100146
(Figure 3A). Previously, miR-615-5p has been confirmed to be
a suppressor of some tumors, including PCa. We also observed
the decrease of miR-615-5p expression in PCa cells compared
with WPMY1(Figure 3B). Functionally, PCa cells’ invasion and
proliferation were hindered by (Figures 3C–F) overexpression of
miR-615-5p. In addition, we also observed that the expression
of miR-615-5p was obviously upregulated by knockdown of
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circRNA_100146 (Figure 3G). According to the results of
luciferase assays, luciferase activity in WT was more strongly
hindered by overexpression of miR-615-5p than Mut variants
(Figure 3H). The data of RNA pull-down revealed that miR-615-
5p was significantly pulled down compared to the control group
(Figure 3I). Overall, miR-615-5p is a direct target downstream of
circRNA_100146.

CircRNA_100146 Regulates TRIP13
Expression via miR-615-5p
Further experiments were performed for exploring the functional
executors of circRNA_100146 and miR-615-5p. As predicted by
bioinformatics tools, the 3’-UTR of TRIP13 harbored the
complementary binding sites with miR-615-5p (Figure 4A).
TRIP13 has been confirmed to present high expression in PCa
and accelerate PCa progression (Lu et al., 2019; Chen et al., 2020). In
PCa cells, TRIP13 expression at both protein and mRNA levels was
distinctly increased (Figure 4B). As found from the luciferase
reporter assay, TRIP13 targeted the 3’-UTR of TRIP13 at

molecular bound, which revealed the integration between TRIP13
and miR-615-5p (Figure 4C). Moreover, the transfection of miR-
615-5p mimics was observed to result in the distinct suppression of
TRIP13 expression in 22RV1 and DU145 cells (Figure 4D). Rescue
experiments for exploring the association among circRNA_100146,
miR-615-5p, and TRIP13 indicated that miR-615-5p inhibitors
reversed the distinct suppression of circRNA_100146 knockdown
on the expression of TRIP13 (Figure 4E). Moreover, functional
investigations indicated that knockdown of circRNA_100146
suppressed the proliferation, migration, and invasion of 22RV1
and DU145 cells, which was reversed by the transfection of miR-
615-5p inhibitors (Figures 4F–H). Overall, our findings suggested
that circRNA_100146 may display its tumor-promotive roles via
modulating miR-615-5p/TRIP13 axis.

The Suppressor Effects of circRNA_100146
Silence Suppressed Tumor Growth In Vivo
For the exploration of the functions of circRNA_100146 on PCa,
we introduced sh-NC– or sh-circRNA_100146–transfected

FIGURE 1 | CircRNA_100146 expression was upregulated in PCa cells. (A) RT-PCR determined the expression of circRNA_100146 in five PCa cell lines and
WPMY1 cells. (B)RNase R assays were carried out to verify the circular characteristics of circRNA_100146 in 22RV1 and DU145 cells. (C)RT-PCRwas used to examine
relative circRNA_100146 expression levels in nuclear and cytosolic fractions of 22RV1 and DU145 cells. **p< 0.01.
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22RV1 cells into nude mice. Importantly, we observed that
circRNA_100146 silence distinctly decreased tumor volume
and weight when compared with the sh-NC group
(Figures 5A–C).

DISCUSSION

Over the past years, increasing circRNAs have been reported to
play a role in regulating PCa occurrence and development. For
instance, high expression of circular RNA circANKS1B in PCa was
reported, and its knockdown suppressed the proliferation and
metastasis of PCa cells by upregulating TGF-α expression via
sponging miR-152-3p (Tao et al., 2021). Circ_0006404 was

shown to exhibit a higher level in PCa specimens than non-
tumor specimens. Functional investigations revealed its
overexpression displayed a positive role in the progression of
tumor growth and metastasis via modulating miR-1299/CFL2
axis (Li et al., 2021). These findings highlighted the important
effects of circRNAs on tumor developments. The previous
literature has reported a substantial increase of circRNA_100146
in some tumors such as colorectal cancer, bladder cancer, and lung
cancer (Chen et al., 2019; Wang et al., 2020a; Liu et al., 2021).
Herein, in line with previous findings, circRNA_100146 expression
was found to distinctly grow in PCa cells. Then, we performed a
series of functional assays, finding that knockdown of
circRNA_100146 suppressed PCa cells’ proliferation, migration,
and invasion in vitro and in vivo experiments. Our results revealed

FIGURE 2 | Effects of circRNA_100146 knockdown on the proliferation and metastasis of PCa cells. (A) The expression of circRNA_100146 in 22RV1 and DU145
cells transfected with si-NC or si-circRNA_100146. (B) CCK-8 assays for the proliferative determination in 22RV1 and DU145 cells after circRNA_100146 knockdown.
(C) Cells with transfection of control siRNA or circRNA_100146 siRNAs were examined by colony formation assays. (D) Transwell assay indicated the invaded cell
number in 22RV1 and DU145 cells transfected with si-circRNA_100146 and si-NC. (E) Representative images and quantitative analysis of scratch assays, and
delayed closure was observed in 22RV1 and DU145 cells with circRNA_100146 knockdown. **p< 0.01, *p< 0.05.
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FIGURE 3 | CircRNA_100146 interacts with miR-615-5p in PCa cells. (A) Bioinformatical predication of interaction between circRNA_100146 and miR-615-5p.
(B) The levels of miR-615-5p in four PCa cells and WPMY1 cells by RT-PCR. (C) RT-PCR determined the expression of miR-615-5p in 22RV1 and DU145 cells
transfected with miR-NC or miR-615-5p mimics. (D) CCK-8 assays were used to measure PCa cell proliferation after transfection. miR-615-5p overexpression
significantly suppressed 22RV1 and DU145 cell proliferation. (E) The cell viability and proliferative activity of 22RV1 and DU145 cells were assessed by colony
formation assay following transfection with miR-NC or miR-615-5p mimics, respectively. (F) Transwell assays were performed to determine the invasive abilities of si-
circRNA_100146–transfected PCa cells. (G) miR-615-5p expression was decreased in 22RV1 and DU145 cells transfected with si-circRNA_100146 compared with
those transfected with si-NC. (H) Relative luciferase activity after co-transfection of miR-615-5p mimics, miR-NC, circRNA_100146-Mut, and circRNA_100146-WT into
22RV1 and DU145 cells. (I) miR-615-5p was pulled down by circRNA_100146 in 22RV1 and DU145 cells. **p< 0.01.
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circRNA_100146 as a tumor promoter in PCa progression.
However, we just examined the expression of circRNA_100146
in PC cells. More PC specimens and non-tumor specimens from
PCa patients were needed to further confirm whether
circRNA_100146 was overexpressed in PCa.

Previous research works have proved that there is a
widespread interaction network involving ceRNAs (Chan and
Tay, 2018). Specifically, ncRNAs bind and titrate target RNA off
their binding sites on protein-coding messengers for regulation
(Wang et al., 2019). A close correlation exists between circRNAs

FIGURE 4 | CircRNA_100146 decreased TRIP13 expression via sponging miR-615-5p. (A) Chematic illustration of the sequence of wild type of miR-615-5p 3’-
UTR (WT) andmutant sequences on the complementary sites of miR-615-5p 3’-UTRwithmiR-615-5p (Mutant). (B) TRIP13 levels were increased in five PCa cells by RT-
PCR and Western blot. (C) Relative luciferase activity after co-transfection of miR-615-5p mimics, miR-NC, TRIP13-Mut, and TRIP13-WT into 22RV1 and DU145 cells.
(D) The transfection of miR-615-5p mimics resulted in the distinct suppression of TRIP13 expression in 22RV1 and DU145 cells. (E) RT-PCR and Western blot
confirmed the expression of TRIP13 in 22RV1, and DU145 cells transfected with si-NC, si-circRNA_100146, si-circRNA_100146+miR-NC, or si-circRNA_100146+
miR-615-5p inhibitors. (F–H) The effects of circRNA_100146 knockdown on the proliferation and invasion were determined by CCK-8, colony formation assays, and
transwell assays. **p< 0.01.
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functions and their subcellular localization (Esteller, 2011). Here,
it was determined that circRNA_100146 was mainly localized to
the cytoplasm in PCa cells, identifying its circRNA_100146 as a
possible endogenous miRNA sponge. Previously, in bladder
cancer and lung cancer cells, circRNA_100146 was also found
to be mainly expressed in cytoplasm (Chen et al., 2019; Wang
et al., 2020a). These findings suggested the location of
circRNA_100146 in cytoplasm may be a common event in
tumors. Then, we found circRNA_100146 may be a target of
miR-615-5p. Previously, many studies have reported miR-615-5p
served as a tumor promoter in several tumors (Guan et al., 2019;
Godínez-Rubí and Ortuño-Sahagún, 2020). In PCa, miR-615-5p
was shown to suppress the ability of proliferation and metastasis
of tumor cells (Li et al., 2020). We also observed that the
proliferation and metastasis of PCa cells were hindered by
miR-615-5p overexpression. Thus, if circRNA_100146 plays
the role of a ceRNA of miR-615-5p, it may display its
oncogenic roles via sponging miR-615-5p. Importantly,
luciferase reporter assays and RT-PCR confirmed miR-615-5p
to be a target of circRNA_100146. The above results confirmed
the interaction between circRNA_100146 and miR-615-5p
contributed to lung tumorigenesis, given that circRNA_100146
exerts oncogenic function partly by sponging miR-615-5p in
PCa cells.

As an AAA (ATPase family associated with various cellular
activities) protein, TRIP13 belongs to a large AAA + protein
superfamily of ring-shaped P-loop NTPases (Pfam: PF00004)
(Vader, 2015). It plays a role in several cellular processes like
checkpoint signaling, DNA break repair and recombination,
and chromosome synapsis (Banerjee et al., 2014; Alfieri et al.,
2018). In recent years, more and more studies confirmed that
TRIP13 was frequently highly expressed in many types of
tumors, including PCa (Zhang et al., 2019; Wang et al.,
2020b; Chen et al., 2020). Functionally, several studies
reported that TRIP13 overexpression promoted PCa cells’
proliferation and metastasis (Chen et al., 2020; Li et al.,
2020). In this study, we found that TRIP13 may be a target
of miR-615-5p, as further demonstrated by luciferase reporter
assays. Thus, we wondered whether circRNA_100146 may
increase the expression of TRIP13 by sponging miR-615-5p.
Using rescue experiments, we observed that knockdown of

miR-615-5p reversed the suppression of circRNA_100146
downregulation on the expression of TRIP13. In addition,
by a series of functional assays, our group confirmed that
knockdown of miR-615-5p reversed the inhibition of
circRNA_100146 downregulation on PCa cells’
proliferation, migration, and invasion. Overall, our findings
suggested circRNA_100146 promoted PCa progression via
modulating miR-615-5p/TRIP13 axis.

CONCLUSION

In summary, our results indicated distinctly increasing
circRNA_100146 expressions in PCa. Furthermore, an inverse
relationship was found between circRNA_100146 and miR-615-
5p, and knockdown of circRNA_100146 exerted its tumor-
suppressive effects at least in part through regulating miR-615-
5p to modulate TRIP13 expression. Therefore, our study proved
that circRNA_100146 could be a potential therapeutic target for
the treatment of PCa.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

LZ and HXwrote the main manuscript and analyzed the data. LZ,
Y-ML, NY, and TZ performed the experiments. LZ and HX
designed the study. All authors read and approved the final
manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.693477/
full#supplementary-material

FIGURE 5 | Oncogenic functions of circRNA_100146 knockdown on tumor growth. (A) Tumors from sh-NC or sh-circRNA_100146 group were shown. (B,C)
Volume and weight of tumors obtained from sh-NC or sh-circRNA_100146 group were displayed. **p< 0.01.

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 6934778

Zeng et al. CircRNA_100146 Promotes Prostate Cancer Progression

87

https://www.frontiersin.org/articles/10.3389/fmolb.2021.693477/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.693477/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


REFERENCES

Alfieri, C., Chang, L., and Barford, D. (2018). Mechanism for Remodelling of the
Cell Cycle Checkpoint Protein MAD2 by the ATPase TRIP13. Nature 559
(7713), 274–278. doi:10.1038/s41586-018-0281-1

Banerjee, R., Russo, N., Liu, M., Basrur, V., Bellile, E., Palanisamy, N., et al. (2014).
TRIP13 Promotes Error-Prone Nonhomologous End Joining and Induces
Chemoresistance in Head and Neck Cancer. Nat. Commun. 5, 4527.
doi:10.1038/ncomms5527

Chan, J. J., and Tay, Y. (2018). Noncoding RNA:RNA Regulatory Networks in
Cancer. Int. J. Mol. Sci. 19 (5). doi:10.3390/ijms19051310

Chang, A. J., Autio, K. A., Roach, M., 3rd, and Scher, H. I. (2014). High-risk
Prostate Cancer-Classification and Therapy. Nat. Rev. Clin. Oncol. 11 (6),
308–323. doi:10.1038/nrclinonc.2014.68

Chen, F., Liu, L., andWang, S. (2020). Long Non-coding RNANORAD Exhaustion
Represses Prostate Cancer Progression through Inhibiting TRIP13 Expression
via Competitively Binding to miR-495-3p. Cancer Cel. Int. 20, 323. doi:10.1186/
s12935-020-01371-z

Chen, L., Nan, A., Zhang, N., Jia, Y., Li, X., Ling, Y., et al. (2019). Circular RNA
100146 Functions as an Oncogene through Direct Binding to miR-361-3p and
miR-615-5p in Non-small Cell Lung Cancer. Mol. Cancer 18 (1), 13.
doi:10.1186/s12943-019-0943-0

Chen, L.-L., and Yang, L. (2015). Regulation of circRNA Biogenesis. RNA Biol. 12
(4), 381–388. doi:10.1080/15476286.2015.1020271

Esteller, M. (2011). Non-coding RNAs in Human Disease. Nat. Rev. Genet. 12 (12),
861–874. doi:10.1038/nrg3074

Godínez-Rubí, M., and Ortuño-Sahagún, D. (2020). miR-615 Fine-Tunes Growth
and Development and Has a Role in Cancer and in Neural Repair. Cells 9 (7).
doi:10.3390/cells9071566

Gonzalez, J. R., Laudano,M.A.,McCann,T.R.,McKiernan, J.M., andBenson,M.C. (2008).
A Review of High-Risk Prostate Cancer and the Role of Neo-Adjuvant and Adjuvant
Therapies. World J. Urol. 26 (5), 475–480. doi:10.1007/s00345-008-0314-8

Guan, X., Zong, Z.-h., Liu, Y., Chen, S., Wang, L.-l., and Zhao, Y. (2019). circPUM1
Promotes Tumorigenesis and Progression of Ovarian Cancer by Sponging miR-
615-5p and miR-6753-5p. Mol. Ther. - Nucleic Acids 18, 882–892. doi:10.1016/
j.omtn.2019.09.032

Karreth, F. A., and Pandolfi, P. P. (2013). ceRNA Cross-Talk in Cancer: when Ce-
Bling Rivalries Go Awry. Cancer Discov. 3 (10), 1113–1121. doi:10.1158/2159-
8290.cd-13-0202

Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B.,
and Kjems, J. (2019). The Biogenesis, Biology and Characterization of Circular
RNAs. Nat. Rev. Genet. 20 (11), 675–691. doi:10.1038/s41576-019-0158-7

Li, H., Zhi, Y., Ma, C., Shen, Q., Sun, F., and Cai, C. (2020). Circ_0062020
Knockdown Strengthens the Radiosensitivity of Prostate Cancer Cells. Cmar
Vol. 12, 11701–11712. doi:10.2147/cmar.s273826

Li, P., Wang, Z., Li, S., and Wang, L. (2021). Circ_0006404 Accelerates Prostate
Cancer Progression through Regulating miR-1299/CFL2 Signaling. Ott Vol. 14,
83–95. doi:10.2147/ott.s277831

Liu, K., Mou, Y., Shi, X., Liu, T., Chen, Z., and Zuo, X. (2021). Circular RNA 100146
Promotes Colorectal Cancer Progression by the MicroRNA 149/HMGA2 Axis.
Mol. Cell. Biol. 41 (2). doi:10.1128/mcb.00445-20

Lu, S., Qian, J., Guo, M., Gu, C., and Yang, Y. (2019). Insights into a Crucial Role of
TRIP13 in Human Cancer. Comput. Struct. Biotechnol. J. 17, 854–861.
doi:10.1016/j.csbj.2019.06.005

Meng, S., Zhou, H., Feng, Z., Xu, Z., Tang, Y., Li, P., et al. (2017). CircRNA:
Functions and Properties of a Novel Potential Biomarker for Cancer. Mol.
Cancer 16 (1), 94. doi:10.1186/s12943-017-0663-2

Qi, X., Zhang, D.-H., Wu, N., Xiao, J.-H., Wang, X., and Ma, W. (2015). ceRNA in
Cancer: Possible Functions and Clinical Implications. J. Med. Genet. 52 (10),
710–718. doi:10.1136/jmedgenet-2015-103334

Salzman, J. (2016). Circular RNA Expression: Its Potential Regulation and
Function. Trends Genet. 32 (5), 309–316. doi:10.1016/j.tig.2016.03.002

Tao, L. j., Pan, X. y., Wang, J. w., Zhang, L., Tao, L. s., and Liang, C. z. (2021).
Circular RNA circANKS1B Acts as a Sponge for miR-152-3p and Promotes
Prostate Cancer Progression by Upregulating TGF-α Expression. Prostate 81
(5), 271–278. doi:10.1002/pros.24102

Tay, Y., Rinn, J., and Pandolfi, P. P. (2014). TheMultilayered Complexity of ceRNA
Crosstalk and Competition. Nature 505 (7483), 344–352. doi:10.1038/
nature12986

Vader, G. (2015). Pch2TRIP13: Controlling Cell Division through Regulation of
HORMA Domains. Chromosoma 124 (3), 333–339. doi:10.1007/s00412-015-
0516-y

Wang, G., Wang, Z., Sarkar, F. H., and Wei, W. (2012). Targeting Prostate Cancer
Stem Cells for Cancer Therapy. Discov. Med. 13 (69), 135–142.

Wang, G., Zhao, D., Spring, D. J., and DePinho, R. A. (2018). Genetics and Biology
of Prostate Cancer. Genes Dev. 32 (17-18), 1105–1140. doi:10.1101/
gad.315739.118

Wang, H., Niu, X., Mao, F., Liu, X., Zhong, B., Jiang, H., et al. (2020).
Hsa_circRNA_100146 Acts as a Sponge of miR-149-5p in Promoting
Bladder Cancer Progression via Regulating RNF2. Ott Vol. 13,
11007–11017. doi:10.2147/ott.s273622

Wang, J., Zhu, S., Meng, N., He, Y., Lu, R., and Yan, G.-R. (2019). ncRNA-Encoded
Peptides or Proteins and Cancer. Mol. Ther. 27 (10), 1718–1725. doi:10.1016/
j.ymthe.2019.09.001

Wang, Y., Huang, J., Li, B., Xue, H., Tricot, G., Hu, L., et al. (2020). A Small-
Molecule Inhibitor Targeting TRIP13 Suppresses Multiple Myeloma
Progression. Cancer Res. 80 (3), 536–548. doi:10.1158/0008-5472.can-18-3987

Wright, J. L., Izard, J. P., and Lin, D. W. (2013).Surgical Management of Prostate
Cancer. Hematology/oncology Clinics North America, 27, 1111–1135. vii.
doi:10.1016/j.hoc.2013.08.010

Yu, T., Wang, Y., Fan, Y., Fang, N., Wang, T., Xu, T., et al. (2019). CircRNAs in
Cancer Metabolism: a Review. J. Hematol. Oncol. 12 (1), 90. doi:10.1186/
s13045-019-0776-8

Zhang, G., Zhu, Q., Fu, G., Hou, J., Hu, X., Cao, J., et al. (2019). TRIP13 Promotes
the Cell Proliferation, Migration and Invasion of Glioblastoma through the
FBXW7/c-MYC axis. Br. J. Cancer 121 (12), 1069–1078. doi:10.1038/s41416-
019-0633-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zeng, Liu, Yang, Zhang and Xie. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 6934779

Zeng et al. CircRNA_100146 Promotes Prostate Cancer Progression

88

https://doi.org/10.1038/s41586-018-0281-1
https://doi.org/10.1038/ncomms5527
https://doi.org/10.3390/ijms19051310
https://doi.org/10.1038/nrclinonc.2014.68
https://doi.org/10.1186/s12935-020-01371-z
https://doi.org/10.1186/s12935-020-01371-z
https://doi.org/10.1186/s12943-019-0943-0
https://doi.org/10.1080/15476286.2015.1020271
https://doi.org/10.1038/nrg3074
https://doi.org/10.3390/cells9071566
https://doi.org/10.1007/s00345-008-0314-8
https://doi.org/10.1016/j.omtn.2019.09.032
https://doi.org/10.1016/j.omtn.2019.09.032
https://doi.org/10.1158/2159-8290.cd-13-0202
https://doi.org/10.1158/2159-8290.cd-13-0202
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.2147/cmar.s273826
https://doi.org/10.2147/ott.s277831
https://doi.org/10.1128/mcb.00445-20
https://doi.org/10.1016/j.csbj.2019.06.005
https://doi.org/10.1186/s12943-017-0663-2
https://doi.org/10.1136/jmedgenet-2015-103334
https://doi.org/10.1016/j.tig.2016.03.002
https://doi.org/10.1002/pros.24102
https://doi.org/10.1038/nature12986
https://doi.org/10.1038/nature12986
https://doi.org/10.1007/s00412-015-0516-y
https://doi.org/10.1007/s00412-015-0516-y
https://doi.org/10.1101/gad.315739.118
https://doi.org/10.1101/gad.315739.118
https://doi.org/10.2147/ott.s273622
https://doi.org/10.1016/j.ymthe.2019.09.001
https://doi.org/10.1016/j.ymthe.2019.09.001
https://doi.org/10.1158/0008-5472.can-18-3987
https://doi.org/10.1016/j.hoc.2013.08.010
https://doi.org/10.1186/s13045-019-0776-8
https://doi.org/10.1186/s13045-019-0776-8
https://doi.org/10.1038/s41416-019-0633-0
https://doi.org/10.1038/s41416-019-0633-0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


The Role of Sonic Hedgehog Pathway
in the Development of the Central
Nervous System and Aging-Related
Neurodegenerative Diseases
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The Sonic hedgehog (SHH) pathway affects neurogenesis and neural patterning during the
development of the central nervous system. Dysregulation of the SHH pathway in the brain
contributes to aging-related neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis. At present, the SHH signaling
pathway can be divided into the canonical signaling pathway and non-canonical signaling
pathway, which directly or indirectly mediates other related pathways involved in the
development of neurodegenerative diseases. Hence, an in-depth knowledge of the SHH
signaling pathway may open an avenue of possibilities for the treatment of
neurodegenerative diseases. Here, we summarize the role and mechanism of the SHH
signaling pathway in the development of the central nervous system and aging-related
neurodegenerative diseases. In this review, we will also highlight the potential of the SHH
pathway as a therapeutic target for treating neurodegenerative diseases.

Keywords: Sonic hedgehog pathway, neurodegeneration, central nervous system, neurodegenerative diseases,
therapeutic target

INTRODUCTION

Aging is a major risk factor for most neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis (Hou et al., 2019). Most neurodegenerative
diseases manifest in the elderly. However, there is still lack of effective treatment strategies against
aging-related neurodegenerative diseases, which irreversibly progress and are related to much
socioeconomic and personal costs (Ransohoff, 2016). Hence, novel and effective therapeutic
strategies are desperately needed to combat these devastating diseases. The hedgehog (HH) gene
was first found in wingless mutation of Drosophila (Lee et al., 1992). The secreted proteins encoded
by the HH gene family act upon intracellular and distant cells to mediate relevant gene expression. In
mammals, the HH family contains three members: desert hedgehog (DHH), Indian hedgehog (IHH),
and Sonic hedgehog (SHH). Among them, SHH is widely expressed in human tissues and is involved
in the development of the brain and spinal cord, axial bone, limbs, skin, hairs, teeth, cochlea, and
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lungs (Yang et al., 2018; Echevarría-Andino and Allen, 2020). The
SHH signaling pathway can be classified into canonical and non-
canonical pathways. The canonical SHH pathway primarily
contains three components: a 12-domain transmembrane
receptor (patched1, PTCH1), a seven-domain transmembrane
receptor (Smoothened, SMO), and a GLIoma-associated
oncogene homolog (GLI) family of transcription factors (GLI1,
GLI2, and GLI3) (Espinosa-Bustos et al., 2019). The SHH ligand
activates the SHH pathway and promotes the interaction between
SMO and PTCH, thereby activating GLI protein (Figure 1).
Particularly, SMO agonists seem to be promising for
neurodegenerative diseases (Ruat et al., 2014). The interaction
between activated GLI and CREB-binding protein (CBP)
activates the transcription expression of downstream genes of
SHH. Cell fusion inhibitor (SuFu), a key negative regulator in the
SHH signaling pathway, inhibits GLI-mediated feedback
activation by binding to GLI and acts as an adaptor protein
that connects GLI protein and limb-dependent protease
degradation pathway (Stone et al., 1999). The non-canonical
SHH signaling pathway can be categorized into three types, as
follows: 1) PTCH-mediated, 2) SMO-dependent/GLI-
independent, and 3) SMO-independent GLI activation
(Rimkus et al., 2016). Studies suggest that SHH exerts a
decisive function in establishing the ventral spinal cord,
inducing the basal lamina, and forming motor neurons and
possesses various functions during the early stage of
embryonic development such as forming a neural tube
pattern, establishing the anterior–posterior axis and
dorsal–ventral axis, and forming the body (Kvon et al., 2016).
Dysregulation of SHH can induce neurodegenerative diseases
(Patel et al., 2017). For instance, activation of the SHH pathway

may protect dopaminergic neurons and attenuate inflammatory
response through regulating the PI3K/Akt pathway in
Parkinson’s disease (Shao et al., 2017). Meanwhile, it is
cytoprotective against oxidative damage due to ALS (Peterson
and Turnbull, 2012). Interference with the SHH pathway may
sensitize HT22 cells, while augmentation of the SHH pathway
may protect cells against hydrogen peroxide (H₂O₂) challenge
(Peterson and Turnbull, 2012). Therefore, an in-depth study of
this signaling pathway has important guiding significance and
scientific value for understanding the pathogenesis, clinical
diagnosis, and novel therapeutic strategies of
neurodegenerative diseases. This mini-review will summarize
the roles and mechanisms of the SHH pathway during the
development of the central nervous system and
neurodegenerative diseases.

Role of Sonic Hedgehog Pathway in the
Development of the Central Nervous
System
During the development of the vertebrate central nervous system,
SHH mediates ventral configurable, proliferative, and
differentiated capacities of precursor cells (including
telencephalon), thereby coordinating size, shape, and cell type
(Ni et al., 2020). During the neocortex development, the SHH
signaling pathway regulates proliferation of radial glial cells and
intermediate precursor cells to maintain the proliferative
capacity, differentiation, and survival of neocortex neurons
(Komada, 2012). Dysregulation of SHH can lead to
developmental disorders. In the central nervous system
development of SHH gene knockout embryos of mice, early

FIGURE 1 | Sonic hedgehog signaling pathway. Two states are depicted. Under normal conditions, PTCH1 inhibits the activity of SMO protein, thereby inhibiting
the downstream pathway. COS2/Kif7 and PKA play a negative regulatory role. When PTCH1 binds with SHH, the inhibition of SMO is released and the GLI protein and
microtubule complex enters the nucleus to activate downstream target gene transcription.
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deficiency occurs in the midline structure and late deficiency
includes the loss of distal limb structure, ciliary eye, the lack of
ventral cell type in the neural tube, and the loss of spine and most
ribs (Echevarría-Andino and Allen, 2020). In humans, SHH
mutations have severe effects on the development of the
forebrain and face, such as holoprosencephaly (Monteagudo,
2020). During the embryonic development, the interaction of
bone morphogenetic protein (BMP) and SHH signaling pathway
plays a decisive role in regulating the development of organ
epithelial stem cells (Li et al., 2015). Moreover, SHH induces the
development of other tissues or organs (Mangum et al., 2016).
SHH deficiency affects the formation of the spinal cord structure
as well as the development of the brain. The development of the
vertebrate brain needs to create many types of cells at precise
location and time, thereby forming functional connections. To
produce the right number of cells, the brain must produce many
precursors in a limited time. The SHH signaling pathway can
control the brain developmental pattern as well as the size, shape,
and direction of cells. First, SHH is expressed in the ventral side of
the early embryonic development including the ventral
hindbrain, midbrain, and forebrain, ensuring the normal
constitution of the ventral structure. The early expression of
SHH can induce forming aberrant brain structure. The cortex and
basal ganglia are the main structures of the adult brain, which
originate from embryonic telencephalon. SHH may induce
diverse ventral neurons for the basal forebrain through GLI
and regulate the size of the ventral midbrain (Ruiz i Altaba
et al., 2002).

Recent studies show that SHH regulates the development of
the nervous system through a synergistic effect with many factors.
For example, the Nurr1 gene can inhibit cell apoptosis and
inflammation, protect neurons, and cooperate with SHH to
promote the development and maturation of neuron precursor
cells (Palma et al., 2005). SHH can mediate the expression of
Nkx2.1 in a GLI3-independent manner during embryonic
neurogenesis, thus maintaining the normal activity of
interneurons in the medial ganglionic eminence (MGE), which
is the key determinant of the balance of excitation and inhibition
in the postnatal cerebral cortex (Gulacsi and Anderson, 2006).
SHH and basic fibroblast growth factor 8 (FGF-8) synergistically
act on neural precursor cells and induce the expression of genes
related to the development of dopamine neurons (Britto et al.,
2002). Furthermore, this synergy can effectively induce human
dental pulp stem cells to differentiate into nerve cells in vitro
(Lambrichts et al., 2017). Experimental studies report that SHH
cannot induce axon growth alone but can enhance retinoic acid
receptor β 2 (RAR β 2), thereby stimulating the axon growth of
neurons (So et al., 2006). Studies have shown that the
nNOS–Sox2–SHH axis, as a new feedback compensation
mechanism, participates in ischemic neuronal damage and
plays a neuroprotective role in glutamate-induced
excitotoxicity (Zhang et al., 2016). Furthermore, activation of
the SHH signaling pathway can increase the expression of nerve
growth factor (NGF), p75, and TrkA in the dorsal root ganglion
(DRG) (Han et al., 2020).

SHH protein may produce amino and carboxyl terminal
products by its own proteolysis. The amino terminal cleavage

product (SHH-N) of SHH autoproteolysis can induce the
differentiation of floor plate cells and motor neurons (Roelink
et al., 1995). SHH-induced ventral neurons exhibit the gene
expression pattern of lateral ganglion eminence, which is the
embryonic structure derived from the striatum. The temporal
regulation of SHH activity is indispensable in the sequential
induction of basal telencephalon structures. Furthermore, the
SHH signal may control cerebellum growth at different levels
(Northcott et al., 2019). SHH is necessary for the proliferation of
precursor cells of granular neurons. SHH that can be produced by
Purkinje neurons induces the differentiation of Bergmann glial
cells. In vivo, blocking SHH may lead to insufficient
differentiation of granular neurons and Bergmann glial cells
and abnormal development of Purkinje neurons (Wang and
Almazan, 2016). According to numerous research studies,
SHH can mediate to produce oligodendrocyte precursors
(Namchaiw et al., 2019; Starikov and Kottmann, 2020). By the
chemical inhibitor or anti-SHH antibody, inhibiting SHH may
inhibit the differentiation of oligodendrocytes (Yang et al., 2020).

Combining previous studies, the SHH pathway plays a key role
in the development of the central nervous system. Due to the
complexity of distinct regions in the central nervous system,
mechanisms involving SHH for neural precursor cell growth,
neuron formation, and spinal cord syndesmosis need to be
further studied.

Roles and Mechanism of Sonic Hedgehog
Pathway in Neurodegenerative Diseases
Sonic Hedgehog Signaling Pathway in Alzheimer’s
Disease
Alzheimer’s disease (AD) is the most common neurodegenerative
disease in adults characterized by progressive and irreversible
memory decline, which mainly manifests cognitive impairment,
behavioral change, and dysfunction (Cortes-Canteli and Iadecola,
2020). Neuropathological features include progressive
degeneration of cholinergic neurons in the cholinergic
projection system of the forebrain, especially in the basal
nucleus of Meynert. However, the specific pathogenesis of AD
has not been elucidated. The aggregation of the amyloid β (Aβ)
peptide that is produced by the hydrolysis of amyloid precursor
protein, as the main component of senile plaques, plays an
important function on AD development. Recent evidence has
demonstrated that SHH may participate in the cell cycle of post-
mitotic neurons, and abnormal cell cycle promotes Aβ-induced
neuronal death (Vorobyeva and Saunders, 2018). Furthermore,
blockage of the SHH pathway may reduce apoptosis of
hippocampal neurons to improve spatial learning and memory
capacity in AD mice (Li et al., 2020). Primary cilia are small and
static microtubules and cell membrane protuberance expressed in
most vertebrate cells (like cortical and hippocampal neurons).
They can be modified by various receptor proteins and are of
necessity upon particular pathway cascades (like the SHH signal).
Destruction of ciliary structures and functions can lead to various
ciliary diseases. Cognitive impairment is a common human
ciliary disease and a symptom of AD. A study has shown that
the Aβ peptide can change the structure of primary cilia and
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damage the SHH signaling pathway via inhibiting the expression
of Ptc1 and Gli1 in glial precursor cells (Chen et al., 2020).

Under normal circumstances, high levels of PTCH1 induced
by SHH and relevant transcription factor GLI1 are related to the
generation of specific neuronal progeny. However, their role in
neural stem cells of AD remains unclear.
Glycerylphosphorylcholine (GPC), a common choline
compound and acetylcholine precursor in the brain, enhances
memory and cognitive function in AD (Lee et al., 2017). The
abnormal loss of GPC caused by out of control of the PTCH1/
GLI1 signal may be one of the reasons for the cognitive
impairment of the brain in AD (Moghadam et al., 2009). In
the ventromedial cells of the developing central nervous system,
SHH has been shown to affect the proliferation, differentiation,
survival, and apoptosis of precursors. Transplantation of neural
progenitor cells and cholinergic cells derived from mouse
embryonic stem cells can promote the behavioral recovery of
the AD rodent model (Reilly et al., 2002). Reilly et al. found that
SHH exerts an important function on cholinergic neuron
development, and its receptor PTCH1 is specifically expressed
in cholinergic neurons of the adult rat basal forebrain, suggesting
the therapeutic value of SHH in AD (Town et al., 2009). In the
screening of genes regulated by the SHH signal in mouse limbs,
the loss of GLI3 transcription factor may promote the up-
regulation of PITRM1, a zinc metal endopeptidase that is
related to AD and mitochondrial peptide degradation
(Noguchi et al., 2015). However, some studies demonstrate
that the SHH signal may induce AD. As an example, through
establishing the “Aβ→ Id1→HIF-1→ SHH” signal cascade
reaction in the rat cortex, Hong et al. found that SHH may be
partly involved in the neurotoxicity of the Aβ peptide (Hung
et al., 2016). Li et al. found that protease nexin-1 (PN-1) could
reduce apoptosis of hippocampal neurons and improve spatial
learning and memory ability by blocking the SHH pathway,
thereby playing a protective role in AD (Li et al., 2020).

Collectively, the SHH pathway exerts an important function
upon the neuronal activity for AD. Due to the complexity of the
mechanism of the SHH pathway, its specific role in the
pathogenesis of AD needs to be further explored, thereby
providing the theoretical basis for the early intervention and
therapy of AD.

Sonic Hedgehog Signaling Pathway in Parkinson’s
Disease
The most important pathological change of Parkinson’s disease is
the degeneration and death of dopaminergic neurons in the
substantia nigra and striatum, which leads to the significant
decrease of dopamine content in the substantia nigra and
striatum pathway. As confirmed, SHH can suppress midbrain
dopaminergic neuron deaths that are mediated via neurotoxin
n-methyl-4-phenylpyridine (MPP+) (Ugbode et al., 2017).
Intracerebral injection of SHH-N improves the motor function
of rats with Parkinson’s disease and increases tyrosine
hydroxylase immunoreactive neuron expression for the
striatum, demonstrating that SHH possesses a specific
treatment foreground against Parkinson’s disease, and SHH
may be used as a potential therapeutic agent for

neurodegenerative diseases (Dass et al., 2002). The SHH
pathway can also protect dopaminergic neurons from
oxidative stress by enhancing the activity of superoxide
dismutase 1 (SOD1) (Ji et al., 2012). Xia Y-P et al. found that
oxidative stress induces astrocytes to secrete endogenous SHH,
and exogenous SHH may protect astrocytes by activating the
PI3K/Akt/Bcl-2 pathway and reduce the apoptosis rate induced
by H2O2 (Xia et al., 2012). The interaction between wingless-type
MMTV integration site family (Wnt)/β-catenin and SHH-
Smoothened pathways plays an important role in the
development of dopaminergic progenitors and neurons (Luo
and Huang, 2016).

Therefore, the SHH signaling pathway can protect
dopaminergic neurons, which provides an important clue for
developing the effective therapeutic strategies against Parkinson’s
disease.

Sonic Hedgehog Signaling Pathway in Amyotrophic
Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is one of the most common
motor neuron diseases (Chiò et al., 2020). The loss of the upper
and lower motor neurons is the main aspect of ALS. The average
course of ALS is only 3–5°years. Nevertheless, there are no
effective therapeutic strategies (Turner et al., 2020). Most
scholars believe that ALS is a complex disease caused by the
interaction of multiple factors and genes. The main pathogenic
theories include glutamate excitotoxicity, oxidative stress, protein
misfolding, mitochondrial changes, axonal transport disorder,
neuroinflammation, exogenous toxin and virus infection, gene
mutation, abnormal RNA metabolism, etc. (Bennett et al., 2019;
Calió et al., 2020; Harrison and Rafuse, 2020; Herrando-
Grabulosa et al., 2021). However, little is known about its
etiology, and there is no effective treatment for ALS. SHH is
an essential morphological gene during the development of
nervous systems. SHH exerts a critical function on promoting
cell proliferation and differentiation, maintaining the integrity of
blood–brain barrier, and protecting cells from oxidative stress
(Xia et al., 2012). There is evidence that SHH exerts a key function
on ALS (Lin et al., 2020). A study found that the decrease in the
expression of cellular retinoic acid–binding protein 1 (CRABP1)
is correlated with motor neuron degeneration (Lin et al., 2020).
SHH may elevate CRABP1 expression through mediating GLI1,
which involves specific chromatin remodeling (Lin et al., 2020).
Because purmorphamine acts on Smoothened, downstream of
SHH and its receptor Patched, the inhibitory action is
downstream of Smoothened (Drannik et al., 2017). With
purmorphamine, the induction activity of cerebrospinal fluid
(CSF) in the control group is significantly enhanced, while
there is no significant change in ALS, suggesting that the SHH
signal may be inhibited in the CSF of ALS (Drannik et al., 2017).
This proves that the SHH signal in the CSF of patients with ALS is
damaged. The SHH signaling pathway may participate in the
progression of ALS via interaction with other signaling pathways.
For example, a study found that, in the spinal cord of mutant
superoxide dismutase mice, the key markers of Notch signaling
pathway change with age, and this trend is positively correlated
with the change of the SHH signaling pathway, indicating that the
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association of these two pathways in vivo may contribute to
dysfunction and death of motor neurons in ALS (Ma et al., 2017).

Collectively, targeting the SHH pathway could provide a novel
insight into the therapeutic strategies against ALS. However,
more cellular experiments and animal models should be
performed to investigate the effects of SHH pathway on ALS
progression.

DISCUSSION

The neurodegenerative disease represents the most common
aging-related disease in the central nervous system. It is
pathologically characterized by ion metabolism disorder,
protein toxicity, oxidative stress, and neurotransmitter
deficiency. Although numerous studies have been performed
to elucidate the pathological mechanism of neurodegenerative
diseases, the main reasons are still elusive. The aging population
and the lack of effective therapeutic strategies make the
prevention and treatment of neurodegenerative diseases face
great challenges and bring heavy burden to the society,
families, and individuals. The repair of central and peripheral
nerve injury requires differentiating neural stem cells from
functional neural cells. SHH may maintain neural stem cells
and promote the formation of oligodendrocytes. This mini-
review has summarized that the SHH signal exerts a key
function on neurodegenerative diseases and becomes a key
factor in the normal development of the vertebrate central
nervous system. The SHH signaling pathway not only is a
carrier of intracellular signal transmission but also participates
in the normal development and differentiation of nerve cells.
However, the abnormal SHH signaling pathway can lead to a

variety of nervous system diseases. Although a lot of scientific
research on SHH has been carried out in the past decades, many
problems remain unsolved. In the future studies of patients with
neurodegenerative diseases or animal models of neurological
disorders, manipulation of SHH signaling by pharmacological
or molecular approaches will improve our understanding of
neurodegenerative diseases and may guide the way to new
strategies for prevention and treatment.

FUTURE PERSPECTIVES

Despite many scientific studies on SHH in the past few decades,
there are still many problems that have not been solved. New
animal experimental models and technical means, gene,
transcription, and protein detection technologies are
increasingly improving, which may provide conditions for
humans to conquer neurodegenerative diseases. Therefore, it is
very important to deeply study the role and specific molecular
mechanism of the SHH signaling pathway in the development of
the central nervous system and neurodegenerative diseases.
Moreover, exploring specific diagnostic and prognostic
biomarkers and finding new therapeutic targets will bring
hope for the cure of neurodegenerative diseases.
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miR-330–5p in Small Extracellular
Vesicles Derived From Plastrum
testudinis-Preconditioned Bone
Mesenchymal Stem Cells Attenuates
Osteogenesis by Modulating Wnt/
β-Catenin Signaling
Xiaoyun Li1†, Yan Cui2†, Qing Lin1, Panpan Wang3,4, Rumeng Chen1, Xiaofeng Zhu2,3,
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The bone microenvironment is crucial for the growth and development of different types of
osteocytes. Small extracellular vesicles (sEVs) secreted by bone mesenchymal stem cells
are delivered to target cells where their contents regulate biological functions. Here, we
evaluated the osteogenic effects and mechanism of sEVs derived from Plastrum
testudinis-preconditioned bone mesenchymal stem cells (PT-sEV). The osteogenic
effects of PT-sEV were evaluated by the differentiation of osteoblasts and the
alternation of bone quality and quantity in ovariectomized rats. The specific mechanism
was explored by high-throughput sequencing and verified by transfection with the
corresponding miRNA mimic and inhibitor. RNA-sequence identified a unique
enrichment of a set of miRNAs in PT-sEV compared with sEVs derived from untreated
BMSCs. Overexpression or inhibition in vitro indicated that the osteogenic inducing
potential of sEVs was mainly attributable to miR-330-5p, one of the most dramatically
downregulated miRNAs in the PT-sEV fraction. Dual luciferase reporter assays showed
that miR-330-5p negatively regulated osteogenesis by directly binding to the 3′
untranslated region of Tnc. Additional experiments showed that Tnc regulated Wnt/
β-catenin signaling, and rescue experiment showed that miR-330-5p could restore
β-catenin expression; additionally, animal experiments indicated that Wnt signaling was
inactivated in the ovariectomized rats. These data demonstrated the regenerative potential
of PT-sEV, which induced osteogenic differentiation of pre-osteoblasts, leading to bone
formation. This process was achieved by delivering miR-330-5p, which regulated Tnc to
control Wnt/β-catenin signaling.

Keywords: small extracellular vesicles, miR-330-5p, bone mesenchymal stem cell, osteogenesis, plastrum
testudinis
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INTRODUCTION

The balance of bone metabolism is closely maintained by the
rates of bone formation and resorption (Appelman-Dijkstra
and Papapoulos, 2015). Previous studies have indicated that
altering the bone microenvironment could directly influence
bone formation and resorption (Ma and Yu, 2020). Bone
mesenchymal stem cells (BMSCs) are a type of multi-potent
stem cells that are located in the bone marrow, where they
secrete various factors and can differentiate into cell of an
appropriate phenotype, making it promising therapeutic
candidates for osteoporosis treatments. Previous studies
have shown that the therapeutic potential of MSCs is
mostly attributable to paracrine mechanisms, particularly
MSCs-derived small extracellular vesicles (sEVs) (Li et al.,
2018).

It is well accepted that sEVs plays indispensable roles in
modulating major cellular processes by delivering cargo such as
nucleic acids, proteins, and lipids to receiving cells and are
associated with fewer safety concerns (Yue et al., 2020). When
the contents of sEVs are transferred to a target cell they can
regulate its function. miRNAs are widely distributed in sEVs
and are a form of non-coding RNA that regulate gene activities
by binding to the 3′ untranslated region (UTR) of target gene.
For example, sEVs derived from bone marrow stromal cells
contain miR-146a, which regulates osteogenesis and
angiogenesis (Liu et al., 2021). miR-214-3p derived from
osteoclast sEVs targets osteoblasts and inhibits bone
formation (Li et al., 2016). Furthermore, the status of the
donor cells might determine the biological functions of their
generated sEVs (Su et al., 2017). Therefore, we hypothesized
that sEVs derived from BMSCs could influence osteoblast
activity and bone formation.

Plastrum testudinis (PT) is a traditional Chinese medicine that
is the dried plastron and carapace of the tortoize Chinemys
reevesii (Chinese Pharmacopoeia Com, 2020). Researches have
indicated various biological activities, including promoting
collagen synthesis, inducing BMSCs differentiation, and anti-
osteoporosis Chen et al. (2007); Wang et al. (2012) found that PT
extracted from petroleum ether or ethyl acetate promoted BMSCs
proliferation. Ren et al. (2017) showed that PT stimulates bone
mass, microarchitecture, and the expression of bone turnover
markers in glucocorticoid-induced osteoporosis. We wondered if
sEVs derived from PT-preconditioned BMSCs (PT-sEV) could
stimulate bone formation, and then addressed the underlying
mechanism.

In this study, we first investigated the osteogenic
differentiation of BMSCs with PT intervention, and then
collected PT-sEV to evaluate their osteogenic effect on pre-
osteoblasts and ovariectomized rats. We also analyzed the
miRNA profile of PT-sEV to further investigate if the
specific mechanism was miRNA-mediated. Our findings
proved the potential of PT-sEV on osteogenesis and
detailed the specific mechanism, which may be highly
beneficial for the future development of novel bone
regeneration strategies.

MATERIALS AND METHODS

Preparation and Analysis of
Water-Extracted PT
PT was twice extracted by decoction in distilled water (2 h each
time), and then concentrated via rotary evaporation to a final
concentration of 0.1 g/ml. After cooling the extracts to room
temperature, PT was stored at −20°C under dry, airproof, and
non-polluted conditions until further use. Qualitative amino acid
analyses of the PT extracts were performed using a Hitachi L-
8900 automatic amino acid analyzer (Tokyo, Japan).

Cells Culture and Treatment
Rat BMSCs were purchased from Cyagen Bioscience
(Guangzhou, China). Pre-osteoblasts were obtained from
3 day-old rats, and P3-P8 primary cells were used in the
following experiments; the pre-osteoblasts extraction
procedures were performed in accordance with a previous
study (Torricelli et al., 2003). Both cell types were cultured in
α-MEM (Gibco, Grand Island, NY, United States) containing
10% fetal bovine serum (FBS500-S, Ausgenex Pty, Australia) at
37°C with 5% CO2.

For the co-culture system, pre-osteoblasts were seeded into a
6-well plate at a density of 5 × 103 cells/well and BMSCs were
seeded onto a six-well transwell filter at a density of 5 × 103 cells/
well (0.4 μm pore size), which were incubated for 6 h upon cell
adherence. The co-cultures were then treated with/without
GW4869 (It is a commonly used pharmacological agent,
which inhibits sEVs generation) (D1692; Sigma-Aldrich,
United States) or PT for 48 h, then total pre-osteoblasts RNA
was extracted and analyzed by quantitative (q)PCR.

Isolation, Characterization, and Uptake of
sEVs
BMSCs were plated in 10 cm culture dishes at a density of 5 × 105

cells/dish, and then the culture medium was replaced with
exosome-free serum medium with/without 1 μg/ml PT for 48 h
when the cells reached 80% confluence. The culture medium was
then collected and centrifuged at 300 ×g for 10 min, 3,000 ×g for
10 min, 10,000 ×g for 30 min, and then 100,000 ×g for 1 h twice,
each time discarding the supernatant and resuspending the pellet
with PBS. The final pellets were stored at −80°C until further use.
The collected samples included two groups: 1) sEVs derived from
untreated BMSCs (Un-sEVs); and 2) PT-sEV.

The concentration of sEVs was evaluated by BCA protein
assay kits (23,225, Thermo Fisher Scientific, United States), and
sEVs were characterized via electron microscopy, a nanoparticle
tracking analyzer (NTA), andWestern blot, which was performed
with anti-CD9 (ab92726, abcam, United States), anti-Alix
(NBP1-90201, Novusbio, United States), and anti-Tsg101
(NBP1-80659, Novusbio, United States) antibodies.

Cell Counting Kit 8
BMSCs were seeded into 96-well plates at a density of 5 × 103

cells/well, then treated with different concentrations of PT (10−3,

Frontiers in Molecular Biosciences | www.frontiersin.org August 2021 | Volume 8 | Article 6793452

Li et al. miR-330-5p in Exosome Attenuates Osteogenesis

97

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


10−2, 10−1, and 1, 10 μg/ml). After culturing for 24 or 48 h, cell
proliferation was measured using a CCK8 according to the
manufacturer’s instructions (CK04, Dojindo, Japan). Briefly,
the culture medium was replaced with 100 μl α-MEM
containing 10 μl CCK8, and the plates were incubated for 1 h
at 37°C. Absorbance was measured at 450 nm using a multi-well
spectrophotometer (BioTek, Synergy H4).

Alkaline Phosphatase Assay
BMSCs were seeded into six-well plates at a density of 2 × 103

cells/well, and treated with different concentrations of PT, as
described in 2.4. Cells were treated with PT for 3 and 7 days, and
ALP activity assays were completed using ALP kits according to
the manufacturer’s instructions (A059-2-2, Nanjing Jiancheng,
China). Absorbance was measured at 520 nm using a multi-well
spectrophotometer (BioTek, Synergy H4).

Alizarin Red S Staining
BMSCs were seed into the 60 cm culture dish at the density of 1 ×
104 with different treatment. Briefly, the culture medium was
replaced every two days, then on day 28 of culture, the medium
was discarded, and the cells were fixed in 75% ethanol for 10 min,
then washed with PBS, and stained with 0.1% alizarin red S
(G1450, Solarbio, China). After staining for approximately 5 min
at room temperature, the wells were rinsed to remove excess dye
and images were captured by microscopy (Zesis, AXIO), each
group captured three pictures and quantified by ImageJ (NIH,
Bethesda, MD, United States).

Animals and Treatments
Female 2-month-old Sprague–Dawley rats underwent bilateral
ovariectomies according to a previous study (Liu et al., 2018).
Four weeks post-surgery, the ovariectomized (OVX) rats were
randomly divided into three groups (n � 8 per group): a sham
control group (Sham; sham surgery with phosphate buffer saline
tail vein injections), an ovariectomy control group (OVX;
ovariectomy surgery with phosphate buffer saline [PBS]
treatment), and the sEVs intervention group (PT-sEV;
ovariectomy surgery with PT-sEV). For the PT-sEV group, tail
vein injections included PT-sEV (100 ng/100 g/d) for 10 weeks;
the other two groups were treated with the same volume of PBS.
At the timepoint, the rats were sacrificed and samples were
collected for further use.

Bone Mineral Density and Micro Computed
Tomography Analyses
The BMD of the femur was analyzed by dual-energy X-ray
absorptiometry (DXA) (General Electric Company,
Healthcare), which used specific software to assess bone
density in small animals. The results are analyzed by
lunar_iDXA software and presented in g/cm2.

The trabecular micro-architecture of the femur was evaluated
by micro-CT scan (SkyScan 1,176, Kontich, Belgium). The
parameters were set as follows: 50 kV voltage, 400 μA current,
and 8.88 μm per pixel resolution. A refined volume of 0.5 mm
below the growth plate and 1 mm in height was chosen for further

qualitative and quantitative analyses. Then the bone volume/
tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular
separation (Th.Sp), and trabecular number (Tb.N), Trabecular
Bone Pattern factor (TBpf), as well three-dimensional images
were obtained for visualization and display.

Hematoxylin and Eosin Staining and
Immunochemistry (IHC)
Femur and lumbar vertebrae were fixed with 4% paraformaldehyde,
decalcified with 18% EDTA, dehydrated, paraffin embedded,
sectioned at 10 μm thickness onto glass slides, and then stained
with H and E. These procedures were conducted according to
previously published methods (Chinese Pharmacopoeia Com,
2020). All the images were captured by microscope (Zesis, AXIO).

The paraffin sections were also used for IHC experiments. The
10 μm thick sections were prepared, stained, counterstained,
dehydrated, hyalinized, and mounted; the antibody dilution
for IHC was 1: 100. All the images were captured by
microscope (Zesis, AXIO)

Western Blotting and Immunofluorescence
Total protein was extracted by RIPA lysis (P0013B, Beyotime,
China) and the concentration was measured by BCA kits. Total
protein was separated by SDS-PAGE electrophoresis and
transferred to PVDF membranes, which were incubated with
the following primary antibodies at a 1:1,000 dilution and 4°C
overnight: anti-ALP (GTX42809, GeneTex, United States of
America), anti-COL1A1 (E8F4L, Cell signaling technology,
United States), anti-RUNX2 (D1H7, Cell signaling technology,
United States of America), and anti-BMP-2 (ab225898, abcam,
United States). The following day, the membranes were incubated
with anti-rabbit IgG secondary antibody (1: 3,000, 7074P2, Cell
signaling technology, United States). Immunoreactive bands were
visualized with an ultrasignal chemiluminescent reagent (4A
Biotech, Beijing, China). The results were quantified using
ImageJ (NIH, Bethesda, MD, United States).

Immunofluorescence was conducted according to the
manufacturer’s instructions (P0183, Beyotime, China). Briefly,
the culture medium was discarded and the cells were fixed with
95% ethanol. The samples were then washed three times for
15 min with TBSTx and blocked with 5% BSA. BMP-2 antibodies
(ab225898, abcam, United States) were then incubated with the
cells overnight at 4°C. Thereafter, 4’,6-Diamidino-2-phenylindole
(C1005, Beyotime, China) was used to stain nuclei before
capturing images. Images were captured by a fluorescence
microscope (Zesis, AXIO). Each group was captured three
pictures and the results were calculated using ImageJ (NIH,
Bethesda, MD, United States).

Enzyme-Linked Immunosorbent Assay
Molecular markers of bone turnover including bone gla protein
(BGP), estradiol, parathyroid hormone (PTH), and C-terminal
telopeptide (CTX) were measured using commercial ELISA kits
from eLabscience (Houston, TX, United States). Calcium and
phosphorus levels were measured by an automatic biochemical
analyzer (Hitachi 7,020).
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RNA-Sequencing and Real-Time qPCR
Total miRNA was extracted using miRNA mini kits (217,004,
Qiagen, Germany); the quality and quantity of miRNA were
evaluated using a Nanodrop 2000 (Thermo Fisher Scientific,
United States), as well a RNA integrity analysis was carried
out by an agarose gel electrophoresis. Then miRNA was
transcribed into cDNA and amplified following the
manufacturer’s instructions (638,313, Takara, Japan). Raw data
from small miRNA were obtained using illumine. The fold
change and p-value were calculated for each miRNA, and the
data were filtered with the standards: fold change ≥2.0 and FDR
<0.05. Target genes of the identified miRNAs were predicted
using TargetScan and miRbase.

Total RNA was extracted using TRIzol reagent (15,596,026,
Thermo Fisher Scientific, United States). Then mRNA were
transcribed into cDNA and amplified following the
manufacturer’s instructions (820A; Takara, Japan). Relative
gene expression was calculated using formula 2−△△ct, and raw
data were standardized to GAPDH. The related primers are listed
in Supplementary Material S1.

Transfection of miRNA Mimic or Inhibitor
and Luciferase Reporters
BMSCs or pre-osteoblasts were transfected with 50 nM of miR-
330-5p mimic or 100 nM of the corresponding inhibitor. Briefly,
upon reaching 70% confluence, the cells were incubated with
500 μl of transfection mix (Lipofectamine 3,000; Invitrogen,
L3000008, United States) with mimic or inhibitor (miR20005,
Ruibo, China) at 37°C for 24 h. Transfection efficiencies were
evaluated by qPCR.

The 3’UTR of Tnc was amplified and cloned into the firefly
reporter vector (Genematrix, Inc. Seongnam, Korea). A mutant
version of the Tnc 3’UTR reporter plasmid was also constructed.
The Dual-Glo luciferase assay system (E1910; Promega,
United States) was used to evaluate luciferase activity 48 h
post-transfection. Normalized firefly luciferase activity data
were compared between the different groups.

Statistical Analysis
All data are presented as mean ± standard deviation or replicate
values, and were analyzed using GraphPad Prism 8.0 (GraphPad
Software, Inc. San Diego, CA, United States). Each experiment
was repeated three times. Multiple-group comparisons were
evaluated by one-way analysis of variance (ANOVA) with the
Newman–Keuls test. p < 0.05 was considered a significant
difference.

RESULTS

PT Stimulated Osteogenic Differentiation of
BMSCs
Qualitative and relative quantitative analyze of the amino acid
constituents of water-extracted PT was performed by an
automatic amino acid analyzer, including detection of
indispensable amino acids and essential amino acids

(Table 1). We then evaluated the effects of different PT
concentrations on the proliferation and osteogenic
differentiation of BMSCs. The results showed that there was
no significant difference among different PT concentrations on
the proliferation of BMSCs at 24 or 48 h (Figure 1A). The
alkaline phosphatase (ALP) assay was used to analyze
osteogenic differentiation, and the results showed that 1 and
10 μg/ml PT significantly promoted ALP secretion on day 3.
ALP levels were also increased on day 7 with 10−1, 1, and 10 μg/
ml PT (Figure 1B). The qPCR results revealed that 1 μg/ml PT
significantly increased mRNA levels of Col1a1, Alpl, and Bmp-2;
10 μg/ml PT increased the expression of Alpl and Bmp-2mRNA
(Figure 1C). Combining these results, we chose 1 μg/ml PT for
subsequent experiments.

The Osteogenic Effects of PT-sEV on
Pre-osteoblasts
The purified sEVs showed a typical cup-like appearance, with a
double membrane structure and diameters ranging from 50 to
200 nm byNTA; the specific markers Alix, Tsg101, and CD9 were
highly expressed in the sEVs (Figure 2A). The primary cells
showed typical characteristics of pre-osteoblasts, including multi-
tangle and elongated morphologies, and alizarin red S staining,
which revealed various mineralized nodules (Figure 2B).

The effects of PT-sEV on pre-osteoblasts were evaluated by
different assays. CCK8 results showed that different
concentration of PT-sEV did not affect pre-osteoblasts
proliferation after 24 h or 48 h; the protein and mRNA
expression of the osteogenic related factors ALP, BMP-2,
RUNX2, and COL1A1 was increased to different degrees, as
were the results of immunofluorescence and alizarin S red
staining Figures 2C–G).

We next co-cultured BMSCs and pre-osteoblasts with/
without GW4869 to evaluate if PT stimulated osteogenic

TABLE 1 | The prime sequences.

Gene name 5’-3’ sequence

Bmp-2 Forward GCCATCGAGGAACTTTCAGA
Resverse TGTTCCCGAAAAATCTGGAG

Alpl Forward GACAAGAAGCCCTTCACAGC
Resverse ACTGGGCCTGGTAGTTGTTG

Col1a1 Forward ACGTCCTGGTGAAGTTGGTC
Resverse TCCAGCAATACCCTGAGGTC

Runx2 Forward AACAGCAGCAGCAGCAGCAG
Resverse GCACGGAGCACAGGAAGTTGG

β-catenin Forward GAAAATGCTTGGGTCGCCAG
Resverse ATGGCAGGCTCGGTAATGTC

Tcf Forward TACAGGGTTGCCACCAGAGT
Resverse CTGTGCCTGCTGAGAGTGAA

Wnt3a Forward TGGTGGTGGTGGTGGCAGAG
Resverse CACAGCCAAGGACCAGAGAAGAAC

Lrp5 Forward GGACATCGAGTTTGGTGGGA
Resverse GTTGTTGTGGCGGTTCATGG

Lef Forward CCCATCTTCACTTTCAGGGGAC
Resverse TAGCGTACACTCGGCTACGA

Gapdh Forward GACATGCCGCCTGGAGAAAC
Resverse AGCCCAGGATGCCCTTTAGT
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differentiation via sEVs. Compared with the Con group, the
mRNA expression of Alpl, Col1a1, and Runx2 was significantly
increased in the PT group, while their expression was decreased
in the combination PT + GW4869 group compared with the PT
group (Figure 2H).

PT-sEV Moderated Bone Mass and Bone
Microstructure in OVX Rats
First, we analyzed the BMD at different positions in the different
groups, which showed that the BMD of whole body, head,
humerus, lumbar vertebrae, tibia, femur, distal femur, and
proximal femur were lower in the OVX group compared
with the sham group; additionally, PT-sEV significantly
moderated the BMD of head, humerus, lumbar vertebrae,
tibia, and femur in OVX rats (Figure 3A). Body mass index
(BMI) and fatty content were increased, while the bone mineral
content was decreased in the OVX group compared with the
Sham group. With PT-sEV administration, fatty content and
BMI decreased in the OVX rats (Figure 3B). We further
analyzed the microstructure of the femur and lumbar
vertebrae in OVX rats. The BV/TV and Tb.N were lower,
and Tb. Sp and TBpf were higher than the Sham rats. PT-
sEV treatment significantly moderated these effects (Figure 3C).
Additionally, the altered trend of μCT parameters in the lumbar
vertebrae was consistent with the femur (Figure 3D). HE
staining showed that the trabecular bone appeared thinner,
irregular, and discontinuous. There was also loss of reticular
structure in the femur and lumbar vertebrae of the OVX group
compared with the Sham group; PT-sEV administration helped
restore the normal microstructure (Figures 3E,F).

PT-sEV Stimulated the Expression of Bone
Turnover Markers and Osteogenesis
Related Factors in OVX Rats
Previous studies have indicated that various anti-osteoporosis
drugs have estrogen-like effect; therefore, we first determined
if PT-sEV induced any estrogen-like effect. To this end, we
observed the morphology and weight of uteri from the
different groups. The results showed that OVX rats had
smaller uteri than the Sham group (Figure 4A).
Although rats in the three groups had approximately initial
weights, OVX rats gained more weight, followed by the PT-
sEV group after different interventions for 10 weeks
(Figure 4B).

Next, we analyzed serum levels of bone turnover markers.
The results revealed that BGP and E2 levels were lower,
while CTX was higher in the OVX group compared with the
Sham group; PT-sEV attenuated CTX levels in the OVX group;
and calcium and phosphorous levels were not significantly
different among the different groups (Figure 4C). We then
analyzed the expression of osteogenic differentiation related
factors in the femur and lumbar vertebrae. The results showed
that protein level of osteogenic differentiation factors were
lower in the OVX group compared with the Sham group;
PT-sEV administration significantly ameliorated these
effects. The mRNA level of osteogenic differentiation factors
showed similar trends as their corresponding protein (Figures
4D,E). Furthermore, IHC results showed reduced level and
distribution of COL1A1 in the OVX group; PT-sEV
significantly moderated these effects in OVX rats
(Figures 4F,G).

FIGURE 1 | PT stimulated osteogenic differentiation of BMSCs. (A) The effects of different concentration (10–3, 10–2, 10–1, 1, 10 μg/ml) PT on proliferation in
BMSCs at 24 or 48 h, the raw data represented the mean ± SD; (B) The effects of different concentration PT on the secretion of ALP in BMSCs at 3rd or seventh day, the
raw data represented the mean ± SD; (C) The effects of different concentration PT on mRNA of osteogenic related factors in BMSCs, the normalized data represented
the mean ± SD. *p < 0.05 vs Con, **p < 0.01 vs Con, analyses were done twice and obtained comparable results.

Frontiers in Molecular Biosciences | www.frontiersin.org August 2021 | Volume 8 | Article 6793455

Li et al. miR-330-5p in Exosome Attenuates Osteogenesis

100

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


FIGURE 2 | The osteogenic effects of PT-sEV on pre-osteoblasts. (A) The identification of sEVs, including scanning electron microscope and NTA results, scale
bar: 100 nm; (B) The identification of pre-osteoblasts, including morphology and alizarin red s staining, scale bar: 100 μm; (C) The effect of PT-sEV on proliferation in pre-
osteoblasts at 24 or 48 h, the raw data represented the mean ± SD, Un-sEV: sEVs dereived from untreated BMSCs; PT-sEV20: 20 μg/μl PT-sEV, PT-sEV50: 50 μg/μl
PT-sEV, PT-sEV100: 100 μg/μl PT-sEV (D, E) The protein and mRNA expression of osteogenic differentiation related factor treated with PT-sEV, Un-sEV: sEVs
dereived from untreated BMSCs; PT-sEV20: 20 μg/μl PT-sEV, PT-sEV50: 50 μg/μl PT-sEV, PT-sEV100: 100 μg/μl PT-sEV, the normalized data represented themean ±
SD; (F) The immunofluorescence results of BMP-2, scale bar: 100 μm; (G) The alizarin red s staining revealed the mineral nodules, scale bar: 100 μm; (H) The mRNA
expression of osteogenic differentiation related factor under the co-culture system, the normalized data represented themean ± SD. *p < 0.05, **p < 0.01, analyses were
done twice and obtained comparable results.
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The miRNA Profile of PT-sEV
To uncover the underlying mechanism for the increased
osteogenesis in OVX rats, the miRNA profiles of PT-sEV were

analyzed. The results showed that there were 201 differentially
expressed miRNAs, including 120 upregulated and 81
downregulated miRNAs, such as miR-330-5p, miR-671 and

FIGURE 3 | PT-sEV moderated bone mass and bone microstructure in OVX rats. (A) The BMD at different positions in different groups (n � 4), the raw data
represented the replicate value; (B) The BMI, the content of fatty and content of BMC in different groups (n � 4), the raw data represented the replicate value; (C) The
micro-CT results of femur (n � 4), the raw data represented the replicate value; (D) Themicro-CT results of lumbar vertebrae (n � 3), the raw data represented the replicate
value; (E) HE staining of femur, scale bar: 200 μm; (F) HE staining of lumbar vertebrae, scale bar: 200 μm or 100 μm *p < 0.05, **p < 0.01, ns: non-significant,
analyses were done twice and obtained comparable results.
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miR-455-5p (Figure 5A). We used qPCR to verify the accuracy of
RNA-Sequence, and these results confirmed the altered
expression of miRNAs (Figure 5B). We also evaluated miR-

330-5p expression in BMSCs following PT intervention
(Figure 5C), as well miR-330-5p expression within different
tissues in Sham and OVX rats. The results showed that miR-

FIGURE 4 | PT-sEV stimulated the expression of bone turnover markers and osteogenesis related factors in OVX rats. (A) The morphology of uterus in different
group (n � 2); (B) The uterus weight, uterus index and body weight in different groups (n � 6), the raw data represented the replicate value; (C) The content of bone
turnover biomarkers in serum, the raw data represented the replicate value; (D) The protein and mRNA expression of osteogenic related factor in femur, the normalized
data represented the mean ± SD; (E) The protein and mRNA expression of osteogenic related factor in lumbar vertebrae, the normalized data represented the
mean ± SD; (F) ICH results of COL1A1 in femur; (G) ICH results of COL1A1 inlumbar vertebrae, scale bar: 100 μm *p < 0.05, **p < 0.01, analyses were done twice and
obtained comparable results.
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330-5p expression was significantly increased in the lumbar
vertebrae, tibia, humerus and brain, but was significantly
decreased in the muscle, but these data were not significantly
different in OVX rats (Figure 5D).

miR-330-5p Targeted Tenasin C to
Attenuate Osteogenic Differentiation in
BMSCs and Pre-Osteoblasts
To determine the effect of miR-330-5p on osteogenic
differentiation, specific mimic and inhibitor were transfected
into both BMSCs and pre-osteoblasts. The results showed that
compared with the negative control group (NC), the protein and
mRNA expression of osteogenic related factor was attenuated in
the miR-330-5p mimic group, while the expression of these
mRNAs and proteins were increased in the miR-330-5p
inhibitor group (Figures 6A,C). Furthermore, alizarin red S
staining showed that calcium deposits were increased in the
miRNA inhibitor group, but decreased in the mimic group
(Figures 6B,D). TargetScan and miRbase were used to predict
target genes of miR-330-5p. Subsequently, a GFP reporter fusion
gene was constructed, which showed that Tnc is a target gene of
miR-330-5p. Compared with the NC group, miR-330-5p mimic
significantly attenuated the fluorescence intensity of wild-type
(WT) reporter but had no effect on the mutant reporter
(Figure 6E).

miR-330-5p Mediated Wnt Signaling to
Regulate the Osteogenic Differentiation of
Pre-osteoblasts
Previous research had indicated that Tnc is an inhibitor of Dkk-
1, which acts as a traditional Wnt signaling inhibitor. In this
study, we followed the published data and chose 10 μM
Dickkopf-1 (Dkk-1) in the following experiment. Therefore,
we hypothesized that miR-330-5p could regulate Wnt/
β-catenin signaling. To further test this hypothesis, we
evaluated β-catenin expression following treatment with
miRNA mimic or inhibitor (Figure 7A). The results showed
that β-catenin expression was increased with miR-330-5p
overexpression, but was decreased by the miR-330-5p
inhibitor in both pre-osteoblasts and BMSCs.

Further rescue experiment showed that miR-330-5p could
block the effects of Dkk-1, while the osteogenic effects of
miRNA mimic could be rescued by Dkk-1 in pre-osteoblasts
(Figures 7B,C). Furthermore, we also examined the
expression of Wnt related factors in the bone tissue. The
results revealed that β-catenin, Wnt3a, and LRP5 were
downregulated in OVX rats, PT-sEV treatment attenuated
these effects in OVX rats (Figure 7D). We also analyzed the
mRNA of Tcf and Lef (Supplementary Material S2) in the bone
tissue, which are typical transcription factors for β-catenin
expressed in the nucleus.

FIGURE 5 | ThemiRNA profile of PT-sEV. (A) The heatmap of differentially expressedmiRNA; (B) qPCR verified these differentially expressedmiRNA in the different
group, the normalized data represented the mean ± SD; (C) The miR-330–5p expression under the treatment of PT in BMSCs; (D)miR-330–5p expression at different
tissues in OVX rats. The normalized data represented the mean ± SD. **p < 0.01, analyses were done twice and obtained comparable results.
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DISCUSSION

Osteoporosis is an aging related disease, which particularly
affects postmenopausal women, who suffer high risks of
fracture and morbidity. Currently, the existing therapeutic
options for osteoporosis are flawed, so it is urgent to explore
alternative agents that have fewer side effects. Several studies
have shown that traditional Chinese medicines have beneficial
effects for preventing and curing bone diseases
(Abiramasundari et al., 2017). PT is a traditional Chinese
medicine that has been used for many years to treat bone
diseases. In this study, we showed that PT had no significant
effects on the proliferation of BMSCs, but significantly
promoted their osteogenic differentiation. Previous studies
have shown that PT extracts can reverse glucocorticoid-
induced spinal osteoporosis in rats via targeting osteoblastic
and osteoclastic markers (An et al., 2016); PT extracts have also
been shown to promote BMSCs proliferation and osteogenic
differentiation by regulating Let-7f-5p and the TNFR2/PI3K/
AKT signaling pathway (Liang et al., 2016). Therefore, it has
been well-proven that the osteogenic effect of PT is closely
related to BMSCs activity.

Recently, the beneficial effects of BMSCs for bone diseases
have been attributed to paracrine effects induced by sEVs,
which can modulate the bone microenvironment to
maintain dynamic cellular homeostasis. In this study, we
separated sEVs from PT-preconditioned or untreated
BMSCs, and then demonstrated that PT-sEV could stimulate
the proliferation, osteogenic differentiation, and mineral
deposition of osteoblasts. Similarly, another recent study
showed that sEVs derived from kartogenin-preconditioned
MSCs could stimulate chondrogenesis (Shen et al., 2018).
Dimethyloxaloylglycine-stimulated human BMSCs-derived
sEVs also increased bone regeneration by promoting
angiogenesis (Jing et al., 2020). Studies have indicated that
several anti-osteoporosis drugs have estrogen-like effect;
therefore, we wondered if there was any estrogen-like effect
of PT-sEV. We observed that OVX rats had smaller and
narrower uteri than rats of the Sham group, and PT-sEV did
not significantly alter these phenotypes; additionally, serum E2
levels were not significantly different between the OVX and PT-
sEV group. Therefore, we concluded that PT-sEV did not have
estrogen-like effects.

We further evaluated osteogenesis in PT-sEV treated OVX
rats. PT-sEV significantly enhanced BMD of the whole body,
head, humerus, lumbar vertebrae, tibia, and femur in OVX rats.
Liao et al. demonstrated that BMSCs-derived sEVs carrying
miR-122-5p stimulated BMD during osteonecrosis of the
femoral head (Liang et al., 2019). Femur and lumbar
vertebrae more easily suffer fragility than other positions in
osteoporosis; therefore, it is crucial to evaluate the altered bone
mass and microstructure in these two sites. We used micro-CT
and H and E staining to analyze bone quality and quantity in
these two sites. OVX rats given PT-sEV showed moderated
bone mass and bone microstructure, and elevated protein and

FIGURE 6 | miR-330–5p targeted Tnc to attenuate osteogenic
differentiation in BMSCs and pre-osteoblasts. (A) The protein and mRNA
expression of osteogenic differentiation when overexpressing or inhibiting
miR-330–5p in BMSCs, the normalized data represented the mean ±
SD; (B) The representative pictures of alizarin red s staining in BMSCs, scale
bar: 100 μm (A)Con (B)NC (C)miR-330–5pmimic (D)miR-330–5p Inhibitor;
(C) the protein and mRNA expression of osteogenic differentiation when
overexpressing or inhibiting miR-330–5p in pre-osteoblasts, the normalized
data represented the mean ± SD; (D) The representative pictures of alizarin
red s staining in pre-osteoblasts, scale bar: 100 μm (A) Con (B) NC (C) miR-
330–5p mimic (D) miR-330–5p Inhibitor; (E) The dual-fluorescence reporter
assay identify the affinity of Tnc and miR-330–5p. *p < 0.05, **p < 0.01,
analyses were done twice and obtained comparable results.
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FIGURE 7 |miR-330–5pmediatedWnt signaling to regulate the osteogenic differentiation of pre-osteoblasts. (A) The β-catenin expression when overexpressed or
inhibited miR-330–5p, the normalized data represented the mean ± SD; (B) The rescue experiments showed the protein expression of osteogenic related factors and
β-catenin, the normalized data represented the mean ± SD; (C) The rescue experiments showed the mRNA expression of osteogenic related factors and β-catenin, the
normalized data represented the mean ± SD; (D) The Wnt signaling related factor expression in the femur, the normalized data represented the mean ± SD. *p <
0.05, **p < 0.01, analyses were done twice and obtained comparable results.
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mRNA levels of osteogenic differentiation related factors. Li
et al. proved that sEVs secreted by BMSCs facilitated osteogenic
differentiation (Liao et al., 2019). Liang et al. demonstrated that
sEVs derived from MSCs enhance bone regeneration and
angiogenesis in critical-sized calvarial defect rat models (Jing
et al., 2020). Nevertheless, serum levels of bone turnover
markers could reflect the status of bone metabolism to some
degree, but there was no significant difference between the OVX
and PT-sEV groups. Higher fat content and increased BMI are
other characteristics of OVX rats (Nam et al., 2017; Li et al.,
2021). In this study, PT-sEV diminished these phenotypes. In
conclusion, PT-sEV not only stimulated osteogenic
differentiation of osteoblasts, but also strengthened bone
formation in OVX rats.

sEVs deliver cargo to receiving cells, which functions as a
mean of communicating between cells. The different effects of
sEVs depend on their cargo proteins, nucleic acids, and lipids.
Previous studies have indicated that human adipose-derived
stem cells altered the expression of exosomal miRNAs that
promoted osteogenic differentiation (Sharma et al., 2017).
Exosomal miR-128-3p from MSCs of aged rats regulates
osteogenesis and bone fracture healing by targeting Smad5
(Yang et al., 2019). In this study, we analyzed the miRNA
profile of PT preconditioned and untreated BMSCs, and
found a series of miRNAs with altered expression, including
miR-330–5p. miRNA gain and loss-of-function experiments
showed that miR-330-5p attenuated osteogenic differentiation
in pre-osteoblasts and BMSCs. Alizarin red S staining showed
that miR-330-5p was negatively correlated with mineral
nodules. Jin et al. demonstrated that silencing miR-330-5p
could stimulate osteogenesis in BMSCs (Xu et al., 2020). Yoo
et al. indicated that miR-330-5p was highly upregulated during
BMSCs senescence (Jin et al., 2020), Therefore, miR-330-5p is a
negative regulator of bone formation.

Further experimentation proved that the relevant target
gene of miR-330-5p is Tnc, which is known to induce
osteoblastic differentiation (Yoo et al., 2014) and protect
against acute kidney injury by recruiting Wnt ligands. Tnc
has also been shown to downregulate the Wnt inhibitor Dkk-
1 in a neuroendocrine tumor model (Morgan et al., 2011).
Therefore, we concluded that the function of miR-330-5p
may involve the Wnt pathway. Therefore, we also detected
the expression of β-catenin in the miR-330-5p gain and loss-
of-function experiments, which showed that miR-330-5p
positively regulates β-catenin expression. We then analyzed
expressions of the Wnt pathway members LRP5, Wnt3a, and
β-catenin in bone tissue, as well the mRNA expression of Tcf
and Lef. The results showed that Wnt signaling was re-activated
following PT-sEV treatment in OVX rats. Disrupting Wnt
signaling in the osteoblastic lineage leads to bone formation
defects and osteoporosis (Saupe et al., 2013). Huybrechts et al.,
2020 reviewed the underlying genetic disorders with altered
bone mass and found that all are involved in the canonical
Wnt pathway (Jing et al., 2018). Further rescue experiments
showed that miR-330-5p mimic could restore Wnt signaling,

which was inactivated by Dkk-1. Thus, Wnt signaling positively
regulated osteogenic differentiation of BMSCs and pre-
osteoblasts.

CONCLUSION

This study indicated that sEVs derived from PT-preconditioned
BMSCs could stimulate osteogenesis in native BMSCs by
delivering miR-330-5p, which targeted Tnc to modulate Wnt
signaling. PT-sEV could become an innovative sEVs-based
strategy of promoting osteogenic differentiation, which could
be used in the future to prevent and cure osteoporosis.

DATA AVAILABILITY STATEMENT

The data and materials used to support the findings of this
experiment are available from the corresponding or first author
upon reasonable request. The raw data has been deposited at:
www.jianguoyun.com/p/DdsUHosQ0e_KCRju2YQE.

ETHICS STATEMENT

The animal study was reviewed and approved by Jinan
University.

AUTHOR CONTRIBUTIONS

RZ, LY designed and conducted the whole experiment XL, YC
completed most of the experiments and draft the manuscript QL,
RC, PW, and XZ assisted the measurement of related parameters
and revised the manuscript.

FUNDING

This work was supported by the national natural science
foundation of China (grant no. 81873202, 81973717, and
82074287), National Key R and D Program of China (No.
2018YFC2002500), national natural science of Guangdong
province (No. 2020A1515010645), Guangdong Science and
Technology Program Project-Guangdong Provincial Key
Laboratory of Traditional Chinese Medicine Informatization
(2021B1212040007) and Guangzhou science and Technology
Program Project (201903010100).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.679345/
full#supplementary-material

Frontiers in Molecular Biosciences | www.frontiersin.org August 2021 | Volume 8 | Article 67934512

Li et al. miR-330-5p in Exosome Attenuates Osteogenesis

107

http://www.jianguoyun.com/p/DdsUHosQ0e_KCRju2YQE
https://www.frontiersin.org/articles/10.3389/fmolb.2021.679345/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.679345/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


REFERENCES

Abiramasundari, G., Gowda, C. M. M., Pampapathi, G., Praveen, S.,
Shivamurugan, S., Vijaykumar, M., et al. (2017). Ethnomedicine Based
Evaluation of Osteoprotective Properties of Tinospora Cordifolia on In
Vitro and In Vivo Model Systems. Biomed. Pharmacotherapy Concepts 87,
342–354. doi:10.1016/j.biopha.2016.12.094

An, J., Yang, H., Zhang, Q., Liu, C., Zhao, J., Zhang, L., et al. (2016). Natural
Products for Treatment of Osteoporosis: The Effects and Mechanisms on
Promoting Osteoblast-Mediated Bone Formation. Life Sci. 147, 46–58.
doi:10.1016/j.lfs.2016.01.024

Appelman-Dijkstra, N. M., and Papapoulos, S. E. (2015). Modulating Bone Resorption
and Bone Formation in Opposite Directions in the Treatment of Postmenopausal
Osteoporosis. Drugs 75 (10), 1049–1058. doi:10.1007/s40265-015-0417-7

Chen, D. F., Zeng, H. P., Du, S. H., Li, H., Zhou, J. H., Li, Y. W., et al. (2007).
Extracts from Plastrum Testudinis Promote Proliferation of Rat Bone-Marrow-
Derived Mesenchymal Stem Cells. Cell Prolif 40 (2), 196–212. doi:10.1111/j.
1365-2184.2007.00431.x

Chinese Pharmacopoeia Commission (2020). Pharmacopoeia of the People’s
Republic of China [M], Vol. 1. Beijing: China Medical Science and
Technology Press, 187–188.

Huybrechts, Y., Mortier, G., Boudin, E., and Van Hul, W. (2020). WNT Signaling
and Bone: Lessons from Skeletal Dysplasias and Disorders. Front. Endocrinol.
11, 165. doi:10.3389/fendo.2020.00165

Jin, S. L., Bai, Y. M., Zhao, B. Y., Wang, Q. H., and Zhang, H. S. (2020). Silencing of
miR-330-5p Stimulates Osteogenesis in BoneMarrowMesenchymal Stem Cells
and Inhibits Bone Loss in Osteoporosis by Activating Bgn-Mediated BMP/
Smad Pathway. Eur. Rev. Med. Pharmacol. Sciconcepts 24 (8), 4095–4102.
doi:10.26355/eurrev_202004_20987

Jing, H., Su, X., Gao, B., Shuai, Y., Chen, J., Deng, Z., et al. (2018). Epigenetic
Inhibition of Wnt Pathway Suppresses Osteogenic Differentiation of BMSCs
during Osteoporosis. Cell Death Dis 9 (2), 176. doi:10.1038/s41419-017-0231-0

Jing, H., Zhang, X., Luo, K., Luo, Q., Yin, M., Wang, W., et al. (2020). miR-381-
abundant Small Extracellular Vesicles Derived from Kartogenin-Preconditioned
Mesenchymal Stem Cells Promote Chondrogenesis of MSCs by Targeting
TAOK1. Biomaterials 231, 119682. doi:10.1016/j.biomaterials.2019.119682

Li, D., Liu, J., Guo, B., Liang, C., Dang, L., Lu, C., et al. (2016). Osteoclast-derived
Exosomal miR-214-3p Inhibits Osteoblastic Bone Formation. Nat.
Communconcepts 7, 10872. doi:10.1038/ncomms10872

Li, Q., Huang, Q.-P., Wang, Y.-L., and Huang, Q.-S. (2018). Extracellular Vesicle-
Mediated Bone Metabolism in the Bone Microenvironment. J. Bone Miner
Metab. 36 (1), 1–11. doi:10.1007/s00774-017-0860-5

Li, Y., Wang, J., Ma, Y., Du, W., Feng, K., and Wang, S. (2021). miR-101-loaded
Exosomes Secreted by Bone Marrow Mesenchymal Stem Cells Requires the
FBXW7/HIF1α/FOXP3 axis, Facilitating Osteogenic Differentiation. J. Cel
Physiol 236, 4258–4272. doi:10.1002/jcp.30027

Liang, B., Liang, J.-M., Ding, J.-N., Xu, J., Xu, J.-G., and Chai, Y.-M. (2019).
Dimethyloxaloylglycine-stimulated Human Bone Marrow Mesenchymal Stem
Cell-Derived Exosomes Enhance Bone Regeneration through Angiogenesis by
Targeting the AKT/mTOR Pathway. Stem Cel Res Ther. Concepts 10 (1), 11.
doi:10.1186/s13287-019-1410-y

Liang, D., Ren, H., Qiu, T., Shen, G., Xie, B., Wei, Q., et al. (2016). Extracts from
Plastrum Testudinis Reverse Glucocorticoid-Induced Spinal Osteoporosis of
Rats via Targeting Osteoblastic and Osteoclastic Markers. Biomed.
Pharmacotherapy Concepts 82, 151–160. doi:10.1016/j.biopha.2016.04.068

Liao, W., Ning, Y., Xu, H.-J., Zou, W.-Z., Hu, J., Liu, X.-Z., et al. (2019). BMSC-
derived Exosomes Carrying microRNA-122-5p Promote Proliferation of
Osteoblasts in Osteonecrosis of the Femoral Head. Clin. Sci. Concepts 133
(18), 1955–1975. doi:10.1042/CS20181064

Liu, H., Xiong, Y., Wang, H., Yang, L., Wang, C., Liu, X., et al. (2018). Effects of
Water Extract from Epimedium on Neuropeptide Signaling in an
Ovariectomized Osteoporosis Rat Model. J. Ethnopharmacol. 221, 126–136.
doi:10.1016/j.jep.2018.04.035

Liu, L., Yu, F., Li, L., Zhou, L., Zhou, T., Xu, Y., et al. (2021). Bone Marrow Stromal
Cells Stimulated by Strontium-Substituted Calcium Silicate Ceramics: Release
of Exosomal miR-146a Regulates Osteogenesis and Angiogenesis. Acta
Biomater. 119, 444–457. doi:10.1016/j.actbio.2020.10.038

Ma, X., and Yu, J. (2020). Role of the Bone Microenvironment in Bone Metastasis
of Malignant Tumors - Therapeutic Implications. Cell Oncol. 43 (5), 751–761.
doi:10.1007/s13402-020-00512-w

Morgan, J. M., Wong, A., Yellowley, C. E., and Genetos, D. C. (2011). Regulation of
Tenascin Expression in Bone. J. Cel. Biochem. 112 (11), 3354–3363. doi:10.
1002/jcb.23265

Nam, S. J., Chung, S. I., Ryu, S. N., and Kang, M. Y. (2017). Effect of Bran Extract
from Pigmented Rice Superjami on the Lipid and Glucose Metabolisms in a
Postmenopause-like Model of Ovariectomized Rats. Cereal Chem. J. 94 (3),
424–429. doi:10.1094/CCHEM-04-16-0112-R

Ren, H., Shen, G., Tang, J., Qiu, T., Zhang, Z., Zhao, W., et al. (2017). Promotion Effect of
Extracts from Plastrum Testudinis on Alendronate against Glucocorticoid-Induced
Osteoporosis in Rat Spine. Sci. Rep. 7 (1), 10617. doi:10.1038/s41598-017-10614-5

Saupe, F., Schwenzer, A., Jia, Y., Gasser, I., Spenlé, C., Langlois, B., et al. (2013).
Tenascin-C Downregulates Wnt Inhibitor Dickkopf-1, Promoting
Tumorigenesis in a Neuroendocrine Tumor Model. Cel Rep. 5 (2), 482–492.
doi:10.1016/j.celrep.2013.09.014

Sharma, R., Sharma, N. K., and Thungapathra, M. (2017). Resveratrol Regulates
BodyWeight in Healthy and Ovariectomized Rats.Nutr. Metab. (Lond)concepts
14, 30. doi:10.1186/s12986-017-0183-5

Shen, G.-Y., Ren, H., Huang, J.-J., Zhang, Z.-D., Zhao, W.-H., Yu, X., et al. (2018).
Plastrum Testudinis Extracts Promote BMSC Proliferation and Osteogenic
Differentiation by Regulating Let-7f-5p and the TNFR2/PI3K/AKT Signaling
Pathway. Cell Physiol BiochemConcepts 47 (6), 2307–2318. doi:10.1159/000491541

Su, S.-A., Xie, Y., Fu, Z., Wang, Y., Wang, J.-A., and Xiang, M. (2017). Emerging Role
of Exosome-Mediated Intercellular Communication in Vascular Remodeling.
Oncotarget 8 (15), 25700–25712. doi:10.18632/oncotarget.14878

Torricelli, P., Fini, M., Giavaresi, G., Borsari, V., Carpi, A., Nicolini, A., et al. (2003).
Comparative Interspecies Investigation on Osteoblast Cultures: Data on Cell
Viability and Synthetic Activity. Biomed. Pharmacother. 57 (1), 57–62. doi:10.
1016/s0753-3322(02)00329-3

Wang, T.-T., Chen, W., Zeng, H.-P., and Chen, D.-F. (2012). Chemical
Components in Extracts from Plastrum Testudinis with Proliferation-
Promoting Effects on Rat Mesenchymal Stem Cells. Chem. Biol. Drug
DesignConcepts 79 (6), 1049–1055. doi:10.1111/j.1747-0285.2012.01361.x

Xu, T., Luo, Y., Wang, J., Zhang, N., Gu, C., Li, L., et al. (2020). Exosomal miRNA-
128-3p fromMesenchymal Stem Cells of Aged Rats Regulates Osteogenesis and
Bone Fracture Healing by Targeting Smad5. J. Nanobiotechnol 18 (1), 18. doi:10.
1186/s12951-020-00601-w

Yang, S., Guo, S., Tong, S., and Sun, X. (2019). Promoting Osteogenic
Differentiation of Human Adipose-Derived Stem Cells by Altering the
Expression of Exosomal miRNA. Stem Cells InternationalConcepts 2019,
1–15. doi:10.1155/2019/1351860

Yoo, J. K., Kim, C.-H., Jung, H. Y., Lee, D. R., and Kim, J. K. (2014). Discovery and
Characterization of miRNA during Cellular Senescence in Bone Marrow-
Derived Human Mesenchymal Stem Cells. Exp. Gerontol. 58, 139–145.
doi:10.1016/j.exger.2014.07.020

Yue, B., Yang, H., Wang, J., Ru, W., Wu, J., Huang, Y., et al. (2020). Exosome
Biogenesis, Secretion and Function of Exosomal miRNAs in Skeletal Muscle
Myogenesis. Cel Prolif 53 (7), 10. doi:10.1111/cpr.12857

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Cui, Lin, Wang, Chen, Zhu, Yang and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org August 2021 | Volume 8 | Article 67934513

Li et al. miR-330-5p in Exosome Attenuates Osteogenesis

108

https://doi.org/10.1016/j.biopha.2016.12.094
https://doi.org/10.1016/j.lfs.2016.01.024
https://doi.org/10.1007/s40265-015-0417-7
https://doi.org/10.1111/j.1365-2184.2007.00431.x
https://doi.org/10.1111/j.1365-2184.2007.00431.x
https://doi.org/10.3389/fendo.2020.00165
https://doi.org/10.26355/eurrev_202004_20987
https://doi.org/10.1038/s41419-017-0231-0
https://doi.org/10.1016/j.biomaterials.2019.119682
https://doi.org/10.1038/ncomms10872
https://doi.org/10.1007/s00774-017-0860-5
https://doi.org/10.1002/jcp.30027
https://doi.org/10.1186/s13287-019-1410-y
https://doi.org/10.1016/j.biopha.2016.04.068
https://doi.org/10.1042/CS20181064
https://doi.org/10.1016/j.jep.2018.04.035
https://doi.org/10.1016/j.actbio.2020.10.038
https://doi.org/10.1007/s13402-020-00512-w
https://doi.org/10.1002/jcb.23265
https://doi.org/10.1002/jcb.23265
https://doi.org/10.1094/CCHEM-04-16-0112-R
https://doi.org/10.1038/s41598-017-10614-5
https://doi.org/10.1016/j.celrep.2013.09.014
https://doi.org/10.1186/s12986-017-0183-5
https://doi.org/10.1159/000491541
https://doi.org/10.18632/oncotarget.14878
https://doi.org/10.1016/s0753-3322(02)00329-3
https://doi.org/10.1016/s0753-3322(02)00329-3
https://doi.org/10.1111/j.1747-0285.2012.01361.x
https://doi.org/10.1186/s12951-020-00601-w
https://doi.org/10.1186/s12951-020-00601-w
https://doi.org/10.1155/2019/1351860
https://doi.org/10.1016/j.exger.2014.07.020
https://doi.org/10.1111/cpr.12857
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


LBX2-AS1 as a Novel Diagnostic
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Facilitates Multiple Myeloma
Progression by Enhancing mRNA
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Objective: Multiple myeloma (MM) represents a common age-associated malignancy
globally. The function and underlying mechanism of antisense lncRNA LBX2-AS1 remain
ambiguous in multiple myeloma (MM). Herein, we aimed to observe the biological
implication of this lncRNA in MM.

Methods: RT-qPCR was employed to examine circulating LBX2-AS1 and LBX2 in 60
paired MM and healthy subjects. Correlation between the two was analyzed by Pearson
test. Under transfection with shLBX2-AS1, proliferation and apoptosis were evaluated in
MM cells through CCK-8, colony formation and flow cytometry. LBX2 expression was
examined in MM cells with shLBX2-AS1 or pcDNA3.1-LBX2 transfection. Following
treatment with cycloheximide or actinomycin D, LBX2 expression was examined in
pcDNA3.1-LBX2-transfected MM cells at different time points. Rescue assays were
then presented. Finally, xenograft tumor models were established.

Results: Circulating LBX2-AS1 was up-regulated in MM patients and positively correlated
to LBX2 expression. Area under the curve (AUC) of LBX2-AS1 expression was 0.7525. Its
up-regulation was also found in MM cells and primarily distributed in cytoplasm. LBX2-AS1
knockdown distinctly weakened proliferative ability and induced apoptosis in MM cells.
Overexpressing LBX2-AS1 markedly strengthened LBX2 expression by increasing its
mRNA stability. Rescue assays showed that silencing LBX2-AS1 distinctly weakened the
pcDNA3.1-LBX2-induced increase in proliferation and decrease in apoptosis for MM cells.
Silencing LBX2-AS1 markedly weakened tumor growth.

Conclusion: Our data demonstrated that circulating LBX2-AS1 could be an underlying
diagnostic marker in MM. Targeting LBX2-AS1 suppressed tumor progression by affecting
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mRNA stability of LBX2 in MM. Hence, LBX2-AS1 could be a novel therapeutic marker
against MM.

Keywords: multiple myeloma, LBX2-AS1, LBX2, mRNA stability, proliferation, apoptosis

INTRODUCTION

Multiple myeloma (MM), a B-cell malignant disease, has a feature
with aberrant proliferative capacities of plasmocytes in the bone
marrow (Wang et al., 2020). Stem cell transplantation,
radiotherapy, chemotherapy as well as targeted therapy are the
main treatment strategies for MM (Pan et al., 2019). However, the
survival outcome remains undesirable. The 5-years overall
survival rate is approximately 45% (Amodio et al., 2018).
Hence, in-depth research is warranted to probe into the
molecular mechanisms underlying MM to develop more
favorable therapeutic strategies against MM.

The occurrence and progression of MM is the result of the
joint action of genetic and environmental factors (Foltz et al.,
2020). At the cellular level, it shows the uncontrollability of cell
growth and proliferation, while it shows overexpressed
oncogenes as well as inactivated tumor suppressor genes at
the genetic level (Szcześniak et al., 2020). Long non-coding
RNA (LncRNA) is a type of RNA with a length of >200
nucleotides, most of which do not have the capacity to
encode proteins (Arun et al., 2018). LncRNA is specifically
distributed in different tissues or cancer cells (Statello et al.,
2021). LBX2 antisense RNA 1 (LBX2-AS1), a novel lncRNA,
exerts an oncogenic role in different malignancies. For
instance, LBX2-AS1 is up-regulated in gastric cancer and
silencing LBX2-AS1 restrains proliferative, migratory, and
invasive capacities of gastric cancer cells by miR-491-5p/
ZNF703, miR-219a-2-3p/FUS or miR-4766-5p/CXCL5 axis
(Peng et al., 2020; Xu et al., 2020; Yang et al., 2020). High
expression of LBX2-AS1 is also reported in ovarian cancer and
its up-regulation is in relation to undesirable survival outcome
(Cao et al., 2021). LBX2-AS1 may promote ovarian cancer
progression through miR-455-5p/E2F2, miR-491-5p/E2F2
(Cao et al., 2021) and miR-4784/KDM5C axis (Gu et al.,
2021). Furthermore, LBX2-AS1 that can be activated
through ZEB1, accelerates migration and epithelial-
mesenchymal transition in esophageal squamous cell
carcinoma via interaction with HNRNPC, thereby
stabilizing ZEB1 as well as ZEB2 (Zhang et al., 2019).
LBX2-AS1 up-regulation exhibits correlation to the staging,
metastasis, and prognosis of hepatocellular carcinoma patients
(Wang et al., 2020c). It may drive hepatocellular carcinoma
progression via miR-384/IRS1 pathway (Wang et al., 2020c).
Also, this lncRNA accelerates proliferation as well as
metastases via Notch pathway in non-small cell lung cancer
(Tang et al., 2019). Given the previous findings, LBX2-AS1
plays critical roles in carcinogenesis. Nevertheless, its function
and mechanism in the progression of MM remain
undetermined. Herein, we observed the clinical implications
and biological roles of LBX2-AS1 in MM, which might
contribute to therapeutic improvement in MM.

MATERIALS AND METHODS

Patients
From January 2018 to December 2019, 60 patients with MM who
were newly diagnosed in The Second Affiliated Hospital of
Shandong First Medical University were included in this
study. Inclusion criteria were as follows: 1) The diagnosis of
MM complied with the 2003 International Myeloma Working
Group (2003) (IMWG)MMdiagnostic criteria (2003); 2) patients
had complete clinical information; 3) patients were newly
diagnosed as MM and did not receive any treatment.
Exclusion criteria were as follows: 1) Patients combined with
malignant tumor history or treatment history; 2) patients
combined with leukemia, lymphoma, and other blood system
diseases; 3) patients had infectious diseases such as pneumonia
and tuberculosis; 4) patients had neuropsychiatric disorders who
cannot cooperate with treatment; 5) patients received other
treatments in the past. There were 32 males and 28 females.
Average age was 56.3 ± 7.2. According to the International
Staging System (ISS) (Greipp et al., 2005), there were 14 cases
with stage I (β2-MG ≤ 3.5 mg/L and albumin >35 g/L), 20 cases
with stage II (3.5 mg/L < β2-MG < 5.5 mg/L), 26 cases with stage
III (β2-MG ≥ 5.5 mg/L). According to DS staging, there were 13
cases of stage I, 13 cases of stage II, and 34 cases of stage III.
Diagnosis types were as follows: 34 cases of IgG type, 15 cases of
IgA type, 11 cases of light chain type and other types. Hemoglobin
of 38 cases was <100 g/L and 22 cases ≥100 g/L. Blood calcium of
39 cases was <2.98 mmol/L and 21 cases ≥2.98 mmol/L. There
were 36 cases with lactate dehydrogenase <245 U/L and 24 cases
with ≥245 U/L. 60 healthy people who received physical
examination during the same period served as controls,
including 30 males and 30 females. Average age was 57.6 ±
5.5. This study was approved by the Ethics Committee of The
Second Affiliated Hospital of Shandong First Medical University
(2021-007). All patients signed the written informed consent.

Blood Specimen Collection
5 ml of venous blood was collected on fasting in the morning on
the day of admission. Blood samples were placed at room
temperature for 30 min. Then, samples were centrifuged at
3,000 r/min for 10 min. After the centrifugation, samples were
transferred to a new centrifuge tube and stored in −80°C ultra-low
temperature refrigerator.

Real-Time Quantitative PCR
Total RNA was extracted from serum specimens, cells, or tissues
by Trizol reagent. 1 μg RNA was used as a template for reverse
transcription to synthesize cDNA. The SYBR Premix Ex Taq Kit
(DRR041; TaKaRa) was used for RT-qPCR on the ABI PRISM
7900 qRT-PCR instrument (ABI, United States). The reaction
system contained 2 μl 5 × primerScript Buffer, 1 μl PrimerScript
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RT Enzyme Mix Ⅰ, 10 μl template, 1 μl neck loop primer and
DEPC water. Total reaction system was as follows: 10 μl 2 ×
Master Mix, 1 μl forward and reverse primers, 1 μl cDNA, and
7 μl RNase-free water. The reaction conditions were as follows: at
95°C for 2 min, at 95°C for 20 s, at 60°C for 20 s, at 70°C for 20 s, a
total of 39 cycles. The primer sequences were as follows: LBX2-
AS1: 5′-CGTGGGGAATGGACCCATAG-3′ (forward), 5′-GGA
CTTGCCCTTGGTGACTC-3′ (reverse); LBX2: 5′-TCCAGG
GCGGAAAACAACTC-3′ (forward), 5′-GTGCTAAGCTGC
ACAGGACT-3′ (reverse); β-actin: 5′-CTCCATCCTGGCCTC
GCTGT-3′ (forward), 5′-GCTGTCACCTTCACCGTTCC-3′
(reverse); 18S rRNA: 5′-GTAACCCGTTGAACCCCATT-3′
(forward), 5′-CCATCCAATCGGTAGTAGCG-3′ (reverse);
U6: 5ʹ-CTCGCTTCGGCAGCACA-3ʹ (forward), 5ʹ-AACGCT
TCACGAATTTGCGT-3ʹ (reverse). Relative expression was
determined with the 2−ΔΔCt method.

Cell Culture
Human MM cell lines NCI-H929 and U266 were retrieved from
the American Type Culture Collection. They were cultured in
RPMI medium 1,640 (118,75127; Gibco, Carlsbad, CA,
United States) plus 10% fetal bovine serum (164,210-500;
Gibco) and 1% penicillin–streptomycin at 37°C in a
humidified incubator of 5%. Furthermore, normal human
marrow CD138+plasmocytes were acquired through CD138
magnetic beads (18,000; Stem cell, United States).

Subcellular Fractionation Assay
Using the cytoplasmic and nuclear RNA purification kit (Ontario,
Canada), LBX2-AS1 expression in cytoplasm as well as nucleus
was detected through RT-qPCR. U6 and 18S separately served as
the nuclear and cytoplasmic controls.

Transfection
The shRNA negative control (shNC): 5′-CCGCCTTAATGT
GCAATAAAGCAGCCTCGAGGCTGCTTTATTGCACAT
TAAGTTTTTG-3′, shLBX2-AS1#1: 5′-CCGCCAAGTTATAAA
ACTATAATGCCTCGAGGCATTATAGTTTTATAACTTGTT
TTTG-3′, shLBX2-AS1#2: 5′-CCGCGGAATGTTTGCTGAATT
AATGCTCGAGCATTAATTCAGCAAACATTCCTTTTTG-3′,
pcDNA3.1 vectors expressing LBX2-AS1 and LBX2 as well as
empty vectors were purchased from Genechem (Shanghai,
China). The well-growing MM cells were seeded on a 6-well
plate (2 × 105/well). When cells reached 80% confluence,
100 pmol transfection plasmid and 5 μl transfection reagent
lipofectamine 2,000 were diluted with serum-free Opti-MEM
medium. After mixing the two, they were incubated at room
temperature lasting 5 min. Then, cells were separately transfected
into sh-NC, shLBX2-AS1#1 and shLBX2-AS1#2. After 48 h, the
cells were collected for next assays.

Cell Counting Kit-8
The density of MM cells was adjusted to 2.5 × 104 cells/ml. 100 μl
cell suspension per well was seeded in a 96-well plate. Then, cells
were incubated in an incubator at 37°C and 5% CO2. After the
cells adhered to the wall, the transfected cells were cultured for
48 h. 10 μl CCK-8 solution (CK04; DOJINDO, Japan) was then

added to each well. The cells were incubated for 2 h. The
absorbance value at 450 nm wavelength was measured at 0, 24,
48, and 72 h utilizing the automatic microplate reader.

Clone Formation Assay
The transfected NCI-H929 as well as U266 cells were seeded in 6-
well plates (1 × 105 cells/well). After culturing for 14 days, the old
medium was removed. Samples were washed using pre-cooled
PBS. The cells were incubated by methanol (500 μl/well) at −20°C
for 20 min. Subsequently, the cells were stained by 1% crystal
violet staining solution lasting 15 min (400 μl/well). The number
of clones was counted.

Flow Cytometry
The transfected cells were centrifuged and resuspended by
binding buffer. Then, they were subsequently stained using
10 μl fluorescein isothiocyanate (Annexin V-FITC) solution
and 10 μl propidium iodide (PI) solution. The stained cells
were incubated in the dark lasting 30 min. Then, the apoptotic
levels were detected by the FACSCaliburTM flow cytometer
(1,026; BD, United States).

Western Blot
The transfected NCI-H929 and U266 cells were fully lysed by
RIPA lysis buffer on the ice for 30 min. The sample was
centrifuged at 12,000 g for 15 min at 4°C. The supernatant was
obtained and the protein content was determined by BCA
method. The amount of protein loaded in each well was 40 μg.
The loading buffer was added and boiled for 5 min to denature
the protein. The denatured protein was taken and used for SDS-
polyacrylamide gel electrophoresis. The electrophoresis voltage
was 90 V constant voltage electrophoresis for 0.5 h, and then
120 V constant voltage electrophoresis for 2 h. The NC film was
cut to the same size as the separation glue, and the film was
transferred under a constant voltage of 60 V. The transfer device
was performed at 4°C, and the transfer time was set to 60 min.
The sample was sealed with 5% skimmed milk at room
temperature for 2 h. Then, the PVDF membrane (Millipore,
United States) was incubated with the diluted primary
antibody against Bax (1/3,000; ab263897), Bcl-2 (1/2,000;
ab196495), cleaved caspase3 (1/500; ab2302), LBX2 (ab164764)
and GAPDH (1/10,000; ab181602) overnight at 4°C. After
washing with PBS solution, horseradish peroxidase-labeled
secondary antibody IgG (2985S; Cell Signaling Technology,
United States) was added to the membrane, and incubated for
1 h at room temperature. Then, the membrane was added by ECL
developer solution to protect from light for development. The gel
imaging system was used to take protein bands. Image Pro Plus
6.0 software was employed to analyze the absorbance value of the
protein bands. Target proteins were quantified with GAPDH as
an internal control.

Cycloheximide Assay
The transfected NCI-H929 and U266 cells were incubated by
100 μg/ml CHX (Sigma-Aldrich, United States). The expression
of LBX2 protein was detected at 0, 2, 4, 6, and 8 h using western
blot. GAPDH was used as a control.
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Actinomycin D Assay
The transfected NCI-H929 and U266 cells were treated with
Actinomycin D (Sigma-Aldrich). The expression of LBX2 was
detected at 0, 8, 16, and 24 h by RT-qPCR. β-actin served as a
control.

Xenografts Experiments
Totally, 24 male BALB/c nude mice with 5-week-old were
purchased from Shanghai Slack Laboratory Animal Co., Ltd.

(China). All mice were raised under independent ventilation
cages. Xenograft tumor models were constructed in nude mice
through subcutaneously injecting NCI-H929 cells that were
transfected with shNC, shLBX2-AS1, empty vector and LBX2-
AS1 overexpression in the armpit (6 mice in each group). After
5 weeks, tumor tissues were removed from euthanized mice.
Moreover, tumor volume was measured each week. All animal
experiments were carried out following the Guide for the Care
and Use of Laboratory Animals of the National Institutes of

FIGURE 1 | LBX2-AS1 is highly expressed in MM and could be a diagnostic marker of MM. (A) LBX2-AS1 expression in various cancers by the GEPIA online
database. (B) RT-qPCR for LBX2-AS1 expression in serum samples from 60 paired MM and healthy subjects. (C) ROC of circulating LBX2-AS1 expression. (D) RT-
qPCR for LBX2-AS1 expression in plasmocytes, NCI-H929 and U266 cells. (E, F) RT-qPCR for LBX2-AS1 expression in cytoplasm and nucleus of NCI-H929 and U266
cells. *p < 0.05; **p < 0.01; ****p < 0.0001.

Frontiers in Molecular Biosciences | www.frontiersin.org September 2021 | Volume 8 | Article 7065704

Jia et al. LBX2-AS1, Therapeutic Target of MM

112

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Health. This project gained the approval by the Animal Care
Committee of The Second Affiliated Hospital of Shandong First
Medical University (2021-007).

Statistical Analysis
Graphpad Prism 8.0.1 was employed for statistical analysis.
Data were presented as the mean ± standard deviation.
Comparisons between two groups were assessed through
unpaired student’s t test. Meanwhile, multiple comparisons
were presented by ANOVA followed by Tukey’s test.
Receiver operating characteristic curve (ROC) was
conducted for evaluating the diagnostic efficacy of
circulating LBX2-AS1 on MM. Area under the curve
(AUC) was then calculated. Pearson correlation was
presented between LBX2-AS1 and LBX2 expression in 60

MM serum samples. p < 0.05 indicated that the difference
was statistically significant.

RESULTS

Circulating LBX2-AS1 is Up-Regulated in
MM and Becomes a Diagnostic Marker
of MM
From the GEPIA online database (http://gepia2.cancer-pku.cn/
), LBX2-AS1 is up-regulated in various cancers (Figure 1A).
Herein, we detected LBX2-AS1 expression in serum samples
from 60 paired MM and healthy subjects. In Figure 1B,
circulating LBX2-AS1 exhibited significantly elevated

FIGURE 2 | Knockdown of LBX2-AS1 suppresses proliferative ability of MM cells. (A, B) Detection of LBX2-AS1 expression in NCI-H929 and U266 cells
transfected with shNC, shLBX2-AS1#1 or shLBX2-AS1#2 by RT-qPCR. (C, D) Assessment of the cell viability of MM cells with shNC or shLBX2-AS1 at 0, 24, 48, and
72 h by CCK-8 assay. (E–G) The number of clones for MM cells transfected with shNC or shLBX2-AS1. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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expression in MM than healthy samples (p < 0.0001).
Furthermore, we assessed the diagnostic potential of
circulating LBX2-AS1 expression in MM by ROC. The AUC
value was 0.7525, indicating that LBX2-AS1 could become an
effective diagnostic marker of MM (Figure 1C). LBX2-AS1
expression was also examined in MM cells as well as
CD138+ plasmocytes. As a result, higher LBX2-AS1
expression was detected in NCI-H929 and U266 cells in
comparison to plasmocytes (Figure 1D; both p < 0.01).
LBX2-AS1 was mainly distributed in the cytoplasm and a
small amount in the nucleus both in NCI-H929 (p < 0.05;

Figure 1E) and U266 cells (p < 0.01; Figure 1F), suggesting that
LBX2-AS1 could exert a post-transcriptional regulatory
function.

Silencing LBX2-AS1 Restrains Proliferative
Capacity of MM Cells
Two shRNAs targeting LBX2-AS1 were transected into NCI-
H929 and U266 cells. RT-qPCR was applied for evaluation of
the transfection effects. Our data showed that LBX2-AS1
expression was distinctly lowered by shLBX2-AS1 in NCI-

FIGURE 3 | LBX2-AS1 knockdown accelerates apoptosis of MM cells. (A–C) The apoptotic rate of NCI-H929 and U266 cells under transfection by shNC and
shLBX2-AS1 using flow cytometry assay. (D)Representative images of protein bands. (E–J) The expression of Bax, Bcl-2 and cleaved Caspase3 proteins in (E–G)NCI-
H929 and (H–J) U266 cells under transfection by shNC and shLBX2-AS1 via western blot. *p < 0.05; **p < 0.01; ***p < 0.001.
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H929 (p < 0.001 and p < 0.01; Figure 2A) and U266 cells (p <
0.01 and p < 0.05; Figure 2B). Then, we evaluated the
proliferative capacity of MM cells following transfection
with shLBX2-AS1 by applying CCK-8 and clone formation
assays. Compared to shNC, cell viability was markedly
decreased in NCI-H929 (Figure 2C) as well as U266
(Figure 2D) cells with shLBX2-AS1 transfection as time
went by. Clone formation ability was also investigated. As a
result, both in NCI-H929 (Figures 2E,F) and U266
(Figure 2G) cells, shLBX2-AS1 transfection distinctly
reduced the number of clones (both p < 0.01). Hence,
silencing LBX2-AS1 restrained proliferative capacity of
MM cells.

Silencing LBX2-AS1 Promotes Apoptosis of
MM Cells
We further evaluated the function of shLBX2-AS1 on
apoptotic levels of MM cells via flow cytometry assay.
Consequently, shLBX2-AS1 transfection distinctly induced
the apoptotic rates of NCI-H929 (Figures 3A,B) and U266

cells (Figure 3C; both p < 0.01). Also, we detected the
expression of apoptosis-related markers including Bax, Bcl-
2 and cleaved Caspase3 in MM cells transfected with shLBX2-
AS1 or shNC utilizing western blot (Figure 3D). Our data
displayed the increase in Bax expression (p < 0.05; Figure 3E),
the reduction in Bcl-2 expression (p < 0.01; Figure 3F) and the
increase in cleaved Caspase3 expression (p < 0.001; Figure 3G)
in NCI-H929 cells transfected with shLBX2-AS1 in
comparison to shNC. The similar results were investigated
in U266 cells (Figures 3H–J). Collectively, silencing LBX2-
AS1 may induce apoptosis of MM cells.

Serum LBX2 is Up-Regulated in MM and
Positively Correlated to LBX2-AS1
This study also examined LBX2 expression in serum specimens
from 60 paired MM and healthy subjects. Higher mRNA
expression of LBX2 was found in MM patients compared to
healthy participants (p < 0.0001; Figure 4A). Consistently,
LBX2 protein displayed the elevated expression in MM
patients in comparison to healthy controls (p < 0.001;

FIGURE 4 | LBX2 is up-regulated in serum samples of MM and has a positive correlation to LBX2-AS1. (A)RT-qPCR for LBX2mRNA expression in serum samples
from 60 pairedMM and healthy subjects. (B, C) LBX2 protein expression in serum samples fromMM and healthy subjects. (D)Correlation between LBX2-AS1 and LBX2
expression in 60 MM patients. (E) The mRNA as well as (F, G) protein expression of LBX2-AS1 in CD138 + plasmocytes, NCI-H929 and U266 cells. ***p < 0.001; ****p <
0.0001.
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Figures 4B,C). Correlation analysis confirmed that LBX2-AS1
expression exhibited a positive association with LBX2
expression in 60 cases of MM subjects (pearson r � 0.8442

and p < 0.0001; Figure 4D). LBX2 expression was also
examined in CD138+plasmocytes as well as MM cells.
Subsequently, LBX2 displayed the higher mRNA expression

FIGURE 5 | Up-regulation of LBX2-AS1 elevates LBX2 expression in MM cells. (A–C)Western blot for the expression of LBX2 protein in NCI-H929 as well as U266
cells under transfection by shNC or shLBX2-AS1. (D, E) The transfection effects of pcDNA3.1-LBX2-AS1 and empty vector in MM cells via RT-qPCR. (F, G) The
expression of LBX2mRNA in MM cells under transfection by empty vector and pcDNA3.1-LBX2-AS1 through RT-qPCR. (H–K)Western blot for the expression of LBX2
protein in MM cells under transfection by empty vector and pcDNA3.1-LBX2-AS1. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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in NCI-H929 and U266 cells in comparison to plasmocytes
(both p < 0.0001; Figure 4E). Similarly, LBX2 protein had the
elevated expression levels in two MM cells than plasmocytes
(both p < 0.0001; Figures 4F,G).

Up-Regulation of LBX2-AS1 Enhances
LBX2 Expression in MM Cells
We further analyzed whether LBX2-AS1 may alter LBX2
expression in MM cells. When transfected with shLBX2-AS1,
this study examined LBX2 expression in MM cells via western
blot (Figure 5A). Subsequently, shLBX2-AS1 transfection
distinctly reduced the expression of LBX2 protein in NCI-
H929 (p < 0.001; Figure 5B) and U266 cells (p < 0.0001;
Figure 5C). The transfection effects of pcDNA3.1-LBX2-AS1
were verified in MM cells by RT-qPCR. As a result, LBX2-AS1

was overexpressed in NCI-H929 (Figure 5D) and U266 cells
(Figure 5E; both p < 0.01) following transfection with
pcDNA3.1-LBX2-AS1. Our RT-qPCR confirmed that
pcDNA3.1-LBX2-AS1 distinctly elevated the expression of
LBX2 mRNA in NCI-H929 (Figure 5F) as well as U266 cells
(Figure 5G; both p < 0.0001). Its expression was also examined
by western blot (Figures 5H,I). Consistently, higher expression
of LBX2 protein was verified by pcDNA3.1-LBX2-AS1
transfection in NCI-H929 (Figure 5J; p < 0.001) and U266
cells (Figure 5K; p < 0.0001).

LBX2-AS1 Enhances the mRNA Stability of
LBX2 in MM Cells
Antisense lncRNAs may exert a regulatory role on target genes
through binding to mRNAs (Zhao et al., 2018). Here, MM

FIGURE 6 | LBX2-AS1 enhances the mRNA stability of LBX2 in MM cells. (A–C) Western blot for the expression of LBX2 protein in pcDNA3.1-LBX2-AS1-
transfected NCI-H929 and U266 cells after treatment with CHX for 0, 2, 4, 6, and 8 h. (D–G) RT-qPCR for the expression of LBX2 mRNA in pcDNA3.1-LBX2-AS1-
transfected NCI-H929 and U266 cells following treatment with actinomycin D for 0, 8, 16, and 24 h. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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cells with pcDNA3.1-LBX2-AS1 transfection were treated
with CHX for 0, 2, 4, 6, and 8 h. Western blot was
presented to examine LBX2 expression. As shown in
Figures 6A–C, pcDNA3.1-LBX2-AS1 did not change the
protein stability of LBX2. Moreover, after treatment with

actinomycin D in pcDNA3.1-LBX2-AS1-transfected MM
cells, we examined the expression of LBX2 mRNA by RT-
qPCR. As a result, pcDNA3.1-LBX2-AS1 could enhance the
mRNA stability of LBX2 both in NCI-H929 (Figures 6D,E)
and U266 cells (Figures 6F,G).

FIGURE 7 | LBX2-AS1 enhances proliferative ability and decreases apoptotic levels in MM cells through enhancing mRNA stability of LBX2. (A–C) The number of
clones of NCI-H929 and U266 cells under transfection by pcDNA3.1-LBX2 and/or shLBX2-AS1. (D–F) Flow cytometry for the apoptotic rates of MM cells under
transfection by pcDNA3.1-LBX2 and/or shLBX2-AS1. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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LBX2-AS1 Facilitates MM Progression
Through Enhancing mRNA Stability of LBX2
Clone formation assay demonstrated that pcDNA3.1-LBX2
distinctly elevated the number of clones in NCI-H929
(p < 0.01) as well as U266 cells (p < 0.001; Figures 7A–C).
Meanwhile, the number of clones was markedly reduced by
shLBX2-AS1. Moreover, LBX2-AS1 knockdown reversed the
increase in the number of clones induced by pcDNA3.1-LBX2
in NCI-H929 as well as U266 cells (both p < 0.0001). Apoptosis
was evaluated by flow cytometry. As a result, lowered apoptotic
levels were found in two MM cells by pcDNA3.1-LBX2
transfection compared to controls (both p < 0.0001; Figures

7D–F). On the contrary, shLBX2-AS1 facilitated the apoptosis of
NCI-H929 and U266 cells (both p < 0.0001). Moreover, LBX2-
AS1 knockdown ameliorated the enhancement in apoptosis
induced by LBX2 overexpression in MM cells. Collectively,
LBX2-AS1 may induce MM progression through enhancing
mRNA stability of LBX2.

Silencing LBX2-AS1 Suppresses Tumor
Growth of MM
To investigate the function of LBX2-AS1 on MM progression, we
further established xenograft tumor models. Our data showed

FIGURE 8 | Silencing LBX2-AS1 suppresses tumor growth of MM. (A) Representative images of nude mice treated with NCI-H929 cells that were transfected with
shNC, shLBX2-AS1, empty vector and LBX2-AS1 overexpression. (B) Representative images of tumors from above nude mice after 5 weeks. (C) Detection of tumor
weight after treatment for 5 weeks. (D) Detection of tumor volume in each week. (E, F)RT-qPCR examining the expression of LBX2-AS1 and LBX2 in tumor tissues from
above nude mice after treatment for 5 weeks. ***p < 0.001; ****p < 0.0001.

Frontiers in Molecular Biosciences | www.frontiersin.org September 2021 | Volume 8 | Article 70657011

Jia et al. LBX2-AS1, Therapeutic Target of MM

119

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


that LBX2-AS1 knockdown distinctly suppressed tumor growth
and the opposite results were observed when LBX2-AS1 was
overexpressed (Figures 8A–D). The expression of LBX2-AS1 and
LBX2 was examined in tumor tissues via RT-qPCR. As a result,
LBX2-AS1 expression was substantially reduced by shLBX2-AS1,
while its expression was enhanced by LBX2-AS1 overexpression
plasmid (Figure 8E). Moreover, we found that LBX2-AS1
knockdown weakened the expression of LBX2 and the
opposite results were investigated when LBX2-AS1
overexpression in MM tumor tissues (Figure 8F).

DISCUSSION

MM is a malignancy with complex and unstable genomic
alterations (Hu et al., 2020). Multiple lncRNAs with oncogenic
or tumor-suppressive roles are involved in MM initiation and
progression, demonstrating that lncRNAs may be efficient
diagnostic or prognostic markers as well as promising
therapeutic targets in MM. For example, MALAT1 may
facilitate tumorigenesis, invasion as well as glycolysis in MM
through miR-1271-5p/SOX13 pathway (Liu et al., 2020). Here,
this study proposed that LBX2-AS1 as a diagnostic marker was
up-regulated in serum samples from MM patients. It may induce
MM progression by enhancing mRNA stability of LBX2. Thus,
LBX2-AS1 could be a novel promising therapeutic target
against MM.

This study recruited 60 paired MM patients and healthy
participants. LBX2-AS1 up-regulation was confirmed in MM
serum samples. As previous studies, up-regulated LBX2-AS1
has been found in gastric cancer (Yang et al., 2020), ovarian
cancer (Cao et al., 2021), esophageal squamous cell carcinoma
(Zhang et al., 2019) as well as hepatocellular carcinoma (Wang
et al., 2020c). There is a huge need to discover non-invasive
biomarkers with high specificity in MM (Chi et al., 2019).
LncRNAs with cell-, tissue or tumor-specific expression have
emerged as convenient as well as less invasive diagnostic
biomarkers (Chandra Gupta and Nandan Tripathi, 2017).
Moreover, lncRNAs are stably expressed in blood and other
body fluids, so they are suitable biomarkers for disease
diagnosis. Our ROC curves demonstrated that circulating
LBX2-AS1 was a sensitive diagnostic marker of MM. However,
its diagnostic potential should be verified in a larger MM cohort.
The overexpression of LBX2-AS1 was further validated in MM
cells. Our results confirmed that LBX2-AS1 expression was
markedly increased in two MM cells than normal human
marrow CD138+plasmocytes. Based on the up-regulation of
LBX2-AS1 both in MM patients and cells, we inferred that
LBX2-AS1 might participate in MM progression. Also, it was
mainly expressed in cytoplasm of MM cells, indicating that it
primarily exerted a regulatory function at the post-transcriptional
level. Alterations in lncRNA expression facilitate cancer
progression by facilitating proliferation and restraining
apoptosis (Bhan et al., 2017). It is of significance to develop
lncRNA-based therapeutics against cancers (Choudhari et al.,
2020). In the case of stable or remission of MM, it is key to
effectively inhibit proliferation and induce apoptosis in MM cells,

thereby removing the small residual MM cells and prolonging the
survival duration of MM patients (Barwick et al., 2019). Here,
targeting LBX2-AS1 may weaken proliferative ability and tumor
growth as well as elevate apoptotic levels in MM cells.

LBX2 was overexpressed in serum specimens from MM
subjects and displayed a positive correlation to LBX2-AS1.
LBX2-AS1 up-regulation could markedly enhance LBX2
expression in MM cells. About 70% of the genes have
antisense lncRNAs (He et al., 2008). Antisense lncRNAs are in
relation to the expression of their sense strand genes, suggesting
that they may widely participate in regulating the expression of
protein-coding genes. It has been confirmed that antisense
lncRNAs may control cancer progression by affecting mRNA
stability of oncogenes (Jadaliha et al., 2018). For instance, EGFR-
AS1 facilitates tumor growth as well as metastases through
altering mRNA stability of EGFR in renal carcinoma (Wang
et al., 2019). LDLRAD4-AS1 induces metastases through
disrupting mRNA stability of LDLRAD4 in colorectal cancer
(Mo et al., 2020). FOXC2-AS1 may enhance FOXC2 mRNA
stability, thereby promoting colorectal cancer development by
activating Ca2+-FAK pathway (Pan and Xie, 2020). TTN-AS1
enhances tumorigenesis as well as metastases via building up
TTN expression in skin cutaneous melanoma (Wang et al.,
2020b). DDX11-AS1 accelerates proliferation, invasion as well
as metastasis in osteosarcoma through stabilizing DDX11 (Zhang
et al., 2020). Also, HHIP-AS1 restrains hepatocellular carcinoma
development by stabilizing HHIP mRNA (Bo et al., 2019). Here,
LBX2-AS1 overexpression may strengthen mRNA stability of
LBX2 in MM cells. Our rescue experiments demonstrated that
LBX2-AS1 could induce MM progression by elevating mRNA
stability of LBX2.

CONCLUSION

Collectively, LBX2-AS1 was up-regulated in MM serum
specimens and an underlying diagnostic marker of MM.
Targeting LBX2-AS1 may weaken MM progression by
heightening mRNA stability of LBX2. More studies are
required to verify the clinical implication as well as biological
role of LBX2-AS1 in MM.
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Development of a Toll-Like
Receptor-Based Gene Signature That
Can Predict Prognosis, Tumor
Microenvironment, and
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Hepatocellular Carcinoma
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1Department of Interventional Ultrasound, Chinese PLA General Hospital, Medical School of Chinese PLA, Beijing, China,
2Department of Ultrasound, Affiliated Hospital of Hebei University, Baoding, China, 3Central Laboratory, Hebei Key Laboratory of
Cancer Radiotherapy and Chemotherapy, Affiliated Hospital of Hebei University, Institute of Life Science and Green Development,
Hebei University, Baoding, China

Objective: Emerging evidence highlights the implications of the toll-like receptor (TLR)
signaling pathway in the pathogenesis and therapeutic regimens of hepatocellular
carcinoma (HCC). Herein, a prognostic TLR-based gene signature was conducted
for HCC.

Methods: HCC-specific TLRs were screened in the TCGA cohort. A LASSO model was
constructed based on prognosis-related HCC-specific TLRs. The predictive efficacy,
sensitivity, and independency of this signature was then evaluated and externally
verified in the ICGC, GSE14520, and GSE76427 cohorts. The associations between
this signature and tumor microenvironment (stromal/immune score, immune checkpoint
expression, and immune cell infiltrations) and chemotherapy response were assessed in
HCC specimens. The expression of TLRs in this signature was verified in HCC and normal
liver tissues by Western blot. Following si-MAP2K2 transfection, colony formation and
apoptosis of Huh7 and HepG2 cells were examined.

Results: Herein, we identified 60 HCC-specific TLRs. A TLR-based gene signature
(MAP2K2, IRAK1, RAC1, TRAF3, MAP3K7, and SPP1) was conducted for HCC
prognosis. High-risk patients exhibited undesirable outcomes. ROC curves confirmed
the well prediction performance of this signature. Multivariate Cox regression analysis
demonstrated that the signature was an independent prognostic indicator. Also, high-risk
HCC was characterized by an increased immune score, immune checkpoint expression,
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and immune cell infiltration. Meanwhile, high-risk patients displayed higher sensitivity to
gemcitabine and cisplatin. The dysregulation of TLRs in the signature was confirmed in
HCC. MAP2K2 knockdown weakened colony formation and elevated apoptosis of Huh7
and HepG2 cells.

Conclusion: Collectively, this TLR-based gene signature might assist clinicians to select
personalized therapy programs for HCC patients.

Keywords: toll-like receptor signaling pathway, hepatocellular carcinoma, prognosis, tumor microenvironment,
chemotherapy response, MAP2K2

INTRODUCTION

Hepatocellular carcinoma (HCC) represents the most frequent
visceral neoplasm, occupying 70–90% of all primary liver cancer
(Craig et al., 2020).Currently, surgery, transplantation, and
percutaneous ablations have become major therapeutic
strategies against HCC (Piñero et al., 2020; Yang et al., 2020).
Hepatitis B and C viral infections are the main risk factors of
HCC (Sagnelli et al., 2020). This neoplasm is characterized by
complex heterogeneity and high recurrence (Yang and
Heimbach, 2020). High-risk subjects with potentially
undesirable outcomes are required to be monitored, and
timely and effective therapeutic strategies should be adopted
for prolonging survival duration and improving their quality
of life (Liu et al., 2020). Hence, an in-depth understanding in the
precise molecular mechanisms of HCC pathogenesis and
progress is of importance for enabling prognosis prediction
and individualized therapy.

Toll-like receptors (TLRs) are a family of transmembrane
signaling receptors, which may activate the innate immune
system that is involved in maintaining homeostasis in the liver
by recognizing pathogen-associated molecular patterns (Zou
et al., 2016). TLRs enable recognizing foreign pathogens like
HBV, thereby inducing innate immunity (Campisano et al.,
2019). Emerging evidence has suggested that the TLR
signaling pathway in the liver could assist the illustration of
the mechanism of liver carcinogenesis, as well as to offer feasible
novel therapeutic targets against HCC (Sasaki et al., 2020). Hence,
this study screened HCC-specific TLRs as well as developed and
externally verified a TLR-based gene signature for HCC. This
signature enabled predicting survival outcomes and was in
relation to tumor microenvironment (TME) and responses to
chemotherapy drugs gemcitabine and cisplatin. Our experimental
verification confirmed the dysregulation of TLRs in the signature
and silencing MAP2K2 weakened colony formation and elevated
apoptosis of HCC cells. Thus, our findings might assist clinicians
to select personalized therapy programs for HCC patients and to
offer insights into the mechanisms of HCC.

MATERIALS AND METHODS

Data Collection
RNA sequencing profiles (FPKM format) and matched
clinicopathologic characteristics of 368 HCC samples were

retrieved from the Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/repository) through Genomic
Data Commons (https://portal.gdc.cancer.gov/) using TCGA
biolinks package (Colaprico et al., 2016) on May 16, 2020.
Meanwhile, the gene expression profiling of 49 normal liver
tissue specimens were also collected. RNA-seq profiles and
corresponding clinicopathologic features of 231 HCC
specimens were downloaded from the International Cancer
Genome Consortium portal (ICGC/TCGA Pan-Cancer
Analysis of Whole Genomes Consortium, 2020)(https://dcc.
icgc.org/projects/LIRI-JP). The GSE14520 (Roessler et al.,
2010) and GSE76427 (Grinchuk et al., 2018) datasets were
retrieved from the Gene Expression Omnibus (GEO)
repository (https://www.ncbi.nlm.nih.gov/gds/). The GSE76427
dataset contained gene expression data and survival information
of 242 HCC patients. Furthermore, the GSE76427 dataset
included microarray expression profiling and prognostic data
of 115 HCC patients. Our research followed the TCGA, ICGC,
and GEO data access policies as well as publication guidelines.
For TCGA-HCC, FPKM format was converted to TPM value. For
the GSE14520 data from the Affymetrix platform, the raw “CEL”
file was background-checked and quantile normalized with a
robust multi-array averaging method using affy and simple affy
packages. For the GSE76427 data from the Illumina platform, the
normalized matrix file was directly downloaded. The gene set of
the TLR family was collected from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway database (https://www.
kegg.jp/kegg) (Kanehisa and Goto, 2000) (Supplementary
Table 1). The original code of bioinformatics analysis is listed
in Supplementary table 2.

Differential Expression Analysis
For identifying HCC-specific TLRs, differentially expressed genes
(DEGs) between 368 HCC and 49 normal liver tissues were
screened in the TCGA cohort utilizing limma package (Ritchie
et al., 2015). The screening criteria of HCC-specific TLRs were |
log2 fold-change|>2 and adjusted p < 0.05.

Developing and Validating a TLR-Based
Gene Signature for HCC Prognosis
HCC-specific TLRs were utilized for univariate Cox regression
analyses of overall survival (OS) in the TCGA cohort. For
minimizing the risk of overfitting, TLRs with p < 0.05 were
retained for constructing a least absolute shrinkage and selection
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operator (LASSO) Cox regression model. Utilizing glmnet package,
variable selection and shrinkage were carried out (Engebretsen and
Bohlin, 2019). The penalty parameter (λ) was identified by 10-fold
cross-verification after the minimum criteria. The TLR-based risk
score (RS) of each HCC patient was calculated based on the
expression and coefficient of each candidate variables. Utilizing
survival ROC package, time-dependent receiver operator
characteristic (ROC) curves were depicted for evaluating the
predictive power of this model. After stratifying the subjects into
high- and low-RS groups according to the median RS, prognostic
analyses were presented through Kaplan–Meier curves and log-rank
tests. Moreover, the predictive performance of the TLR-based gene
signature was externally verified in the ICGC, GSE14520, and
GSE76427 cohorts.

Establishing and Verifying a
Prognosis-Related Nomogram
Prognostic independence of the TLR-based signature was
determined from other clinical features utilizing uni- and
multivariate Cox regression analyses. The independent
prognosis-related indicators were included for building a
nomogram in the TCGA and ICGC cohorts with rms package.
Time-dependent ROC curves were conducted for assessing the
predictive performance of the nomogram on one-, three-, and
five-year OS probabilities. The calibration diagrams were
presented for verifying the prediction accuracy of this model
compared with the actual survival time.

Gene Set Enrichment Analysis (GSEA)
For exploring the molecular mechanisms underlying the TLR-
based gene signature, the gene sets of Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways in C2 were curated from
the Molecular Signatures Database (https://www.gsea-msigdb.
org/gsea/msigdb) (Liberzon et al., 2015). The GSEA algorithm
was employed to compare the enrichment differences of the gene
sets between high- and low-risk groups according to the gene
expression profiles of HCC in the TCGA dataset (Subramanian
et al., 2005). Pathways with FDR<0.05 were significantly
enriched.

Prediction Sensitivity of the TLR-Based
Gene Signature by Subgroup Analyses
The distribution of the TLR-based RS among clinicopathologic
characteristics (grades and stages) for HCC subjects in the TCGA
cohort was compared via Kruskal–Wallis tests. After stratifying
the subjects into different subgroups according to
clinicopathologic characteristics, prognosis analyses were
carried out between high- and low-RS subjects.

Estimation of Tumor Microenvironment
By the Estimation of STromal and Immune cells in MAlignant
Tumours using Expression data (ESTIMATE) method
(Yoshihara et al., 2013), immune and stromal scores were
determined for inferring the fractions of immune and stromal
cells in HCC tissues from the TCGA dataset. By combining

TABLE 1 | Identification of 60 HCC-specific TLRs in the TCGA cohort.

Gene Logfold-change t p-value Adjusted p-value Genes Logfold-change t p-value Adjusted p-value

MAP2K2 1.262,007 14.13751 1.76E-37 1.46E-35 JUN −0.91985 −5.67973 2.50E-08 6.70E-08
IRAK1 1.813,295 13.85387 2.71E-36 1.12E-34 RIPK1 0.459,955 5.637,478 3.15E-08 8.16E-08
MAPK3 1.277,511 13.54618 5.13E-35 1.42E-33 MAP2K3 −0.53643 −5.45495 8.32E-08 2.04E-07
IRF3 1.275,886 13.06273 4.95E-33 1.03E-31 IL1B −0.73002 −5.45383 8.37E-08 2.04E-07
FOS -2.87013 −11.3476 2.95E-26 4.89E-25 MAPK14 0.511,096 5.428,151 9.58E-08 2.27E-07
TAB1 0.936,151 11.03395 4.53E-25 6.27E-24 TBK1 0.485,042 5.362,917 1.35E-07 3.10E-07
RAC1 0.862,191 10.18781 5.84E-22 6.93E-21 SPP1 2.545,628 5.220,422 2.80E-07 6.27E-07
PIK3R3 0.920,451 9.727,353 2.50E-20 2.59E-19 CHUK 0.426,141 4.950,201 1.07E-06 2.34E-06
MAPK11 1.322,901 9.587,574 7.65E-20 7.06E-19 TICAM1 0.580,411 4.878,422 1.51E-06 3.22E-06
MAP2K7 0.709,382 9.322,688 6.20E-19 5.15E-18 CCL4 −0.79546 −4.84886 1.74E-06 3.62E-06
IRF5 1.022618 9.195,042 1.68E-18 1.27E-17 MAP2K1 −0.48377 −4.81614 2.04E-06 4.12E-06
RELA 0.654,615 8.85703 2.24E-17 1.55E-16 CTSK 0.911,693 4.633,718 4.78E-06 9.45E-06
MAPK9 0.82763 8.71183 6.68E-17 4.27E-16 TOLLIP 0.317,776 4.354,871 1.67E-05 3.22E-05
TRAF3 0.826,759 8.204,777 2.76E-15 1.64E-14 TLR5 0.52031 4.18539 3.46E-05 6.53E-05
FADD 0.798,302 8.109,337 5.47E-15 2.87E-14 MAPK13 0.935,497 4.124,942 4.46E-05 8.23E-05
CASP8 0.912,569 8.107,729 5.53E-15 2.87E-14 CXCL10 1.127,512 3.887,076 0.000118 0.000212
MAPK12 1.160,537 7.484,739 4.15E-13 2.03E-12 MYD88 −0.39647 −3.83452 0.000145 0.000256
MAP3K7 0.733,166 7.223,867 2.35E-12 1.08E-11 MAP2K6 0.594,048 3.818,365 0.000154 0.000267
IKBKG 1.04067 7.118,719 4.66E-12 2.03E-11 STAT1 0.67728 3.808,574 0.00016 0.000272
PIK3R2 0.437,359 7.053457 7.10E-12 2.95E-11 AKT2 0.338,982 3.793,519 0.00017 0.000282
PIK3CB 0.666,755 6.941,674 1.45E-11 5.74E-11 TLR3 −0.44792 −3.76962 0.000187 0.000304
CD14 −1.25511 −6.79309 3.71E-11 1.39E-10 IL6 −0.46209 −3.73557 0.000213 0.00034
IKBKE 1.07056 6.786,774 3.86E-11 1.39E-10 LY96 0.773,047 3.350,776 0.000878 0.001374
IRAK4 0.528,799 6.695,029 6.82E-11 2.36E-10 MAP3K8 0.502,467 3.175,544 0.001604 0.002466
TIRAP 0.650,435 6.391,471 4.32E-10 1.43E-09 CXCL11 0.587,711 3.026185 0.002627 0.003964
IKBKB 0.626,264 6.14836 1.80E-09 5.75E-09 MAPK8 0.230,296 2.720,881 0.006777 0.010045
MAPK1 0.680,265 6.074488 2.76E-09 8.48E-09 PIK3CA 0.219,792 2.492,356 0.013069 0.01903
TLR4 −0.73416 −5.90592 7.18E-09 2.13E-08 TLR2 −0.35231 −2.25282 0.024779 0.035459
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immune and stromal scores, tumor purity was then calculated.
The mRNA expression of immune checkpoints was calculated in
each HCC specimen. The infiltration levels of 28 immune cells
were estimated with the single-sample gene set enrichment
analysis (ssGSEA) method (Hänzelmann et al., 2013).

Responses to Chemotherapy Drugs
The responses to chemotherapy drugs including gemcitabine and
cisplatin were estimated with the Genomics of Drug Sensitivity in
Cancer (GDSC; https://www.cancerrxgene.org/) database (Yang
et al., 2013). The half maximal inhibitory concentration (IC50)
was quantified with pRRophetic package (Geeleher et al., 2014).

Patients and Specimens
This study collected 3 cases of HCC and corresponding adjacent
tissues from HCC patients who underwent surgical resection at
the Affiliated Hospital of Hebei University from January 1, 2021
to May 1, 2021. These subjects were diagnosed as HCC with
postoperative pathology. The adjacent tissue was normal liver

tissue that was more than 2 cm from the edge of the tumor. All
patients did not receive radiotherapy, chemotherapy, or other
adjuvant treatments before surgery. All fresh tissues obtained
were stored in liquid nitrogen as soon as possible after being
obtained. This study was reviewed and approved by the Ethics
Committee of Affiliated Hospital of Hebei University (2021013),
and the patients’ informed consent was obtained.

Western Blot
RIPA lysis buffer (Millipore, United States) was utilized for
extracting the total protein from tissue specimens. By using
the BCA protein quantification kit, the protein concentration
was determined. After protein denaturation treatment,
SDS–PAGE gel electrophoresis was used to separate cellular
proteins. The electrophoresis was stopped according to the
prestained marker band. The sample was then transferred to
the PVDF membrane. Then, the membrane was blocked by 3%
BSA prepared with TBS-T overnight at 4°C. After blocking, the
membrane was incubated with diluted primary antibodies against

FIGURE 1 | Developing and verifying a TLR-based gene signature in HCC. (A) Volcano diagram of the HCC-specific TLRs with |log2fold-change| >2 and adjusted
p < 0.05 by comparing 368 HCC and 49 normal tissue specimens in TCGA cohort. Blue represents low expression, while red represents high expression. (B)
Hierarchical clustering analyses of the expression patterns of previous HCC-specific DEGs in 368 HCC and 49 normal samples in TCGA cohort. Yellow indicates high
expression, while blue indicates low expression. (C) ROC curves of one-, three, and 5-year OS for HCC patients based on the RS in the TCGA cohort. (D)
Kaplan–Meier curves of high- and low-RS HCC patients in the TCGA cohort. Survival differences were estimated through log-rank tests. (E) ROC curves of one-, three-,
and five-year OS for HCC subjects according to the RS in the ICGC cohort. (F) Kaplan–Meier curves of high- and low-RS HCC subjects in the ICGC cohort.
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MAP2K2 (1/1,000; ab265586; Abcam, United States), IRAK1 (1/
1,000; ab238; Abcam, United States), RAC1 (1/1,000; ab97732;
Abcam, United States), TRAF3 (1/1,000; ab23935; Abcam,
United States), MAP3K7 (1/1,000; ab25879; Abcam,
United States), SPP1 (1/1,000; ab166709; Abcam,
United States), and GAPDH (1/1,000; ab8245; Abcam,
United States) overnight at 4°C, followed by being incubated
with goat anti-rabbit IgG–HRP antibody (Santa, United States) or
goat anti-mouse IgG-HRP antibody (Santa, United States) for 2 h
at room temperature. The protein was developed by ECL
luminescent agent. ImageJ software was utilized for detecting
the gray value.

Cell Culture and Transfection
Huh7 and HepG2 cells were purchased from ATCC
(United States), which were cultured in DMEM
(ThermoFisher Scientific, United States) containing 100 ml/L
fetal bovine serum (FBS; Gibco, United States), 100 U/mL
penicillin, and 100 mg/L streptomycin. Transfection was
carried out according to the instructions of LipofectamineTM

2000 reagent (Invitrogen, United States). Huh7 and HepG2 cells
were seeded in a 6-well plate and cultured until the cell confluence
was 50–70%; 24 h before transfection, FBS was replaced with
DMEM containing 100 ml/L FBS without double antibodies.
During transfection, 100 nmol siRNAs against MAP2K2 (si-
MAP2K2) and 100 nmol siRNA negative control (si-NC) were
transfected into Huh7 and HepG2 cells with LipofectamineTM

2000 transfection reagent. The siRNAs were synthesized by
Genecopoeia company (United States). After continuing the
culture for 8 h with DMEM containing 100 ml/L FBS without
a double antibody, the culture medium was replaced with
medium and continued to culture. The cells were collected for
48 h after transfection.

Quantitative Real-Time Polymerase Chain
Reaction
Trizol reagent (Solarbio, Beijing, China) was utilized for extracting
total RNA from Huh7 and HepG2 cells. A spectrophotometer was
used to measure RNA concentration. The extracted RNA was
detected by agarose gel electrophoresis. Reverse transcription of
RNA into cDNA was carried out based on the following conditions:
at 37°C for 15 min and at 85°C for 5 s. The PikoRealTM RT-PCR
detection system (Thermo Fisher, United States), SYBR Premix Ex
Taq Ⅱ reagent, and qRT-PCR were used for detecting the mRNA
expression of MAP2K2 as follows: at 95 C predenaturation for
5 min, a total of 40 cycles of denaturation at 95 C for 10 s,
annealing at 59 C for 30 s, and annealing at 60 C for 30 s. The
primer sequences of MAP2K2 and GAPDH included MAP2K2, 5′-
CCAAGGTCGGCGAACTCAAA-3’ (F), 5′-TCTCAAGGTGGA
TCAGCTTCC-3’ (R), GAPDH, 5′-GGCAAGTTCAACGGCACA
G-3’ (F), and 5′-ACGCCAGTAGACTCCACGAC-3’ (R). Image-
Pro Plus image analysis system was applied for calculating the OD
value, with GAPDH as an internal control. The relative expression of
MAP2K2 mRNA was determined with the 2-ΔΔCt method.

Clone Formation Assay
Huh7 and HepG2 cells were seeded in a 6-well plate (1,000 cells
per well). After placing the cells in the incubator for 2 weeks, the
supernatant was discarded. The cells were stained with crystal
violet for 30 min. After being washed with PBS 3 times, the
number of colonies was counted.

Flow Cytometry
An annexin Ⅴ–fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis detection kit (BestBio, Shanghai, China)
was utilized for examining cell apoptosis. Huh7 and HepG2 cells
were cultured normally to the logarithmic growth phase. After
0.25% trypsinization of the cells, the cell pellet was collected and
resuspended in 100 μL PBS. Using the FACSCalibur flow
cytometer (Becton Dickinson, United States), the fluorescence
signal intensity was tested.

Statistical Analysis
R language (version 3.5.2) and GraphPad Prism software (version
8.0.1) were applied for statistical analyses. Student’s t-test or the
Wilcoxon test was applied for comparing the differences between
two groups. The Kruskal–Wallis test was utilized for comparisons
between multiple groups. A p-value less than 0.05 indicates
statistical significance.

RESULTS

Identification of HCC-specific TLRs
Here, we collected the expression profiling of 368 HCC and 49
normal liver tissues from the TCGA cohort. With the |log2 fold-
change|>2 and adjusted p < 0.05, we identified 60 HCC-specific
TLRs (Table 1). Among them, 14 TLRs were downregulated,
while 46 were upregulated in the HCC tissues in comparison with
the normal tissues (Figures 1A,B). This indicated that

TABLE 2 | Univariate Cox regression analyses for prognosis-related HCC-specific
TLRs in the TCGA cohort.

TLRs HR HR.95L HR.95H p-value

MAP2K2 1.542,385 1.184,561 2.008297 0.001293
IRAK1 1.465,424 1.206,621 1.779,735 0.000116
MAPK3 1.594,620 1.218,688 2.086517 0.000670
IRF3 1.404,824 1.083381 1.821,639 0.010345
RAC1 1.809,247 1.394,231 2.347,799 8.20E-06
IRF5 1.423,168 1.111,840 1.821,672 0.005084
RELA 1.598,045 1.108,498 2.303,791 0.012008
TRAF3 1.620,687 1.265,701 2.075233 0.000129
FADD 1.396,471 1.085862 1.795,930 0.009276
CASP8 1.374,547 1.084153 1.742,723 0.008608
MAPK12 1.216,302 1.047768 1.411,945 0.010078
MAP3K7 1.473,969 1.132,725 1.918,015 0.003883
PIK3CB 1.454,172 1.124,791 1.880,008 0.004272
IKBKE 1.302,939 1.115,145 1.522,358 0.000861
MAPK1 1.296,421 1.028318 1.634,422 0.028078
IFNAR2 1.419,409 1.068899 1.884,856 0.015502
TBK1 1.353,146 1.011841 1.809,577 0.041416
SPP1 1.131,800 1.074585 1.192,060 2.90E-06
LY96 1.129,772 1.014696 1.257,898 0.026005
TLR2 1.198,885 1.029720 1.395,840 0.019421
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dysregulation of these TLRs might contribute to HCC
progression.

Establishing a Robust TLR-Based Signature
for HCC Prognosis
Univariate Cox regression analyses were carried out for investigating
the associations between HCC-specific TLRs and survival outcomes

of HCC in the TCGA cohort. In Table 2, twenty TLRs were
distinctly in relation to HCC prognosis. By using the LASSO
method, six candidate TLRs were included for establishing a
prognostic signature (Supplementary figure 1A, B). The TLR-
based RS was determined in each HCC subject as follows: RS �
MAP2K2 expression * 0.0335734255703416 + IRAK1 expression *
0.0992603217488045 + RAC1 expression * 0.186397323163475 +
TRAF3 expression * 0.112022105244872 + MAP3K7 expression *

FIGURE 2 | External validation of the TLR-based gene signature in the GSE14520 and GSE76427 datasets. (A) Kaplan-Meier curves of high and low RS HCC
patients in the GSE14520 dataset. Survival differences were estimated through log-rank tests. (B) ROC curve of 3-year OS for HCC patients according to the RS in the
GSE14520 dataset. (C) Kaplan-Meier curves of high and low RS HCC patients in the GSE76427 dataset. Survival differences were estimated through log-rank tests. (D)
ROC curve of 3-year OS for HCC patients according to the RS in the GSE76427 dataset.
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0.0570747003763387 + SPP1 expression * 0.0601842657782517.
ROC curves were conducted for estimating whether RS could be
predictive of HCCprognosis. The AUCs of one-, three- and five-year
OS were 0.744, 0.656, and 0.662, indicating that the RS was a robust
prognostic signature (Figure 1C). With the median RS, this study
separated the HCC patients in the TCGA cohort into two groups.
Prognostic analysis showed that high-RS patients displayed
depressing OS outcomes in comparison to low-RS patients (p �
2.127e-05; Figure 1D).

External Validation of the TLR-Based
Signature
The predictive performance of the TLR-based signature was
externally verified in the ICGC, GSE14520, and GSE76427
cohorts. The AUCs of one-, three-, and five-year OS were 0.720,
0.675, and 0.668 in the ICGC cohort (Figure 1E). In Figure 1F, high
RS was indicative of gloomy OS for HCC subjects (p � 1.225e-03) in
the ICGC cohort. Similarly, in the GSE14520 dataset, patients with
high-risk exhibited poorer OS than those with low risk (p � 3.384e-
02; Figure 2A). And the AUC at three-year OS was 0.601 in the

GSE14520 dataset (Figure 2B). Also, we observed the distinct
survival advantage for low-risk patients in the GSE76427 dataset
(p � 1.186e-02; Figure 2C). As shown in Figure 2D, the AUC at
three-year OS was 0.622 in the GSE76427 dataset. Following the
previous validation, the TLR-based signature was a reliable
prognostic predictor of breast cancer.

Developing a Nomogram by Incorporating
Stage and the TLR-Based Signature for Risk
Stratification and Survival Prediction
of HCC
In the TCGA cohort, we found that stage (HR: 1.643 (1.354–1.994);
p � 4.86e-07) and the TLR-based signature (HR: 1.055
(1.039–1.072); p � 3.81e-11) displayed significant associations
with HCC prognosis according to univariate Cox regression
analyses (Figure 3A). Following multivariate Cox regression
analyses, stage (HR: 1.511 (1.235–1.850); p � 6.20e-05) and the
TLR-bases signature (HR: 1.048 (1.031–1.065); p � 1.74e-08) were
independent prognostic markers of breast cancer. For facilitating
clinical application, we established a nomogram by incorporating

FIGURE 3 | Establishment of a nomogram by incorporating stage and TLR-based RS for HCC prognosis in the TCGA cohort. (A) Uni- and multivariate Cox
regression analyses of the associations between survival outcomes and age, gender, grade, stage, and TLR RS of HCC patients. (B) Constructing a prognostic
nomogram that included stage and TLR RS for prediction of one-, three-, and 5-year OS probabilities. (C) ROC curves under one-, three-, and 5-year OS for HCC
subjects based on the nomogram model. (D–F) Calibration curves of this model-estimated and observed one-, three-, and 5-year OS probabilities.
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stage and the TLR-based signature for estimating one-, three-, and
five-year OS (Figure 3B). ROC curves confirmed the well-predictive
performance for one- (AUC � 0.746), three- (AUC � 0.729), and
five-year (AUC � 0.744) OS of HCC patients (Figure 3C). As shown
in calibration curves, themodel-estimated and observed one-, three-,
and five-yearOS probabilities were highly close (Figures 3D–F). The
well-predictive efficacy of the nomogram was confirmed in the
ICGC cohort (Supplementary figure 2A-F).

Signaling Pathways Involving the TLR
Signature
Our GSEA results demonstrated that apoptosis (NES � 2.09
and FDR � 0.001), cell cycle (NES � 1.97 and FDR � 0.003),

epithelial cell signaling in helicobacter pylori
infection (NES � 2.08 and FDR � 0.004), oocyte
meiosis (NES � 2.16 and FDR < 0.0001), pathway in
cancer (NES � 1.99 and FDR � 0.003), and spliceosomes
(NES � 1.99 and FDR � 0.003) were distinctly activated
in HCC subjects with high TLR-based RS
(Figure 4A). Moreover, metabolism of cytochrome P450
(NES � −1.80 and FDR � 0.032), fatty acid metabolism
(NES � −1.81 and FDR � 0.036), glycine serine and
threonine metabolism (NES � −1.87 and FDR � 0.030),
PPAR signaling pathway (NES � −1.65 and FDR � 0.021),
and primary bile acid biosynthesis (NES � −1.92 and FDR �
0.038) were markedly activated in HCC subjects with low
TLR-based RS (Figure 4B).

FIGURE 4 | Signaling pathways involving the TLR signature through GSEA. (A) KEGG pathways that were activated in HCC subjects with high TLR-based RS:
apoptosis, cell cycle, epithelial cell signaling in Helicobacter pylori infection, oocyte meiosis, pathway in cancer, and spliceosome. (B) KEGG pathways that were
activated in HCC subjects with low TLR-based RS: metabolism cytochrome P450, fatty acid metabolism, glycine serine and threonine metabolism, PPAR signaling
pathway, and primary bile acid biosynthesis.
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Estimation of the Predictive Sensitivity of
the TLR-Based Signature for HCC
Prognosis
The distribution of the TLR-based RS was analyzed among grades
and stages in HCC patients from the TCGA cohort. In Figure 5A,
compared with G1, the RS gradually elevated as the grade
increased. Furthermore, there were higher RSs in stages II and
III than in stage I (Figure 5B). These data indicated that the TLR-
based RS was in relation to HCC progression. For analyzing the
predictive sensitivity of this signature, we carried out subgroup
analyses in the TCGA–HCC cohort. Prognostic analyses showed

that high RS was indicative of poorer OS than low RS in each
subgroup: ≥ 65 (p < 0.001; Figure 5C) and age<65 (p � 0.012;
Figure 5D); female (p � 0.076; Figure 5E) and male (p < 0.001;
Figure 5F); G1-2 (p � 0.010; Figure 5G) and G3-4 (p < 0.001;
Figure 5H); stage I-II (p < 0.001; Figure 5I), and stage III-IV (p �
0.067; Figure 5J).

Associations Between the TLR-Based
Signature and TME of HCC
By using the ESTIMATE method, we inferred the infractions of
immune and stromal cells in HCC specimens. We found that there

FIGURE 5 | Assessment of the predictive sensitivity of the TLR-based signature for HCC prognosis in the TCGA cohort. (A) The distribution of the TLR-based RS in
different grades (G1-4) of HCC. (B) The distribution of the TLR-based RS in different stages (stage I-IV) of HCC. p values were estimated with Kruskal–Wallis tests. (C–J)
Subgroup analysis of prognostic value of the TLR-based signature for HCC patients by Kaplan–Meier curves according to clinicopathologic characteristics: (C) age > �
65 and (D) age < 65; (E) female and (F) male; (G) grade 1–2 and (H) grade 3–4; (I) stage I-II and (J) stage III-IV. Survival differences were estimated through log-
rank tests.
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was no significant difference in the stromal score between high- and
low-RS groups (Figure 6A). In Figure 6B, high-RS samples
displayed increased the immune score in comparison to low-RS
samples (p < 0.001). Also, high RS was characterized by reduced
tumor purity compared with low RS (p < 0.01; Figure 6C). The
differences in immune checkpoint expression were compared
between groups. In Figure 6D, we found that high-RS samples

displayed an increased mRNA expression of immune checkpoints
including CD86, CTLA4, TNFSF15, TNFSF14, TNFRSF18, IDO1,
CD27, CD160, CD274, BTLA, TNFRSF9, LAIR1, HHLA2, CD244,
CD70, TIGIT, BTNL2, TNFSF9, TNFSF18, NRP1, CD200, CD276,
HAVCR2, TNFRSF8, LGALS9, CD28, CD80, PDCD1, CD44,
PDCD1LG2, TNFRSF25, TNFRSF14, IDO2, TNFRSF4, CD48,
CD40, VTCN1, CD40LG, TNFSF4, and CD200R1. Moreover, the

FIGURE 6 | Estimation of the associations between the TLR-based signature and TME of HCC in the TCGA cohort. (A–C) Comparisons of stromal score, immune
score, and tumor purity between high and low TLR-based RS groups using the ESTIMATE method. (D) Comparisons of immune checkpoints between high and low
TLR-based RS groups. p values were estimated with Wilcoxon rank-sum tests. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant.
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infiltration levels of immune cells were estimated by using the
ssGSEA method. As shown in Figure 7A, high-RS specimens
were characterized by increased infiltrations of activated B cell,
activated CD4 T cell, central memory CD4 T cell, central
memory CD8 T cell, effector memory CD4 T cell, gamma delta
T cell, immature B cell, regulatory T cell, T follicular helper cell, type
1 T helper cell, type 17 T helper cell, type 2 T helper cell, activated
dendritic cell, CD56dim natural killer cell, eosinophil, immature
dendritic cell, macrophage, MDSC, natural killer cell, natural killer
T cell, neutrophil, and plasmacytoid dendritic cell. The significant

associations between the signature and immune cell infiltrations
were also found in HCC (Supplementary figure 3A-N).

Associations Between the TLR-Based
Signature and Responses to Chemotherapy
Drugs
Using the GDSC database, the responses to chemotherapy drugs
were estimated in HCC patients from the TCGA cohort. Here, we
analyzed the associations between the TLR-based signature and

FIGURE 7 | Associations between the TLR-based signature and immune cell infiltrations and chemosensitivity of HCC in the TCGA cohort. (A) Comparisons of
infiltration levels of immune cells between high and low TLR-based RS groups using the ssGSEA method. (B, C) Comparisons of the responses to gemcitabine and
cisplatin between high and low TLR-based RS groups by GDSC database. p values were estimated utilizingWilcoxon rank-sum tests. *p < 0.05; **p < 0.01; ***p < 0.001;
ns: not significant.
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responses to chemotherapy drugs. Our data showed that high-RS
patients displayed lower IC50 values of gemcitabine (p � 5.94e-
13; Figure 7B) and cisplatin (p � 4.81e-05; Figure 7C) than low-
RS patients. Hence, high RS predicted better responses to
gemcitabine and cisplatin for HCC patients.

Verification of TLRs in This Prognostic
Signature for HCC
This study collected three paired HCC and normal liver tissues.
Western blot was applied for examining the expression of TLRs in
this prognostic signature in the aforementioned specimens (Figure 8A).
Our results confirmed thatMAP2K2 (p< 0.01;Figure 8B), IRAK1 (p<
0.01; Figure 8C), RAC1 (p < 0.05; Figure 8D), TRAF3 (p < 0.01;
Figure 8E), MAP3K7 (p < 0.05; Figure 8F), and SPP1 (p < 0.001;
Figure 8G) were all markedly upregulated in HCC compared with
normal liver tissues at the protein levels.

MAP2K2 Deficiency Weakens Colony
Formation Capacity and Enhances
Apoptosis in HCC Cells
For observing the influence of MAP2K2 on HCC pathogenesis,
MAP2K2 expression was markedly decreased in Huh7 and

HepG2 cells by si-MAP2K2 transfection (Figures 9A,B).
Colony formation capacity was then observed. We found that
MAP2K2 deficiency distinctly reduced colony formation of Huh7
and HepG2 cells (Figures 9C–E). Also, MAP2K2 knockdown
elevated the apoptotic levels of HCC cells (Figures 9F–H). Thus,
MAP2K2 deficiency weakened colony formation capacity and
enhanced apoptosis in HCC cells.

DISCUSSION

As microarrays and high-throughput sequencing step forward
(Song et al., 2020; Su et al., 2020; Song et al., 2021; Song and Su,
2021), gene signatures on the basis of mRNA expression profiles
exhibit much potential for prediction of HCC outcomes. Several
single genes may independently estimate survival outcomes of
HCC subjects. For instance, PRIM1 can be used for predicting
HCC prognosis, and its upregulation accelerates HCC
progression through activation of the AKT/mTOR pathway
and UBE2C-induced P53 ubiquitination (Zhu et al., 2021).
Moreover, a few prognosis-related signatures according to
multiple mRNAs have been conducted for HCC, which might
be utilized for preclinical and clinical therapies (Long et al., 2019;
Hong et al., 2020; Liang et al., 2020), such as a risk signature based

FIGURE 8 | Verification of the expression of genes in the TLR-based signature in HCC and normal tissue specimens. (A) Western blot for detecting MAP2K2,
IRAK1, RAC1, TRAF, and MAP3K7 proteins in three paired HCC and normal tissues. (B–G) Quantification of the expression of (B) MAP2K2, (C) IRAK1, (D) RAC1, (E)
TRAF, (F)MAP3K7, and (G) SPP1 proteins in three paired HCC and normal tissues. Comparisons between groups were evaluated with Student’s t tests. *p < 0.05; **p <
0.01; ***p < 0.001.
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on N6-methyladenosine RNA methylation regulators (Bian et al.,
2020). Nevertheless, additional signature models should be
conducted for accurately predicting HCC prognosis due to
complexity and heterogeneity of the neoplasm. Here, we
conducted a TLR-based gene signature (including MAP2K2,
IRAK1, RAC1, TRAF3, MAP3K7, and SPP1) for HCC
prognosis. Following verification, this signature acted as a
robust prognostic indicator of HCC.

Cancer is driven by genetic alterations (2020). According to
the previous research, the TLRs in this signature exerted key
functions in HCC progression. Our Western blot confirmed the
dysregulation of the TLRs in HCC. USP21-mediated de-
ubiquitination and stabilization of MAP2K2 promotes tumor
growth of HCC (Li et al., 2018). MAP2K2 upregulation that is
mediated by c-Myb enhances proliferation and invasion of HCC
(Zhuang et al., 2019). MAP2K2 knockdown prevents ERK1/2

FIGURE 9 | Silencing MAP2K2 weakened colony formation capacity and induced apoptosis of HCC cells. (A, B) RT-qPCR of the mRNA expression of MAP2K2 in
Huh7 and HeG2 cells with si-MAP2K2 transfection. (C–E) Colony formation assays of the number of colonies of Huh7 and HeG2 cells with si-MAP2K2 transfection.
(F–H) Flow cytometry assays of the apoptotic levels of Huh7 and HeG2 cells under transfection with si-MAP2K2. p values were estimated with ANOVA tests. ***p <
0.001; ****p < 0.0001.
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activation and abolishes HCC progression (Gailhouste et al.,
2010). Our data confirmed that MAP2K2 knockdown
weakened colony formation capacity and enhanced apoptosis
in HCC cells. IRAK1 enhances cancer stemness and weakens the
sensitivity to doxorubicin and sorafenib using the AP-1/
AKR1B10 axis in HCC (Cheng et al., 2018). Suppression of
IRAK1 protects against chronic inflammation–associated HCC
(Li et al., 2015). Analyses of immunohistochemistry and RNA-seq
profiling reveal that IRAK1 acts as an oncogene and a diagnostic
and treatment target against HCC (Ye et al., 2017). IRAK1
heightens cellular proliferative capacity and protects against
apoptosis for HCC (Li et al., 2016). RAC1 enhances cancer
stemness and self-renewal capacity in HCC (Ran et al., 2019).
RAC1 promotes diethylnitrosamine-mediated formation of HCC
(Bopp et al., 2015). TRAF3 that is activated by SMAC weakens
HCC growth (Ding et al., 2020). MAP3K7 knockdown drives
liver fibrosis and HCC via RIPK1 kinase-dependent
inflammatory response (Tan et al., 2020). SPP1 possesses the
potential for risk stratification and OS prediction of HCC patients
(Ouyang et al., 2020).

HCC represents a heterogeneous malignancy, which happens
via distinct pathway activation andmolecular alterations (Li et al.,
2019). Our GSEA demonstrated that high TLR-based RS was
distinct in relation to apoptosis, cell cycle, epithelial cell signaling
in Helicobacter pylori infection, oocyte meiosis, pathway in
cancer, and spliceosome, while low TLR-based RS was related
to metabolism cytochrome P450; fatty acid metabolism; glycine,
serine, and threonine metabolism; PPAR signaling pathway; and
primary bile acid biosynthesis. Although epithelial cell signaling
in Helicobacter pylori infection and oocyte meiosis are not
associated with HCC progression, evidence suggests that TLR
is involved in modulating the previous pathways (Smith et al.,
2011; Gilbert, 2019). The tumor microenvironment including
fibroblasts, myofibroblasts, endothelial cells, immune cells, and
extracellular matrix plays a critical role in the initiation, growth,
and dissemination of HCC (Zhang et al., 2020). Here, we
observed that high RS was characterized by a high immune
score, immune checkpoint expression, and immune cell
infiltration in HCC. TLR, a pattern recognition receptor, is
mainly expressed in immune cells containing dendritic cell,
macrophage, natural killer cell, and other antigen-presenting
cells (Karapetyan et al., 2020). TLR activation induces
inflammatory response, thereby resulting in the enhanced
uptake and killing of cancer cells and the generation of
adaptive immune response (Karapetyan et al., 2020). This also
confirmed the implications of the TLR-based signature in
immune activation. Despite the progress of therapeutic
strategies, patients with intermediate–advanced HCC exhibit
low efficacy, partly due to chemoresistance (Zhang et al.,
2021). Here, our results showed that high RS was predictive of
better responses to gemcitabine and cisplatin for HCC patients.

A nomogram model represents a robust tool for providing
probabilistic prediction of persons. Herein, a TLR-based
nomogram was conducted, which might estimate HCC
outcomes. Our ROC and calibration curves confirmed the
favorable predictive performance of this nomogram. Although
this study identified a prognostic TLR-based signature that

exhibited underlying substantial clinical implications, there are
still a few shortcomings. To consider the much heterogeneity of
HCC, several candidate TLRs that could affectHCCprognosismight
be removed before establishing this prognosis-related TLR-based
signature, which might decrease the predictive efficacy of this
signature. Furthermore, the mechanism of post-curative relapse
and metastases that are the main clinical features that could assist
in the interpretation of the relatively poor diagnosis efficacy, except
for the follow-up containing post-curative relapse and metastasis
information, was lacking in these collected specimens. Additionally,
this prognosis-related TLR signature will be observed by an in-depth
experiment validation and the clinical applications assessed utilizing
a multicenter randomized controlled study.

CONCLUSION

Collectively, combining conventional clinicopathologic characteristics,
the TLR-based signature displayed the advantage in predicting
survival outcomes, TME, and responses to chemotherapeutics in
HCC. Hence, this signature had the well prospect in clinical practice.
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Sevoflurane Alleviates Myocardial
Ischemia Reperfusion Injury by
Inhibiting P2X7-NLRP3 Mediated
Pyroptosis
Jiaxuan Wu1, Wenfeng Cai2, Ruiming Du1, Haiyang Li2, Bin Wang2, Yanqiong Zhou1,
Daifei Shen1, Huimin Shen1, Yang Lan1, Lesi Chen1, Xiaoxia Zheng1, Danmei Huang2 and
Ganggang Shi2*

1Department of Anesthesiology, Second Affiliated Hospital of Shantou University Medical College, Shantou, China, 2Department
of Pharmacology, Shantou University Medical College, Shantou, China

Myocardial ischemia is common in aging population. This study investigates the protective
effect of Sevoflurane on myocardial ischemia reperfusion injury (MIRI) and its underlying
mechanism. A total of 87 patients with a history of myocardial ischemia who underwent
abdominal surgery with Sevoflurane general anesthesia were recruited in the study. The
clinical data, blood pressure, heart rate, pressure-rate quotient (PRQ) and rate-pressure
product (RPP) were recorded. Serum samples were collected and heart-type fatty acid
binding protein (H-FABP), ischemia modified albumin (IMA), interleukin-1β (IL-1β), and
interleukin-18 (IL-18) were measured to observe whether Sevoflurane anesthesia had
protective effect on myocardium. In addition, MIRI rats and hypoxia/reoxygenation (H/R)
injury cell model was established using neonatal rat ventricular myocytes (NRVM). Rats or
NRVM were pretreated with sevoflurane for 45min before hypoxia. The mRNA expression
of purinergic receptor-7 (P2X7) and NLR family pyrin domain containing 3(NLRP3) were
examined. The protein expression of P2X7, NLRP3, apoptosis-associated speck-like
protein (ASC), cysteine aspartic acid specific protease-1(Caspase-1), Gasdermin-D
(GSDMD), Bcl-2 Associated X Protein (Bax), B-cell lymphoma-2 (Bcl-2) in myocardial
tissue and cells were evaluated. The serum contents of IL-1β, IL-18, Malondialdehyde
(MDA), Superoxide dismutase (SOD), Lactate dehydrogenase (LDH), Creatine kinase (CK),
and Creatine kinase isoenzymes (CK-MB) were measured. The cellular localization and
fluorescence intensity of NLRP3 and ASC in cells were detected. It was found that the
secretion of IL-1β and IL-18 decreased in the patients. After I45 min/R3h in SD rats and
H3h/R1h in NRVM, the protein expressions of P2X7, NLRP3, ASC, Caspase-1 and
GSDMD were increased, the release of IL-1β, IL-18, CK, CK-MB, LDH and MDA were
increased, and SOD activity was decreased. Sevoflurane treatment inhibited the high
expression of P2X7, NLRP3, ASC, Caspase-1 and GSDMD, inhibited the release of LDH,
CK,CK-MB andMDA in cells, and improved the activity of SOD, indicating that Sevoflurane
alleviated the damage of MIRI of rats and H/R of NRVM, and had myocardial protective
effect. Taken together, our study suggests that Sevoflurane inhibited the expression of IL-
1β, IL-18 and GSDMD by inhibiting the P2X7-NLRP3 signaling pathway. It reduced the
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H/R injury of cardiomyocytes and protected the cardiac function by regulating
inflammatory reaction and pyroptosis.

Keywords: sevoflurane, myocardial ischemia reperfusion, hypoxia and reoxygenation, P2X7, NLRP3, pyroptosis

INTRODUCTION

Sevoflurane is an inhalation anesthetic drug. It induces anesthesia
with quick wake up and has little effect on circulatory and
respiratory inhibition. It was reported that Sevoflurane has
protective effect on myocardial ischemia reperfusion injury
(MIRI) by inhibiting inflammatory reaction (Nader et al.,
2004; Symons and Myles, 2006; Yao et al., 2010). The function
of Sevoflurane may be due to its effect on the lipid solubility of cell
membrane, leading to membrane expansion. Sevoflurane reduces
the expression of Cluster of Differentiation 11b (CD11b) on the
surface of neutrophils and inhibits the adhesion of neutrophils to
endothelial cells (Li et al., 2020). It also reduces the number and
activity of neutrophils captured during cardiac reperfusion,
reduces the adhesion between platelets and vascular endothelia
after ischemia, and reduces the secretion of pro-inflammatory
cytokines Tumor necrosis factor-alpha (TNF-α), IL-1β and
others.

The ischemic myocardium may aggravate the structural
damage of the heart after reperfusion, causing cell death. This
might further damage the cardiac function and affect the
prognosis of patients. After myocardial cell injury,
mitochondrial function is impaired, and adenosine
triphosphate (ATP) is released from the damaged or dead cell
to act on the P2X7 receptor on cell membranes (Peng et al., 2015;
Shokoples et al., 2021). An important characteristic of P2X7 is
that the non-selective ion channels will open under the action of
high extracellular ATP concentration, allowing macromolecules
to pass through, and leading to the formation of NLRP3
inflammasome (Yin et al., 2017; Zhou et al., 2021) NLRP3 is
closely associated with MIRI (Hu et al., 2019). NLRP3 can
promote the release of inflammatory mediators from
cardiomyocytes, such as IL-1β and IL-18, and induce
pyroptosis (Ji et al., 2021). Pyroptosis is frequently involved in
the development of atherosclerotic heart disease, infectious
diseases and nervous system-related diseases, that are
characterized by the formation of inflammasome, the
activation of gasdermin and caspase-1, and the release of pro-
inflammatory factors.

During the first 6 h of reperfusion after acute myocardial
infarction, substances released from the infarct area can recruit
neutrophils to the infarct area (Liu et al., 2016; Sorriento and
Iaccarino, 2019). Within 24 h, the neutrophils migrate to the
myocardium, causing inflammatory response, blockage of blood
vessels and release of various degrading enzymes, leading to
myocardial damage. Treatment of the myocardium with blood
containing white blood cells or anti-ICM1 antibodies during
reperfusion reduced the extent of myocardial infarction.
Inhibition of inflammatory response plays an important role
in alleviating MIRI. The activation of neutrophils increased
significantly during reperfusion, but decreased significantly

after Sevoflurane pretreatment. Sevoflurane pretreatment can
improve the myocardial contraction force, reduce arrhythmia,
improve left ventricular pressure, decrease left ventricular end-
diastolic pressure at the same time, and by reducing coronary
artery (including collateral circulation) resistance to improve
myocardial perfusion and reduce the area of myocardial
infarction (De Hert et al., 2004; Garcia et al., 2005; Lurati
Buse et al., 2012).

In this study, clinical data and serum samples were collected
from patients with either ST-T abnormality in preoperative ECG,
or have symptoms or history of myocardial ischemia, who
underwent abdominal surgery with general anesthesia to
observe whether Sevoflurane has a cardioprotective effect in
these patients. In addition, the primary cardiomyocyte H/R
model and the rat MIRI model were established to observe the
effect of Sevoflurane on the expression of P2X7 and NLRP3, to
investigate how Sevoflurane inhibited the release of IL-1β and IL-
18 and reduced pyroptosis through P2X7-NLRP3, and to explore
the mechanism of Sevoflurane protects against MIRI in
cardiomyocytes.

MATERIALS AND METHODS

Chemicals and Reagents
Midazolam (Batch No.MZ210112, Jiangsu NHWA
Pharmaceutical Co.,Ltd, China), Sufentanil (Batch
No.11A01111, Yichang Renfu Pharmaceutical Co., Ltd.
China) and Remifentanil (Batch No.00A12301, Yichang
Renfu Pharmaceutical Co., Ltd. China), Propofol (Batch
No.10PK7241, Guangdong Jiabo Pharmaceutical Co., Ltd.
China), Rocuronium bromide (Batch No.2010041.1,
Zhejiang Xianju Pharmaceutical Co., Ltd. China),
Sevoflurane (Batch No.20122331, Jiangsu Hengrui
Pharmaceutical Co., Ltd. China),PrimeScripttr RT reagent
Kit with gDNA Eraser (Lot# AK3801,Takara, Japan) and
SYBR Premix Ex TaqTM Ⅱ(Lot# AKA303,Takara, Japan),
P2X7 Rabbit Polyclonal Antibody (Lot# GR3276506Abcam,
UK)and NLRP3 Rabbit Polyclonal Antibody (Abcam, UK);
Caspase-1 mouse monoclonal Antibody (Lot#
J2919,Santa Cruz Biotechnology,United States),ASC
mouse monoclonal Antibody (Lot#
K1920,Santa Cruz Biotechnology,United States), GSDMD
mouse monoclonal Antibody (Lot# GR3281507-
4,Santa Cruz Biotechnology,United States), GADPH
Rabbit Monoclonal Antibody (Lot# 201050119, Beijing
ZSGB- Biotechnology Co., Ltd.Chian), HRP-labeled sheep
anti-mouse IgG (Lot# A0521,Wuhan BOSTER Biological
Technology co.ltd. China),IL-1β ELISA Kit (Lot# 226593-
003,Wuhan Boster Biological Technology. Ltd, Wuhan,
China) and IL-18 ELISA Kit (Lot# 2002-6631,Wuhan

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 7685942

Wu et al. Myocardial Ischemia Reperfusion Injury and P2X7-NLRP3

140

https://www.baidu.com/link?url=88HbuGrRKn1jiFf4X-_NJxfyLdCOe3hX6pjq6kQPcm2_ilU7vvjsJQHtxNRyaN7V&wd=&eqid=8c4a4d4b00019ad10000000660f4bbfc
https://www.baidu.com/link?url=88HbuGrRKn1jiFf4X-_NJxfyLdCOe3hX6pjq6kQPcm2_ilU7vvjsJQHtxNRyaN7V&wd=&eqid=8c4a4d4b00019ad10000000660f4bbfc
https://www.baidu.com/link?url=88HbuGrRKn1jiFf4X-_NJxfyLdCOe3hX6pjq6kQPcm2_ilU7vvjsJQHtxNRyaN7V&wd=&eqid=8c4a4d4b00019ad10000000660f4bbfc
https://www.baidu.com/link?url=Wu8WioHEeh-Fye4pefXgNH-Y9qXBlMeXLolpe8j76E358xcoacSEvmvP-KTzBcnY&wd=&eqid=f764d0ba000252e40000000660d3ec9b
https://www.baidu.com/link?url=Wu8WioHEeh-Fye4pefXgNH-Y9qXBlMeXLolpe8j76E358xcoacSEvmvP-KTzBcnY&wd=&eqid=f764d0ba000252e40000000660d3ec9b
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Boster Biological Technology. Ltd, Wuhan, China), LDH
(Lot# 20200706, Nanjing Jiancheng Institute of Biological
Engineering, China), MDA (Lot# 20210130, Nanjing
Jiancheng Institute of Biological Engineering, China)and
SOD kit (Lot# 20200511,Nanjing Jiancheng Institute of
Biological Engineering, China),2,3, 5-Triphenyl
Tetrazolium Chloride and Evans Blue (Lot#
BCCD5244,Sigma-Aldrich, St. Louis, Mo, United States).

Study Subjects
This study was approved by the Ethics Committee of Shantou
University Medical College. A total of 87 patients with a history of
coronary heart disease (diagnosed based on the Diagnostic
criteria from the 2014 ACC/AHA/AATS/PCNA/SCAI/STS
stability of ischemic heart disease diagnosis and treatment
guidelines and ASA Class II-III) and underwent abdominal
surgery were included in the study. All patients signed the
informed consents. Patients aged 18–65 years old. They were
randomly divided into two groups according to the random
number table: Sevoflurane group (n � 56) and Propofol group
(n � 31). Another 30 individuals with no history of myocardial
ischemia who underwent abdominal surgery with Sevoflurane
anesthesia were used as the control group.

Anesthesia Method
Clinical evaluation and medical record review were conducted
before surgery. The basic information and past medical history of
patients were recorded. All patients completed routine
preoperative cardiac examination, including a 12-lead
electrocardiogram, chest X-ray, echocardiography, and
laboratory examinations.

After the patients were admitted to the operating room, they were
monitored with electrocardiogram, systolic blood pressure (SBP),
diastolic blood pressure (DBP), SPO2, and PetCO2. Anesthesia
induction for all patients was performed using midazolam at the
dose of 0.03–0.05 mg/kg, sufentanil 0.1–0.2 μg/kg, propofol
1.5–2.0 mg/kg and rocuronium 0.6–0.9 mg/kg. Volume control
ventilation was performed after endotracheal intubation. The tidal
volume was 6–8ml/kg, the respiration ratio was 1:2, and the oxygen
flow was 1.5 L/min. The ventilation frequency was adjusted to
maintain the PetCO2 at 35–45mmHg. Sevoflurane group was
treated with inhalation Sevoflurane 1.0–1.5 minimum alveolar
concentration (MAC) for anesthesia maintenance. The Propofol
group was maintained with continuous intravenous infusion of
propofol of 50–200 μg/kg/min. Intraoperative intravenous
infusion of remifentanil 0.05–0.20 μg/kg/min was used to
maintain analgesia.10∼20mg rocuronium was added in a single
dose as needed.

Observation Indicators
Blood pressure, heart rate, SPO2, and PetCO2 were continuously
monitored. SBP, DBP and HR were recorded at the time when
patients entering the operating room, at the beginning of
anesthesia, and every 5 min during anesthesia until the end of
anesthesia. RPP and PRQ were calculated. Electrocardiogram
examination was performed to analyze the changes of ST-T in
electrocardiogram at the end of anesthesia, 24 h Post-anesthesia

and 72 h Post-anesthesia, and the changes of ST-T segment in 12-
lead electrocardiogram were more pronounced (ST-segment
depression or elevation, T-wave inversion or biphasic) than
those in baseline electrocardiogram Pre-anesthesia.The use of
Sevoflurane and the recovery quality were recorded. Blood
samples were collected Pre-anesthesia and Post-anesthesia, 24
and 72 h Post-anesthesia. Serum was separated and IMA,
H-FABP, IL-1β and IL-18 were measured. The incidence of
unstable angina pectoris, myocardial infarction, heart failure
and cardiogenic death were recorded after 30 days.

Animals and Myocardial
Ischemia-Reperfusion Model
Animal experiments were approved by the Animal Ethics
Committee of Shantou University Medical College. Male
Sprague Dawley (SD) rats weighing 250–300 g were obtained
from the Laboratory Animal Center of Shantou University
Medical College. All animals had free access to food and
water, and the room temperature was maintained between
23°C and 24°C. Sevoflurane inhalation or intraperitoneal
injection of 1% Pentobarbital Sodium were used to minimize
animal suffering during the procedure.

Eight-week-old male SD rats, weighed about 250–300 g,
were used. After the rats were completely anesthetized by
intraperitoneal injection of 1% Pentobarbital Sodium, the
chest hair was removed, the rats were fixed on the
experimental table and connected to the lead ECG. The rats
were inserted with the endotracheal tube and the respiratory
parameters were adjusted (ALC-V8S, Shanghai Alcott
Biotechnology Co., Shanghai, China). After the chest was
disinfected with alcohol, a longitudinal incision was made
between the third and 4th intercostals on the left. Blood
vessels were visible at 1–2 mm from the lower edge of the
left atrial appendage. A bead with a diameter of 0.3 cm was
threaded on the 5-0 silk suture, and the left anterior
descending (LAD) was ligated with the silk suture. The silk
suture was ligated so that it compresses LAD for 45 min. ST
segment elevation was more than 2/3 and T wave was high in
ECG during ischemia. Myocardium at ligation site was white.
Myocardial perfusion can be restored by cutting the suture and
removing the beads. The elevated ST segment on the ECG

FIGURE 1 | Rats in each group.In the sham group, the silk suture was
passed under LADwithout ligation. The other groups were ligatedwith LAD for
45 min and then reperfused for 180 min. Sevoflurane groups with different
concentration of sevoflurane was inhaled with corresponding
concentrations for 45 min before ischemia.
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decreased by more than 1/2, and the T wave gradually
recovered, indicating successful reperfusion.

Animal Experiment Grouping
SD rats were randomly divided into the following five groups
(Figure 1): sham group, ischemia/reperfusion (I/R) group, and
I/R + sevoflurane groups. In the sham group, the silk suture was
passed under LAD without ligation. The other groups were
ligated with LAD for 45 min and then reperfused for 180 min.
The 1.8% sevoflurane, 2.4%sevoflurane, 3.6%sevoflurane group
was inhaled 1.8% sevoflurane (0.7 MAC), 2.4% sevoflurane (1.0
MAC) and 3.6% sevoflurane (1.3 MAC) respectively for 45 min
before ischemia.

ECG Recording and Cardiac Ultrasound
Animal eight-channel physiological recording system (China Ede
Company, PL3508/P 75dB/16 bits) was used to collect
electrocardiogram, ventricular pressure and arterial pressure.
The ST segment changes in ECG and the occurrence of
arrhythmias during ischemia/reperfusion was recorded.

The cardiac function of rats was detected by small animal
multimode imaging system (Fuji, Vevo® LAZA2100, Japan). The
images of long axis and short axis of the longitudinal section of
the hearts of rats were collected by LZ250 ultrasound probe. The
images were analyzed to obtain the values of left ventricular
ejection fraction (LVEF) and left ventricular fraction shorting
(LVFS). These results reflect the changes of heart function of rats
in each group after different treatments.

Measurement of Myocardial Infarct Size
The left anterior descending branch of the heart of rats was
ligated, and 1% Evans blue solution was injected into the right
atrium. After the limbs were blue stained, the hearts were cut off
and frozen at −30°C for 1 h. The hearts were cut into sections
about 2 mm and incubated in 1.5% 2,3,5-triphenyltetrazolium
chloride (TTC) solution at 37°C for 20 min and fixed with 4%
paraformaldehyde for 4 h. The normal perfusion area was stained
blue by Evans blue, and the myocardium in the ischemic area was
stained red by TTC. The infarct area is white because the cell
membrane of cardiomyocytes is damaged, and the release of
intracellular dehydrogenase cannot be stained red by TTC. After
taking photos, the staining results were analyzed with Image Pro
Plus 6.0 software, and the percentage of infarct myocardium in
ventricular area was calculated.

Isolation of Primary Cardiomyocytes NRVM
and Modeling of Hypoxia/Reoxygenation
NRVM
SD rats 1–5 days old were anesthetized, their chest cavities
were opened, hearts were removed, bloods were washed with
PBS, and the hearts were cut into tissue blocks of 1–3 mm.
After digestion with trypsin and type II collagenase, the heart
cells were collected. The fibroblasts were removed and 5-
bromodeoxyuridine was added into the medium to inhibit
the growth of fibroblasts. After that, purified cardiomyocytes
were obtained.

After 3–4 days of culture, NRVM were washed 3 times with
PBS. 100% nitrogen was added into the anoxic solution and the
anoxic solution was saturated for 20–30 min. After saturation, the
original culture medium in the Petri dish was removed and
cleaned with anoxic solution for 2–3 times. Different volumes
of anoxic solution were added according to the size of the Petri
dish. The cells were placed in a hypoxic/anaerobic workstation for
3 h under the condition of 1% O2, 5%CO2 and 94% N2 at 37°C to
establish the anoxic cell model. After 3 h of anoxia, the anoxic
fluid was removed, and the oxygenated fluid was used to clean the
cells 2–3 times, and the oxygenated fluid was replaced in the cell
culture dish. The reoxygenation model was completed after being
incubated for 1 h in an incubator at 37°C and 5% CO2.

Real-Time Quantitative PCR
Real-time quantitative PCR was used to detect the mRNA
expression of P2X7 and NLRP3 in myocardial cells. Total
RNA of cardiomyocytes was extracted according to the
instructions of RNAiso Plus and reversely transcribed into
cDNA. The specific primers of rat P2X7 and NLRP3 were
used for real-time quantitative PCR (Table 1).

Western Blot Analysis
The cells were lysed with RIPA solution, and the total cell proteins in
each group were extracted. The BCA protein detection kit was used
to measure the protein concentration of each sample to ensure that
the loading total protein in each group was the same. After SDS-
PAGE separation, the proteins were transferred onto the
nitrocellulose (NC) filter membrane. After the electric transfer,
the membrane was sealed with 5% skim milk for 1 h. After
sealing, membrane was treated with P2X7 (1:300), NLRP3 (1:
300), ASC (1:100), Caspase-1 (1:100), and GSDMD1 (1:3,000)
antibodies and incubated overnight at 4°C. Then the membranes
were washedwith TBST for 3 times, 10 min each time. The goat anti-
rabbit-IgG-HRP antibody (1:20,000) and goat anti-murine-IgG-
HRP antibody (1:20,000) diluted in 5% skim milk were added,
and incubated at room temperature for 1 h. The membranes were
washed again with TBST for 3 times, 10 min each time. Finally,
chemiluminescent solution was used for exposure in a dark room.
Gel-Pro image analysis software (Media Cybernetics, United States)
was used to analyze the optical density of the protein bands.

ELISA Detected Blood Cytokines
Blood samples were collected from the patients using a collector
vessel with separation gel. Serum was obtained by centrifugation
at 3,000°r/min for 5°min, and stored at −80°C. Cardiac injury

TABLE 1 | Primer sequences.

Primer Primer sequences (59-39)

P2X7 forward:AGTCTGCAAGATGTCAAAGG
reverse: ATTTCCTCAGGTTGTCCAG

NLRP3 forward: TTCCCAGACCCTCATGTTGC
reverse: CAGGGCATTGTCACTGAGGT

GAPDH forward: TCAAGAAGGTGGTGAAGCAG
reverse: AGGTGGAAGAATGGGAGTTG
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indexes such as CK, CK-MB, LDH, IMA and H-FABP in serum at
different time points were determined according to the
instructions of the ELISA detection kits. In addition, the levels
of IL-1β and IL-18 were detected. At the end of the experiment,
the abdominal cavity was opened and blood was collected from
the inferior vena cava. Serum was obtained by centrifugation at
3,000°r/min for 5 min and stored at −80°C. For the cell
experiment, cell culture medium was collected from each
group and centrifuged at 2000 r/min for 5 min to remove cell
debris. The levels of inflammatory cytokines IL-1β and IL-18 in
serum or cell culture medium were measured according to the
instructions of ELISA detection kits.

Measurement of MDA, SOD and LDH Level
MDA content in cardiomyocytes was detected by thiobarbituric
acid assay. The activity of SOD in myocardial cells was detected
by xanthine oxidase. The content of MDA and SOD reflects the
ability of scavenging oxygen free radicals. The content of lactate
dehydrogenase (LDH) in the supernatant of cultured cells was
determined by colorimetric method to reflect the extent of
damage to cardiomyocytes.

Immunohistochemical and
Immunofluorescent Staining
After 3 h of reperfusion, the hearts of rats were taken by
thoracotomy. The myocardial tissue below the ligation line
was cut, fixed in 10% formaldehyde, dehydrated, embedded in
paraffin, and sectioned at the thickness of 4 μm. Paraffin sections
were placed in the oven at 65°C for 30 min, and then dewaxed
with xylene and dehydrated with alcohol. After heat antigen
repair, the endogenous enzyme activity was inactivated with
3% H2O2 solution, block with goat serum for 1 h. The primary
antibody anti-NLRP3 (1:100) or anti-GSDMD (1:1,000) were
added and incubated overnight at 4°C. The HRP labeled
second antibody was added, incubated at 37°C for 30 min, and
proceed for DAB color development. Sections were
counterstained with hematoxylin, and sealed with neutral gum.
Sections were observed under the microscope. Five visual fields
were randomly selected from each section under the same
conditions, Image Pro Plus 6.0 was used for image analysis,
and the number of positive cells was calculated.

The colocalization of NLRP3 and ASC protein was detected by
immunofluorescence. NRVM were inoculated on the coverslip in
a 24-well plate and cultured for 72 h. After that, the cells were
fixed with 4% paraformaldehyde for 15 min, washed with PBS for
3 times, and incubated with TritonX-100 for 10 min. After the
normal goat serum was sealed for 1 h, the diluted NLRP3 (1:100)
and ASC (1:100) antibodies were added and placed at 4°C
overnight. The samples were taken out the next day, soaked in
0.1% Tween20 containing PBS for 3 times, and incubated with the
secondary antibodies Alexa Fluor 488 (1:200) and Alexa Fluor
594 (1:300) for 1 h. Then, sections were washed for three times,
and Hoechst33342 was used to stain the nucleus for 15 min.
Finally, the slides were cover-slipped. The immunofluorescence
intensity was detected by confocal microscope, and the images
were analyzed by Image Pro Plus 6.0 software.

ROS Assay Assessment
The OCT in frozen sections of rat hearts was washed off with PBS.
The Dihydroethidium (DHE) dye was prepared by diluting the
original DHE solution with PBS solution. The diluted DHE dye
(5 μM) 50 μL was added to each slide and incubated for half an
hour in the dark. After incubation, slides were washed with PBS
for 3 times to stop dyeing. The glass slides were dried at room
temperature, and anti-fluorescence quenching solution was
added to the slides and covered with coverslip. The staining
results were observed under a microscope. The number of DHE-
positive nuclei were measured in three random visual fields.

TUNEL Assay
NRVM were cultured in coverslips for 4–5 days, and then grouped
according to the experimental requirements. The coverslip was fixed
in 4% formaldehyde solution for 15 min, washed with PBS for 3
times, 5 min each. Then, 100 μL of 20 μg/ml protease K solution was
added, incubated at room temperature for 5 min, and washed with
PBS for 10 min. The excess liquid was removed from the section and
100 μL equilibrium buffer was added to cover the heart tissue, and
balanced at room temperature for 10 min in the dark. The 50 μL
rTDT incubation buffer (equilibrium buffer: nucleoside mixture:
rTDT � 45:5:1) was added and incubated in an incubator at 37°C for
1 h. After incubation, the coverslip was immersed in 2×SSC and
incubated at room temperature for 15min to terminate the reaction.
Slides were washed with PBS for 3 times, 5 min each. The anti-
fluorescence quenching solution containing Hoechst33342 was
added. The apoptotic cells were observed with green fluorescent
filter under a fluorescence microscope. The number of apoptotic
cells and the total number of cells were counted and the apoptotic
rate was calculated.

Statistical Analysis
The data were statistically analyzed using the Graphpad prism 6.0
(San Diego, California, United States). The measurement data were
expressed as mean ± SD. The data at different time points in the
same group or between different groups were statistically analyzed
by one-way analysis of variance (ANOVA), then the data between
multiple groups were compared by Tukey’s test. When p < 0.05, the
difference was considered as of statistical significance.

RESULTS

Sevoflurane Alleviates Myocardial Injury in
Patients With Myocardial Ischemia
Demographic Characteristics
The study included 87 patients with a history of myocardial
ischemia and 30 cases of individuals with no history of
myocardial ischemia. In the 30 cases, there were 13 males and
17 females, aged 18–65 years old. In the 87 cases, Sevoflurane
group consisted of 56 cases, 29 males and 27 females, and
Propofol group consisted of 31 cases, 17 males and 14 females,
aged 18–65 years old. There was no significant difference in
gender and age among these three groups (p > 0.05). The
demographics of participants by group (Control, Sevoflurane
vs Propofol) including age, gender, NYHA Cardiac function
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classification, hypertension, diabetes, myocardial infarction and
smoking were summarized (Table 2).

Changes of Vital Signs in These Three
Groups at Different Time Points
peri-Anesthesia
The BP and HR of patients in these three groups decreased after
anesthetic induction due to the effects of sevoflurane and propofol on
BP and HR. At each time point in anesthesia, BP and HR were lower
than that before anesthesia. Propofol had more prominent effect in
inhibiting blood pressure (Figure 2A). RPP>12,000 and PRQ<1.0
indirectly reflected myocardial oxygen consumption during the
operation. Calculation RPP and PRQ showed that RPP<12,000
and PRQ>1.0 could be achieved in all the three groups, but PRQ
was close to one in the propofol group (Figure 2A), which might be
related to the effect of propofol on blood pressure inhibition.

Changes of Myocardial Injury and
Inflammatory Factors in These Three
Groups During Peri-anesthetic Periods
Both IMA and H-FABP are early diagnostic markers of myocardial
damage following myocardial ischemia. Compared with the control
group, IMA and H-FABP increased in sevoflurane and propofol
groups at 0, 8 and 24 h post-anesthesia, with statistical significance
(p < 0.05). The increase was more obvious in the propofol group,
with statistical significance (p< 0.05) (Figure 2B). The levels of IL-1β
and IL-18 in serum were determined by ELISA. Compared with the
control group, the levels of IL-1β and IL-18 in patients in the
sevoflurane and propofol groups were increased at 8 and 24 h post-
anesthesia, with statistical significance (p< 0.05). Compared with the
sevoflurane group, the increase was more obvious in the propofol
group, with statistical significance (p < 0.05) (Figure 2B).

The Incidence of Post-anesthesia
Cardiovascular Events in These Three
Groups
Compared with the control group, the incidence of new ST-T
abnormality of ECG is higher in sevoflurane and propofol
groups at immediate post-anesthesia,1st day and 2nd day

post-anesthesia. This might be related to the patient’s history
of myocardial ischemia, and the myocardial function is affected
by surgery and anesthesia. Compared with the propofol group,
the incidence of new ST-T abnormality of ECG decreased in the
sevoflurane group at the 1st day and 2nd day post-anesthesia,
with statistical significance (P < 0.05), indicating that
sevoflurane has a milder effect on cardiac function.
Compared with the control group, the incidence of unstable
angina was higher in the propofol group at the 30th day post-
anesthesia, with statistical significance (P < 0.05). Compared
with the control group, the incidence of unstable angina was
slightly higher in the sevoflurane group at the 30th day post-
anesthesia, but with no statistical significance (P > 0.05).
Compared with the propofol group, the incidence of unstable
angina pectoris was lower in the sevoflurane group at the 30th

day post-anesthesia, with statistical significance (P < 0.05).
There was no significant difference in the incidence of
myocardial infarction, heart failure and cardiogenic death
30 days after anesthesia among the three groups (Table 3).

SEVOFLURANE ALLEVIATES MIRI IN RATS

Electrocardiogram Changes in Rat MIRI
Model
After the ligation of LAD, the ECG showed typical signs of
myocardial ischemia: high T wave, increased amplitude,
elevated ST segment, and slow heart rate. After loosening
the ligation line and reperfusion of the myocardium, the T
wave on the ECG decreased rapidly, the elevated ST decreased
by 30–50%, and the heart rate recovered (Figure 3A)

Myocardial Infarction and
Echocardiography
The results of cardiac ultrasound showed that compared with the
Sham group, the LVEF and LVFS of the rats in the I/R group were
significantly decreased, and the cardiac function was seriously
damaged. However, compared with the I/R group, Sevoflurane
pretreated rats showed a lower degree of LVEF and LVFS
reduction after MIRI (Figure 3B, C). The results indicated
that Sevoflurane pretreatment could protect the heart from
injury after MIRI.

TABLE 2 | Demographic characteristics of Groups (%).

Control Sevoflurane Propofol

Number 30 56 31
Age (year) 56.8 ± 14.2 53.2 ± 15.8 51.2 ± 13.6
�x ± s
M:F 13:17 29:27 17:14
NYHA Cardiac function classification ≥ III 5 (16.7) 11 (19.6) 7 (22.6)
History of HTN 6 (20) 16 (28.6) 10 (32.2)
History of DM 6 (20) 16 (28.6) 8 (25.8)
History of MI 0 (0) 5 (8.9) 2 (6.5)
History of Smoking 11 (36.7) 19 (33.9) 11 (35.5)

MF, Male:femal8; NYHA, New York Heart Association; MI, myocardial infarction; HTN, hypertension; DM, diabetes mellitus.
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FIGURE 2 | Changes in vital signs and inflammatory factors in these three groups of patients (A) different general anesthetics on the changes of heart rate, blood
pressure, RPP and PRQ in peri-anesthesia in the three groups (B) Changes of IL-18 at different time points at pre- and post-anesthesia.
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After myocardial ischemia reperfusion in rats, the area of
myocardial infarction reflects the severity of myocardial ischemia
and infarction after ischemia, and is used in the study of MIRI.
Ischemia can cause infarction in a certain area. The size of the area
depends on the duration and severity of ischemia. If reperfusion is
not performed, the infarct can extend from the endocardial to the
epicardial area. Although reperfusion can save some of the
myocardial tissue from infarction in the risk area of ischemia, it
can result in cell death and changes in myocardial infarct size
(Gallagher, 1997). The size of myocardial infarction in the
Sevoflurane preconditioning group was smaller than that in the
I/R group and correlated with the concentration of sevoflurane. Of
the three concentration groups, the 3.6% Sevoflurane group had the
most significant reduction in MI area (Figure 3D).

Contents of LDH, CK and CK-MB in Serum
of Rats
After myocardial ischemia, myocardial cells are injured. Enzymes
in the cells were released out of the cells due to the rupture of the
cell membrane. By measuring the enzyme content in serum or
medium, the degree of myocardial cell injury can be evaluated.
CK-MB is the main enzyme released into the blood when
cardiomyocytes are damaged. At the same time, intracellular
LDH and CK are also released to the outside of the cells. The
contents of LDH, CK and CK-MB in serum directly reflect the
severity of cardiac function injury in rats. Compared with the
Sham group, the release of myocardial enzymes was significantly
increased in the I/R group and the cardiac function was seriously
damaged. However, the release of myocardial enzymes in
Sevoflurane group was less than that in I/R group (Figure 3E).
This indicates that Sevoflurane treatment can reduce the release
of myocardial enzymes after MIRI.

Sevoflurane Alleviates Inflammatory Cell
Infiltration in MIRI Rats
Immunofluorescence Staining of CD11b
CD11b is the biomarker of monocytes, macrophages,
neutrophils and NK cells. Positive immunofluorescent
staining of CD11b showed these cells. As shown in
Figure 4A, the number of CD11b-labeled inflammatory
cells increased in the myocardium of rats in the ischemia-
reperfusion group. However, the accumulation of
inflammatory cells in Sevoflurane pretreated rats was
significantly reduced compared with the rats in I/R group,

with less inflammatory cell aggregation and fewer CD11b-
labeled inflammatory cells.

Serum IL-1β and IL-18 Levels in Rats
Activation of inflammasome hydrolyzes pro-caspase-1 (45 kD)
into two fragments (20 kD and 10 kD) to produce active caspase-
1. Pro-IL-1β and Pro-IL-18 were further cleaved by caspase-1 to
generate active IL-1β and IL-18. IL-1β and IL-18 are released
extracellularly, causing an amplification of inflammatory signals,
and ultimately an intensification of the inflammatory response.
The occurrence of this reaction can lead to the adhesion of
neutrophils and monocytes and the generation of oxygen free
radicals, and induce cell edema and death. Compared with the
Sham group, serum IL-1β and IL-18 levels were increased in the
I/R group, indicating that the production and release of
inflammatory factors were increased after ischemia/
reperfusion, while the values were relatively low after
Sevoflurane pretreatment (Figure 4B and Table 4).

Immunohistochemical Staining of
Myocardial Tissue
The expression of NLRP3 and GSDMD was detected by
immunohistochemical staining. Compared with the Sham
group, the expression of NLRP3 and GSDMD was increased
in the tissue sections of I/R group. Compared with the I/R group,
the expression level of NLRP3 and GSDMD in the Sevoflurane
treatment group was significantly down-regulated, and the degree
of reduction was related to the concentration, and the decrease
was most obvious in the 3.6% Sevoflurane group (Figures 4C, D).

SEVOFLURANE ALLEVIATES OXIDATIVE
STRESS AND PYROPTOSIS IN MIRI RATS
Contents of SOD and MDA in Myocardial
Tissue
Superoxide dismutase (SOD) in myocardial tissue can
transform reactive oxygen radicals into hydrogen peroxide,
which is reduced to water and oxygen molecules by thixolase
and glutathione peroxidase. SOD activity reflects the ability of
scavenging reactive oxygen radicals. Methane dicarboxylic
aldehyde (MDA) reflects the degree of lipid peroxidation on
unsaturated fatty acids of cell membrane. Increased MDA can
cause decreased membrane fluidity, increased permeability,
mitochondrial swelling, lysosomal destruction and lysosomal

TABLE 3 | Post-anesthetic myocardial ischemia and cardiac events in the three groups (%).

Group Subject
(number)

New ST-T
abnormality of

ECG immediately
post-anesthesia

New ST-T
abnormality of
ECG 1st day

post-anesthesia

New ST-T
abnormality of
ECG 2nd day

post-anesthesia

30th day post-
anesthesia
unstable
angina

30th day
post-

anesthesia
MI

30th day
post-

anesthesia
CHF

30th day post-
anesthesia

cardiac death

Control 30 1 (3.3) 1 (3.3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Sevoflurane 56 8 (14.3)* 10 (17.9)*# 10 (17.9)*# 2 (3.6)# 0 (0) 1 (1.8) 0 (0)
Propofol 31 5 (16.1)* 13 (35.3)* 13 (35.3)* 5 (16.1)* 0 (0) 1 (3.2) 0 (0)

ML, myocardial infarction; CHF, congestive heart failure; *p < 0.05 compared with Control group.#p < 0.05 compared with Propofol group.
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enzyme release. The content of SOD and MDA indirectly
reflects the ability of scavenging reactive oxyradical.
Compared with the Sham group, SOD content in the I/R
group decreased, and a large amount of Oxygen free

radicals (OFR) produced during myocardial reperfusion
could not be removed. Polyunsaturated fatty acids and
unsaturated double bonds of fatty acids in the
phospholipids of cell membranes were easily attacked by

FIGURE 3 | Sevoflurane alleviates MIRI in rats (A) Typical electrocardiogram of normal perfusion, ligation of LAD and reperfusion (B)Cardiac ultrasonography in rats
of normal perfusion, MIRI and treatment with different concentrations of sevoflurane (C) Histogram of rat cardiac ultrasonography (D) Myocardial infarction area and
histogram of rats treated with different concentrations of sevoflurane (E) Effects of Sevoflurane at different concentrations on the release of LDH, CK and CK-MB in
myocardial tissue after MIRI. Data are expressed relative to the mean value of sham group and were presented as mean ± SD (n � 6). *p < 0.05, **p < 0.01,
***p < 0.001 vs respective controls.
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reactive oxygen radicals, leading to lipid peroxidation and
stimulating the production of reactive oxygen radicals. In
addition, the results showed that MDA levels increased, further

aggravating the myocardial injury. However, in the Sevoflurane
pretreatment group, SOD content increased, reducing lipid
peroxidation of cell membrane structure, and reducing the
amount of MDA. Through the increase of SOD and the
elimination of MDA, myocardial cells can be protected from
ischemia and reperfusion, and further damage of ischemic
damaged cells can be alleviated during reperfusion (Figure 5A).

DHE Staining of Rat Myocardial Tissue
Dihydroethidium (DHE) can enter living cells freely and is
oxidized by intracellular Reactive oxygen species (ROS) to
form ethidium oxide. The ethidium oxide can enter the
chromosomal DNA and produce red fluorescence. The
amount of ROS release was determined by observing the

FIGURE 4 | Sevoflurane alleviates inflammatory cell infiltration inMIRI rats (A) The expression of CD11b in rat myocardial tissue determined by immunofluorescence
staining (n � 6,Scale bars 20 um) (B) Effects of Sevoflurane at different concentrations on the release of IL-1β and IL-18 in myocardial tissue after MIRI. All values are
expressed as means ± SD (n � 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls (C) Expression of NLRP3 in rat myocardial tissue by immunohistochemical
staining of normal perfusion, MIRI and sevoflurane treatment with different concentrations in rats (n � 6,Scale bars 20 um) (D) The Expression of GSDMD in rat
myocardial tissue by immunohistochemical staining of normal perfusion, MIRI and sevoflurane treatment with different concentrations in rats (n � 6,Scale bars
20 um).Data are expressed relative to the mean value for sham group and were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls.

TABLE 4 | Effects of Sevoflurane at different concentrations on the release of IL-1β
and IL-18 in myocardial tissue after MIRI (n � 6).

IL-1β(pg/ml) IL-18 (pg/ml)

Sham 170.44 ± 13.32# 370.16 ± 23.36#

I45min/R3h 424.76 ± 54.18* 681.92 ± 86.36*
I/R+1.8%Sevo 45 min 379.78 ± 40.29*,# 615.16 ± 54.02*,#

I/R+2.4%Sevo 45 min 294.53 ± 26.03*,# 533.09 ± 45.88*,#

I/R+3.6%Sevo 45 min 256.43 ± 20.56*,# 462.49 ± 28.53*,#

*p < 0.05 vs Sham group; #p < 0.05 vs 145 min/R3h group.
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FIGURE 5 | Sevoflurane alleviates oxidative stress and pyroptosis in MIRI rats (A) Effects of different concentrations of Sevoflurane on the expression of MDA and
SOD in myocardial tissue after ischemia reperfusion. All values are expressed as means ± SD (n � 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls (B) ROS
Fluorescent Probe-DHE. Sevoflurane increased ATP content, stabilized membrane potential, and reduced ROS production (n � 6,Scale bars 50 um) (C) The Expression
of apoptosis-related proteins Bax and Bcl-2.Data are expressed relative to the mean value for sham group and were presented as mean ± SD (n � 6). *p < 0.05,
**p < 0.01, ***p < 0.001 vs respective controls (D) Effects of different concentrations of Sevoflurane on the TUNEL staining in myocardial tissue after MIRI. All values are
expressed as means ± SD (n � 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls. Scale bars 50 um (E) Histogram of TUNEL and the protein expression of
P2X7, NLRP3, ASC, Caspase-1 and GSDMD (F) Immunoblotting measured the levels of P2X7, NLRP3, ASC, Caspase-1 and GSDMD protein expression. Data are
expressed relative to the mean value for control group and were presented as mean ± SD (n � 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls.
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fluorescence intensity of DHE in frozen sections of myocardial
tissue. Compared with the Sham group, the fluorescence
intensity in the myocardial tissue of rats in the I/R group

was significantly enhanced, the release of ROS was significantly
increased, and the cardiac function was seriously damaged.
Since the accumulation of ROS is a major factor that triggers

FIGURE 6 | Sevoflurane inhibited the activation of inflammasome and pyroptosis induced by hypoxia and reoxygenation of NRVM (A) The expression of
P2X7 and NLRP3 mRNA detected by real-time PCR. Data are expressed relative to the mean value for control group and were presented as mean ± SD (n �
3). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls (B) Effects of different concentrations of Sevoflurane on the content of MDA and SOD. All values
are expressed as mean ± SD (n � 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls (C) Effects of Sevoflurane at different concentrations on
the release of IL-1β, IL-18 and LDH in NRVM after H/R. All values are expressed as mean ± SD (n � 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective
controls (D) Effects of Sevoflurane at different concentrations on the protein expression of P2X7,NLRP3,ASC,Caspase-1 and GSDMD in NRVM after H/R
by immunoblotting analysis (E) Histogram of the protein expression of P2X7,NLRP3,ASC,Caspase-1 and GSDMD. Data are expressed relative to the mean
value for control group and were presented as mean ± SD (n � 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls (F) Colocalization of NLRP3 and
ASC in NRVM was observed by the laser scanning confocal microscope(n � 3,Scale bars five um).
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the activation of NLRP3 inflammasomes, it can promote pro-
caspase-1 cleavage and promote the release of inflammatory
cytokines such as IL-1β and IL-18. Therefore, the intensity of
ROS production is correlated with the activation of NLRP3
inflammasomes. Compared with the I/R group, the release
degree of ROS in the myocardium of the Sevoflurane
pretreated rats was reduced, indicating that Sevoflurane
pretreatment can reduce the release of ROS and reduce the
degree of oxidative stress (Figure 5B).

Sevoflurane Alleviates Apoptosis of
Cardiomyocytes
Apoptosis is an energy-dependent process and could be induced
during ischemiawhich is affected by reperfusion (when oxygen supply
is reinitiated) (Bellis et al., 2020). The apoptosis of cardiomyocytes is
themain formof ischemia-reperfusion injury and the cytological basis
for the occurrence and evolution ofmany cardiovascular diseases. The
most important characteristic of apoptosis is that the plasma
membrane of the cell remains intact throughout the whole process
and there is no extracellular leakage of cell contents.Bcl-2 is located on
the outer membrane of mitochondria and inhibits the release of
cytochrome C, and its high expression can significantly inhibit
apoptosis caused by the increase of free radicals, calcium overload
and lipid peroxidation. Bax is a pro-apoptotic protein, located in the
cytoplasm. After activation, it is translocated onto the mitochondrial
membrane to form apoptotic protein complexes with Bcl-2. When
Bax forms homodimer, cell apoptosis is induced, and when Bax and
Bcl-2 form heterodimer, Bcl-2 inhibits cell apoptosis. Therefore, the
balance of Bcl-2 and Bax is an important factor determining the
degree of apoptosis in myocardial ischemia reperfusion injury. After
myocardial ischemia and reperfusion, the expression of Bcl-2 was
significantly decreased, the expression of Bax was significantly
increased, and apoptosis was increased. The up-regulation of Bcl-2
or down-regulation of Bax can reduce cell apoptosis and prevent
ischemia reperfusion injury. The results showed that pretreatment
with Sevoflurane could increase the expression of Bcl-2, decrease the
expression of Bax, increase the ratio of Bcl-2 to Bax, and reduce the
apoptosis of cardiomyocytes (Figure 5C).

In apoptotic cells, DNA is broken down into fragments of
different sizes. The TUNEL method connects both luciferin
labeled and unlabeled DnTP to the fractured 3′-OH ends in
apoptotic cells under the action of deoxyribonucleotide terminal
transferase. Microscopically, specific green fluorescence could be
detected in apoptotic cells. The results showed that there was little
bright green fluorescence and almost no apoptosis in the Sham
group. The green fluorescence of H/R group was significantly
increased. Pretreatment with Sevoflurane significantly reduced
the apoptosis of cardiomyocytes (Figure 5D).

Sevoflurane Affects the Protein
Expressions of P2X7, NLRP3, ASC,
Caspase-1 and GSDMD
Pyroptosis is associated with inflammasome activation,
production of caspase-1 and GSDMD, and release of a large

number of pro-inflammatory cytokines. The protein expressions
of P2X7, NLRP3, ASC, Caspase-1 and GSDMDwere increased in
myocardial tissue after MIRI. Different concentrations of
Sevoflurane were used to observe the difference in protein
expression of P2X7, NLRP3, ASC and Caspase-1. The results
showed that the protein expression of P2X7, NLRP3, ASC and
Caspase-1 was decreased with different concentrations of
Sevoflurane, and related to the concentration of Sevoflurane.
The expression of GSDMD protein was increased after MIRI,
indicating the increase of pyroptosis and Sevoflurane reduced the
degree of pyroptosis (Figure 5F).

SEVOFLURANE INHIBITED THE
ACTIVATION OF INFLAMMASOME AND
PYROPTOSIS INDUCED BY HYPOXIA AND
REOXYGENATION OF NRVM

Sevoflurane Affects the mRNA Expression
of P2X7 and NLRP3
The expression of P2X7 and NLRP3 mRNA increased after
H/R in NRVM, and the expression of NLRP3 mRNA increased
gradually with the prolongation of hypoxia time. In order to
confirm the effect of Sevoflurane on the gene expression of
NLRP3, we examined the effect of Sevoflurane at different
concentrations on the mRNA expression of P2X7 and NLRP3.
The results showed that Sevoflurane treatment inhibited the
mRNA expression of P2X7 and NLRP3, and the degree of
inhibition was related to the concentration of Sevoflurane
(Figure 6A).

Sevoflurane Alleviates the Release of Cell
Inflammatory Factors and Myocardial
Enzyme
The levels of MDA and SOD after H/R were determined by
ELISA. After H/R of NRVM, the levels of MDA in the
supernatant of the culture medium were significantly
increased, and the level of SOD decreased. Compared with
H/R group, Sevoflurane with different concentrations reduced
the content of MDA in NRVM and increased the content of SOD.
3.6%Sevoflurane group had the most protective effect on H/R
(Figure 6B).

Sevoflurane Alleviates the Release of Cell
Inflammatory Factors and Myocardial
Enzyme
The levels of IL-1β and IL-18 secretion and the release of LDH
after cell injury were determined by ELISA. After hypoxia and
reoxygenation of NRVM, the levels of IL-1β and IL-18 in the
supernatant of the culture medium were significantly
increased. At the same time, the release of LDH also
increased. Compared with H/R group, Sevoflurane with
different concentrations inhibited the secretion of IL-1β and
IL-18, and reduced the release of LDH, and 3.6%Sevoflurane
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had the most obvious protective effect on MIRI (Figure 6C and
Table 5).

Sevoflurane Affects the Protein
Expressions of P2X7, NLRP3, ASC,
Caspase-1 and GSDMD in NRVM
The protein expressions of P2X7, NLRP3, ASC, Caspase-1 and
GSDMD were increased in the NRVM after H/R. Different
concentrations of Sevoflurane were used to observe the
difference in protein expression level of P2X7, NLRP3, ASC
and Caspase-1. The results showed that the protein
expressions of P2X7, NLRP3, ASC and Caspase-1 were

decreased with different concentrations of Sevoflurane. The
expression of GSDMD protein was increased after H/R,
indicating the increase of pyroptosis, and Sevoflurane
treatment reduced the degree of pyroptosis (Figures 6D, E).

Colocalization of NLRP3 and ASC in NRVM
In the absence of stimuli, intracellular caspase-1 exists in the
form of inactive pro-caspase-L. In the presence of pathological
factors, NLRP3 recruits effector protein Pro-Caspase-1
through ASC to assemble into inflammasomes. After
assembly, inflammasomes can be self-activated to hydrolyze
Pro-Caspase-1 into active Caspase-L. In the
immunofluorescence experiment of cells, confocal

TABLE 5 | Effects of Sevoflurane at different concentrations on the release of IL-1β, IL-18 and LDH in NRVM after H/R (n � 3).

IL-1β(pg/ml) IL-18 (pg/ml) LDH(U/L)

CON 30.98 ± 1.89# 51.29 ± 11.16# 145.25 ± 5.03#

H3h/R1h 66.74 ± 2.71* 195.41 ± 37.03* 362.39 ± 4.63*
H/R+1.8%Sevo 45 min 58.62 ± 7.11*# 157.79 ± 27.01*# 309.99 ± 27.58*#

H/R+2.4%Sevo 45 min 53.11 ± 5.96*# 139.78 ± 18.81*# 259.92 ± 34.38*#

H/R+3.6%Sevo 45 min 45.49 ± 6.91*# 91.63 ± 18.02*# 223.36 ± 5.53*#

*p < 0.05 vs CON group; #p < 0.05 vs H3h/R1h group.

FIGURE 7 | Effects of NLRP3 inhibitor and agonist on NRVM after Sevoflurane pretreatment (A) Effects of NLRP3 inhibitor and agonist on the protein expression of
P2X7, NLRP3, Caspase-1 and GSDMD in NRVM after Sevoflurane pretreatment by immunoblotting. Data are expressed relative to the mean value for control group and
were presented as mean ± SD (n � 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls (B) Effects of NLRP3 agonists and inhibitors on the levels of IL-1β, IL-18
and LDH after H/R of cardiomyocytes. All values are expressed as mean ± SD (n � 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls.
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microscopy was used for observation. After hypoxia and
reoxygenation of NRVM, it was observed that NLRP3 and
ASC were co-located in the cytoplasm, and formed spots
(Figure 6F).

EFFECTS OF NLRP3 INHIBITOR AND
AGONIST IN NRVM AFTER SEVOFLURANE
PRETREATMENT

Changes in Protein Expression of NLRP3,
ASC, Caspase-1 and GSDMD in NRVM
After hypoxia and reoxygenation, the protein expressions of P2X7,
NLRP3, Caspase-1 and GSDMD were increased. MCC950, an
inhibitor of NLRP3, inhibited the up-regulation of NLRP3,
Caspase-1 and GSDMD induced by H/R.As an agonist of NLRP3,
Nigericin affected the inhibitory effect of Sevoflurane on the protein
expression of P2X7, NLRP3, caspase-1 and GSDMD, and up-
regulated the expressions of NLRP3, caspase-1 and GSDMD
(Figure 7A).

The Release of Inflammatory Factors and
Myocardial Enzyme
After hypoxia and reoxygenation, the levels of IL-1β, IL-18 and
LDH in the supernatant of the culture medium were significantly
increased, while the secretion was inhibited by Sevoflurane
treatment. In order to determine the effect of Sevoflurane on
cardiomyocyte hypoxia and reoxygenation injury, we used
NLRP3 inhibitors and agonists on cardiomyocytes after
hypoxia and reoxygenation, and observed the changes of
NLRP3 related factors. The results showed that the use of
NLRP3 inhibitor MCC950 100 nM, can inhibit the secretion of
inflammatory factors IL-1β and IL-18, reduce the release of LDH;
NLRP3 agonist Nigericin 10 uM increased the secretion of IL-1β,
IL-18 and LDH (Figure 7B).

DISCUSSION

This study included three aspects:1) the important role of
cardiomyocyte pyrolysis in MIRI, 2) the effect of Sevoflurane
on MIRI from both in vivo and in vitromodels. And 3) Inhibition
of cardiomyocyte inflammation and pyroptosis via the P2X7-
NLRP3 signaling pathway is the potential mechanism of
Sevoflurane against MIRI. These results suggest that
Sevoflurane has potential clinical value in the prevention and
reversal of MIRI.

The mechanism of MIRI was extensively explored. The role of
inflammatory factors in ischemia-reperfusion injury has been
widely studied (Toldo et al., 2018). Most animal experiments have
shown that the expression of proinflammatory factors increases
during myocardial ischemia-reperfusion (Silvis et al., 2021).IL-1β
can cooperate with other cytokines to promote the activation of B
and T cells, and induce the production of other inflammatory
mediators, strengthen the adhesion of white blood cells and

endothelial cells. MIRI regulates the generation of IL-6 and
NF-kB (Fiordelisi et al., 2019), and activates the cytokine
cascade reaction (Jia et al., 2020). It can promote the
generation of oxygen free radicals (Hu et al., 2008), activate
neutrophils, and induce the apoptosis of cardiomyocytes
(Lopez-Neblina and Toleto-Pereyra, 2007; Jun et al., 2019).
Although myocardial inflammation occurs after ischemia/
reperfusion and leads to myocardial cell damage, the cellular/
molecular and signaling mechanisms of inflammation remain
unclear. Almost all of the factors that induce inflammasome may
be associated with MIRI, including reactive oxygen species (ROS)
(Abderrazak et al., 2015; Zhang et al., 2018), oxygen-low-density
lipoprotein, hypoxia, complement, amyloid and misfolded
proteins, especially in macrophages and immune cells. In our
findings, we found that inflammation and pyrolysis of
cardiomyocytes after MIRI may be factors that accelerate the
progression of myocardial ischemia/reperfusion injury. We
propose a hypothesis that cardiomyocytes produce pyrolysis
after myocardial ischemia reperfusion, and Sevoflurane reduces
cellular inflammation and pyrolysis by inhibiting NLRP3
expression, which explains the anti-MIRI effect of Sevoflurane.

Sevoflurane is a commonly used inhaled anesthetic in clinical
practice. Compared with other inhaled anesthetics, Sevoflurane
has less effect on the hemodynamics and is easy to adjust the
depth of anesthesia. Therefore, Sevoflurane is widely used in
anesthesia induction and maintenance. In clinical practice,
Sevoflurane has been found to have an protective effect on
myocardial ischemia injury (Grishin et al., 2016; Zhang et al.,
2017; Zhang et al., 2020), and this finding was supported by
relevant studies. However, the mechanism of Sevoflurane against
myocardial ischemia has not been determined. By measuring the
changes of injury factors in serum of patients pre-anesthesia and
post-anesthesia, we found that the effect of Sevoflurane on
myocardial ischemia injury was related to anti-inflammation.
In order to investigate the anti-inflammatory mechanism of
Sevoflurane, we found that NLRP3, ASC, cleaved caspase-1,
and GSDMD N-terminal fragments were significantly
upregulated in cardiomyocytes in animal and cell experiments
(Sandanger et al., 2016). In addition, the release of IL-1β and IL-
18 from cardiomyocytes was increased. Sevoflurane can inhibit
the overexpression of P2X7, NLRP3, ASC, Caspase-1 and
GSDMD in animal MIRI and primary cardiomyocyte H/R
models, reduce the inflammatory response and cell pyroptosis
induced by H/R, and improve the function of cardiomyocytes.

In addition, when Sevoflurane is pretreated on
cardiomyocytes, the concentration of inhalation, the time of
administration and the duration of action all have important
effects on its myocardial protective effect (Miyamae et al.,
2009). According to the study of Miyamae, after Sevoflurane
pretreatment, the elution time should not exceed 60min,
otherwise the myocardial protective effect will be lost. This
suggests that appropriate Sevoflurane treatment is the key to
the myocardial protective effect (Obal et al., 1987). According
to the results of previous studies, the concentration of
Sevoflurane pretreatment before ischemia or hypoxia was
selected to be 3.6% and the action time was 45 min for the
release of inflammasomes and downstream factors.
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Restraining the degree of burnout. Pyroptosis has the
characteristics of necrosis and apoptosis in morphology, but
different from apoptosis is the formation of many pores on the
cell membrane, so that the cell membrane lost its integrity
(Willingham et al., 2009). The GSDMD molecule is the main
agent of cell pyrolysis. Caspase-1 cleaves GSDMD (GSDMD-
FL) to produce the GSDMD-N terminal, which inserts into the
cell membrane to form a 10–14 nm pore.Caspase-1 then
further cleaves Pro-IL-1β and Pro-IL-18, causing the
maturation and secretion of IL-1β and IL-18, amplifying
local and systemic inflammatory responses, and ultimately
leading to cell death (Mallat et al., 2001; Wu et al., 2018).
Activation of inflammasome and its downstream
inflammatory signaling molecules is an important pathway
to induce myocardial inflammation after ischemia (Baldrighi
et al., 2017). Both the occurrence of pyroptosis and the release
of IL-1β and IL-18 will aggravate MIRI.

In summary, our study showed that the protective effect of
Sevoflurane against myocardial ischemia injury is associated with
anti-inflammation. The effect of Sevoflurane was associated with
inhibition of inflammasome, IL-1β, IL-18 and cell pyroptosis.
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Cardioprotective Properties of Ginkgo
Biloba Extract 80 via the Activation of
AKT/GSK3β/β-Catenin Signaling
Pathway
XiangWei Zheng1*†, Qi Gao2†, Shuang Liang1, GuoQin Zhu2*, DanDan Wang2* and Yi Feng1*

1Engineering Research Center of Modern Preparation Technology of Traditional Chinese Medicine, Ministry of Education,
Innovation Research Institute of Traditional Chinese Medicine, Shanghai University of Traditional Chinese Medicine, Shanghai,
China, 2SPH Xing Ling Sci. and Tech, Pharmaceutical Co., Ltd., Shanghai, China

Elderly people are more likely to experience myocardial infarction (MI) than young people,
with worse post-MI mortality and prognosis. Ginkgo biloba extract 50 (GBE50) is an oral
GBE product that matches the German product, EGb761, which has been used to treat
acute myocardial infarction (AMI). The extraction purity of GBE50 was improved to form a
new formulation, Ginkgo biloba extract 80 (GBE80). This study investigates the effect of
GBE80 on aged acute myocardial infarction rats. GBE80 injection is a novel formulation
that was prepared by mixing Ginkgo flavonoids and lactones in a 4:1 weight ratio, with a
Ginkgo content of more than 80%. Cell Counting Kit-8 was used to determine the
biological safety and protective effect of GBE80 on cardiomyocytes against oxidative
damage. An aged AMI rat model was developed and used to determine the myocardial
infarction weight ratio using triphenyltetrazolium chloride staining. Terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) was
applied to detect cell apoptosis in myocardial tissue. Western blotting and
immunohistochemistry were used to measure the protein levels of members of the
AKT/GSK3β/β-catenin pathway in vitro and in vivo, respectively. We found that
GBE80 in vitro suppressed H2O2-induced cytotoxicity by promoting AKT/GSK3β/
β-catenin signaling, while it did not show cytotoxicity to normal cardiomyocytes in the
0–500 μg/ml dose range. After 7 days of administration to aged AMI rats, GBE80 markedly
reduced the weight ratio of the infarction and inhibited cell apoptosis in myocardial tissue.
Furthermore, the AKT/GSK3β/β-catenin signaling pathway was activated by GBE80.
These results suggest that GBE80 injection effectively inhibited AMI-induced
myocardial damage and in vitro H2O2-induced cardiomyocyte cytotoxicity by activating
the AKT/GSK3β/β-catenin signaling pathway.

Keywords: Ginkgo biloba extract, myocardial protection, acute myocardial infarction, apoptosis, GSK3β, β-catenin,
injection, signaling pathway
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INTRODUCTION

Myocardial infarction (MI) is a common clinical adverse
cardiovascular event, which can endanger the lives of patients. The
Framingham Heart Study indicated that higher age is significantly
associated with risk of myocardial infarction (Ngwa et al., 2021).
Compared with middle-aged men (55–64 years), the MI incidence of
elderly men (85–94 years) was more than two times higher, and
increased by more than five times for women (women aged
55–64 years vs 85–94 years) (National Heart, Lung, and Blood
Institute, 2006; Qipshidze Kelm et al., 2018). The incidence of MI
among the elderly is not only significantly higher than that among
young people, but the mortality rate after MI is significantly higher
than that of young people. TheGISSI-2 (Gruppo Italiano per lo Studio
della Sopravvivenza nell’Infarto Miocardico-2) study showed that the
risk of cardiac rupture increases significantly with age in patients
receiving thrombolytic therapy for reperfusion after a first MI. The
mortality rates of both in-hospital and post-discharge patients
increases with age, with a 6% mortality rate increase per year of
age increase (Maggioni et al., 1993). Elderly patients aremore prone to
cardiac arrest after MI, which induces MI complications, including
papillary muscle rupture, left ventricle free wall rupture, and acquired
ventricular septal defect (Ornato et al., 2001). The proportion of the
global population aged over 60 will increase from 10.0% in 2000 to
21.8% in 2050 and 32.2% in 2,100 (Lutz et al., 2008). These predictions
have prompted researchers to seek more effective treatments for MI.

Ginkgo biloba L. is well known as a living fossil tree because of
its longevity. Over time, ginkgo must have acquired or developed
resistance to various diseases to adapt to the environment. G.
biloba leaves contain many phytochemicals, including flavonoids,
terpenoids, alkylphenols, and carboxylic acids (van Beek and
Montoro, 2009; van Beek, 2000). The terpene lactones consist of
bilobalide. Ginkgolides A, B, C, and J are only found in G. biloba
trees. The major ginkgo flavonoids are mono-, di-, and tri-
glycosides (van Beek and Montoro, 2009). The chemical
components of the ginkgo leaf show a variety of activities,
such as antioxidation, elimination of oxygen free radicals,
regulation of superoxide dismutase and catalases, and
elimination of nitric oxide (NO), thus contributing to
protection against cardiac damage, and potentially preventing
myocardial infarction (Tsai et al., 2013). The ginkgo leaf extract
has been developed clinically as an important medicinal herb
(World Health organization, 1999). A standardized ginkgo
extract first appeared in 1994 in Germany, and has been
approved for the treatment of, for example, cerebral
insufficiency (Blumenthal, 1998).

In China, Ginkgo biloba Extract 50 (GBE50) is a representative
ginkgo extract that contains 24.1% ginkgo-flavone glycosides
(including kaempferol, quercetin, and isorhamnetin derivatives)
and 6.4% lactones (including ginkgolides A, B, C, and bilobalide).
Some studies have shown that GBE50 may prevent MI (Liu et al.,
2010; Bian et al., 2018) by attenuating the abnormal expression of the
Na+—Ca2+ exchanger (NCX) (Liu et al., 2013). GBE50 is also used to
treat MI in traditional Chinese medicine (Chinese Pharmacopoeia
Commission, 2005). Currently, the purity of the flavonoids and
diterpenes in GBE50 is relatively low, and GBE50 is often used as an
oral preparation. Oral GBE50 is often inconvenient for use in

patients with acute myocardial infarction (AMI); rather, injectable
medications that work quickly are often required for AMI. Although
injection of the crude extract of Ginkgo biloba has been used to treat
AMI, its composition is complex, resulting in a poor safety profile
and an unclear mechanism of action.

Ginkgo biloba has been shown to activate AKT signaling pathway.
It has been also widely demonstrated that the activation of AKT
triggers intracellular events, such as the phosphorylation of glycogen
synthase kinase 3β (GSK3β), which confers protection against AMI
damage. Mahesh Thirunavukkarasu et al. showed that AKT signaling
pathway is reduced by myocardial ischemia-reperfusion injury
(Thirunavukkarasu et al., 2015). Thus, it would be interesting to
study the activation of AKT and phosphorylated GSK3β (p-GSK3β)
by Ginkgo Biloba extract on aged AMI rats.

The present study aimed to increase the purity of the flavonoids
and diterpenes in GBE50 to more than 80%, and prepare an
injection to investigate its effect on the treatment of AMI.
Ginkgo biloba extract 80 (GBE80) is a new ginkgo leaf extract
that was prepared bymixing Ginkgo flavonoids and lactones with a
Ginkgo content of more than 80% in a weight ratio of 4:1, which
was consistent with the yield ratio of ginkgo flavonol glycosides and
ginkgolides of GBE50. The GBE80 injection was studied for its
protective effect on cardiac damage caused by AMI in vitro and in
vivo. The molecular mechanism was also explored.

MATERIALS AND METHODS

Chemical Reagents
The suppliers and the catalog numbers of the reagents are as
follows. Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies, Carlsbad, CA, United States ; 22,400–089), fetal
bovine serum (Life Technologies; 10,099), antibiotic-
antimycotic (Life Technologies; 15,240–112), phosphate-
buffered saline (PBS) (Life Technologies; 10010-049,
pH7.4), trypsin-EDTA (Life Technologies; 25300-054,
0.05%), bovine serum albumin (Life Technologies;
15560012); D-Hanks solution (Beyotime, Jiangsu, China;
C0218); type II collagenase (Sigma, St. Louis, MO,
United States ; C6885); 5-bromo-2’-deoxyuridine (5-BrdU)
(Sigma; B5002); Cell Counting Kit-8 (CCK-8; DOJINDO,
Kumamoto, Japan; CK04), IRDye 680CW (Licor, Lincoln,
NE, United States ), protein molecular weight markers
(Beyotime; P0066), BCA protein concentration
determination kit (Solarbio, Beijing, China; PC0020).
Antibodies: anti-glycogen synthase kinase beta (GSK3β)
(Cell Signaling Technology (CST), Danvers, MA,
United States ; 12,456), anti-AKT serine/threonine kinase 1
(AKT1) (CST; 2,967), anti-AKT serine/threonine kinase 2
(AKT2) (CST; 2,962), anti-β-catenin (Abcam, Cambridge,
MA, United States ; ab24925), and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Abbkine, Wuhan,
China; Abp57259).

Preparation of GBE80 Injection
The purity of ginkgo flavonol glycosides in GBE50 (24%) was
increased to more than 80% by modified macroporous resin
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(LSA-12S) column chromatography, and the purity of ginkgo
ginkgolides was improved from 6% to over 80% by normal
phase silica gel column chromatography combined with
recrystallization, according to previously published methods
(Zheng et al., 2018a; Zheng et al., 2018b). Then, ginkgo
flavonol glycosides and ginkgolides with purity higher than
80% were mixed in a ratio of 4:1 (mass ratio), which was
consistent with the yield ratio of ginkgo flavonol glycosides
and ginkgolides in GBE50. GBE80 (2.5 mg/ml) was dissolved in
10% dimethyl sulfoxide (DMSO) + 30% polyethylene glycol
(PEG) aqueous solution, and 1.6 ml was diluted in 50 ml water
to obtain semi-finished GBE80 injection product. The product
was preliminarily filtered by precision filtration, and was
immediately canned and sealed after passing the qualified
filtration test. The GBE80 injection was steam sterilized at
100°C, and leak detection was performed after sterilization.

Culture of Rat Neonatal Cardiomyocytes
The isolation and primary culture of rat neonatal cardiomyocytes
were performed in accordance with previously published methods
(Bergmann et al., 2004; Duan et al., 2015). The cell suspension was
collected and mixed into the DMEM containing 10% (V/V) fetal
bovine serum (FBS), passed through a 200-µm mesh sieve, and
centrifuged at 1,000 rpm for 10min. The cell pellets were
resuspended and cultured in DMEM containing 10% FBS for 2 h
to allow fibroblasts to adhere preferentially. Non-adherent cells were
transferred into a new flask and cultured in DMEM containing 10%
FBS and 0.1 μM of 5-BrdU, which was used to inhibit the growth of
fibroblasts. Cells were passaged when they reached 80–90%
confluence and cultured in DMEM containing 10% FBS without
5-BrdU. Cardiomyocytes at passage 3 to 5 were used in this study.

Cell Viability Assay
The cells were seeded into a 96-well plate at 2000 cells/well. In the
safety assay, serial dosages of GBE80 were used to treat the
cardiomyocytes. In the viability assay, serial dosages (10 μg/ml,
30 μg/ml, and 100 μg/ml) of GBE80, GBE50, or captopril were
added into each well together with 0.03% H2O2. After 48 h, 10 µl
of CCK-8 reagent was added into eachwell and incubated for 4 h. The
absorption at 450 nm was measured using a microplate reader.

Animals
Healthy aged male Sprague-Dawley rats (aged 22–24months,
weight: 330 ± 530 g) were purchased from B&K universal Group
Co. Ltd. (Shanghai, China). All rats were housed at a controlled
temperature (22 ± 2°C), relative humidity (55 ± 5%), and 12-h light/
dark cycle, and were allowed food and water ad libitum. All animal
procedures were performed following the “Guidelines for the Care
and Use of Laboratory Animals” of Shanghai University of
Traditional Chinese medicine.

Establishment of the Acute Myocardial
Infarction (AMI) Model in Aged Rats
Coronary artery ligation was conducted to establish the AMI rat
model according to the procedures of Chen et al. (2019). The aged
rats were anesthetized intramuscularly using 10:1 tiletamine/

zolazepam and xylazine. After left-sided thoracotomy in the
fourth rib interspace, the left anterior descending coronary artery
was ligated using a 6–0 silk thread, whichwas confirmed by the color
change of the myocardial tissue. The chest and skin were closed
using 2–0 sutures. For the sham (control) operation, a similar
procedure was performed, but without ligation.

Design and Allocation
After ligation, the rats were treated daily for seven consecutive
days, followed by euthanasia after another month of follow-up.
Seventy rats were randomly divided into seven groups (n � 10 per
group): The sham group 1) and model group 2) were
intravenously injected with 10% DMSO +30% PEG +60%
saline solution (0.9%); 100 mg/kg GBE80 3), 30 mg/kg GBE80
4), 10 mg/kg GBE80 5) and 30 mg/kg captopril 7) were injected
intravenously for 7 days; 30 mg/kg GBE50 6) was administered
intragastrically with GBE80 for 7 days.

Western Blotting Assay
Radioimmunoprecipitation assay (RIPA) lysis buffer was used to
extract total proteins from the cultured cardiomyocytes. A BCA
protein concentration determination kit was used for protein
quantification. Equivalent amounts of protein (20 μg) were
separated using 10% SDS-PAGE gels and transferred
electrically onto a polyvinylidene fluoride (PVDF) membrane.
After blocking using 5% fat milk powder, the PVDF membrane
was incubated overnight in the primary antibody solution (4°C)
with the anti-GAPDH antibody as the internal protein control.
Then, the membrane was incubated with IRDye-680CW-
conjugated secondary antibody and developed using the
enhanced chemiluminescent (ECL) reagent at room
temperature. The optical density of the immunoreactive
protein bands was quantified using ImageJ software (NIH,
Bethesda, MD, United States ) and normalized to the signal of
GAPDH.

Myocardial Infarction Size Measurement
Using Triphenyltetrazolium Chloride (TTC)
Measurement of the infarction size was performed according to
the procedure by van Rooij et al. (2002) and Yang et al. (2018).
The left ventricle was cut transversely into 2–3 mm slices
starting from the apex. The slices were incubated with 1%
TTC at 37°C in the dark and then fixed using 4%
paraformaldehyde solution for 8 h. The TTC unstained
(white) part was the infarcted heart region, which was
regarded as the infarction area (INF), while the stained (red)
part was the normal heart tissue. The myocardial infarct size was
expressed as the weight ratio: The total weight of INF/the total
weight of the left ventricle.

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP-Biotin Nick
End Labeling (TUNEL) Assays
The left ventricle was cut into slices of 5-µm thickness using a
microtome (CM 1900; Leica, Wetzlar, Germany) and then fixed
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overnight in 4% polyoxymethylene solution. A commercial
TUNEL kit (Beyotime) was used to detect the apoptotic cells
in the frozen myocardium. The ratio of the number of TUNEL
positive cells to the total number of cells was analyzed using
ImageJ.

Heart Histological Assays
The left ventricle was fixed with 10% formaldehyde for 3 h at 4°C, and
then paraffin slices were prepared by making the tissue transparent,
embedding, and slicing. The paraffin slices were treated with citrate
buffer for 20min at 98°C to repair the antigens. After 15min of
blocking using 10% goat serum, the slices were incubated with the
primary antibody overnight at 4°C. After washing three times with
PBS-Tween 20 (PBST), the myocardium was incubated with the
biotin-labeled secondary antibody at 37°C for 30min. Then, the
positive cells in the myocardium were stained using with 3,3′-
diaminobenzidine (DAB) solution (Beijing Zhongshan Jinqiao
Biotechnology Co., Ltd., Beijing, China). The quantitative analysis
for positively stained cells was performed by Image-Pro Plus software
(v6.0) to express results as average optical density (AOD) at a
magnification of ×100.

Statistical Analysis
Continuous variables were expressed as the mean ± standard
deviation (SD). GraphPad Prism software 5.0 (GraphPad Inc., La
Jolla, CA, United States ) was used to analyze the data using one-
way analysis of variance (ANOVA). A p value ≤0.05 indicated
that the difference was statistically significant.

RESULTS

GBE80 Reduces Oxidation-Induced Injury in
Cardiomyocytes
When the concentration of GBE80 was lower than 1,000 μg/ml, the
viability of cardiomyocytes was not affected, while GBE80 at 1,000 μg/
ml decreased the cardiomyocyte viability to less than 80% (48 h, p <
0.05, Figure 1A). Therefore, in this study, 0–100 μg/ml GBE80 was
used as the safety concentration. H2O2 at 0.03% induced significant
oxidative damage in cardiomyocytes. GBE80, GBE50, and captopril
reversed the cytotoxicity induced by H2O2, and at the same
concentration, GBE80 had a better effect on cardiomyocyte
viability than GBE50 (Figure 1B).

GBE80 Treatment Activates AKT/GSK3β/
β-Catenin Signaling in Cardiomyocytes
The levels of phosphorylated (p) AKT, pGSK3β, and β-catenin
decreased when the cardiomyocytes were treated with H2O2.
Western blotting confirmed that GBE80 restored the decreased
levels of pAKT, pGSK3β, and β-catenin caused by oxidative
damage (Figure 2). In addition, GBE80 significantly increased
pAKT, pGSK3β, and β-catenin proteins levels in a dose-
dependent manner. These results revealed that GBE80
activated the AKT/GSK3β/β-catenin signaling pathway, and
played an antioxidant role in cardiomyocytes in vitro.

GBE80 Administration Exerts Beneficial
Effects on the Myocardial Infarction Size
The TTC staining results shown in Figure 3A were representative
slices that delineated the heart infarction size. Obviously, the
myocardial slice of the sham group did not present a pale infarct
area, whereas the pale infarction area was distinct in the model group
slice. Themiddle and high doses of GBE80 effectively reduced the area
of the myocardial infarction dose-dependently. Quantitative analysis
further confirmed that the weight ratio of themyocardial infarction in
the GBE80 treatment group was significantly smaller than that of the
model group (p< 0.05, Figure 3B), which indicated that GBE80 could
protect the myocardial tissue of the AMI model rats.

TUNEL Staining Shows That GBE80
Treatment Reduces Myocardial Injury
After AMI
The TUNEL staining results showed that AMI caused cardiomyocyte
apoptosis, and the TUNEL-positive nuclei ratio in myocardial tissue
was suppressed significantly after intravenous injection of GBE80 for
7 days (Figure 4A). With the increase in GBE80 dose, the ratio of
TUNEL-positive nuclei decreased significantly (Figure 4B), which
indicated that GBE80 treatment had a protective effect on the
myocardial tissue of aged rats.

In vivo GBE80-Related Effects on AKT/
GSK3β/β-Catenin Signaling Activity
The molecular mechanism of GBE80 myocardial protection was
studied by detecting the levels of AKT/GSK3β/β-catenin pathway-

FIGURE 1 | GBE80 treatment reduces oxidation-induced injury in cardiomyocytes. Cardiomyocyte viability and protective effect following exposure of the cells to
GBE80 alone (A) or different treatments under H2O2 injury (B), respectively. (*** indicates p < 0.001 vs the control group (A) or H2O2 group (B), respectively).
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related proteins. The levels of GSK3β, AKT, and β-catenin in the
model group were reduced significantly compared with those in the
sham group, which confirmed that AKT/GSK3β/β-catenin signaling
was affected byAMI injury (Figure 5A). GBE80 treatment resulted in

a dose-dependent increase of GSK3β, AKT, and β-catenin levels in
aged AMI rats. These results suggested that GBE80 might protect
myocardial tissue in AMI by activating the AKT/GSK3β/β-catenin
pathway.

FIGURE 2 | Effects of different treatments under H2O2 injury on the levels of pAKT, AKT, pGSK3β, GSK3β, and β-catenin. Western blotting (A) and densitometry
analysis (B) of pAKT, pGSK3β, and GAPDH in cardiomyocytes treated with H2O2 and different treatment. (*, **, *** indicates p < 0.05, p < 0.01, p < 0.001 vs the H2O2

group, respectively.)

FIGURE 3 | GBE80 administration exerts beneficial effects on the size of the myocardial infarction. (A) Representative figures of the triphenyltetrazolium chloride
(TTC)-stained myocardial tissues of acute myocardial infarction (AMI) rats receiving indicated treatment; and quantitative (B) statistical analysis of the myocardial infarct
size. (*, *** indicates p < 0.05, p < 0.001 vs the AMI group, respectively).
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DISCUSSION

The present study aimed to investigate the protective effects of
GBE80 injection on acute myocardial ischemia injury and its
possible regulatory mechanisms in vivo and in vitro. GBE80
showed a direct protective effect on H2O2-induced
cardiomyocyte injury in vitro, as well as activated the AKT/
GSK3β/β-catenin signaling pathway in cardiomyocytes. In the
in vivo aged AMI model, GBE80 effectively reduced the

infarction size and cell apoptosis in myocardial tissues,
thereby protecting myocardial tissue. The protective
mechanism of GBE80 might be related to the activation of
the AKT/GSK3β/β-catenin signaling pathway, thus
accelerating the recovery of myocardial tissue. In addition,
GBE80 had no cytotoxicity toward cardiomyocytes in the
0–500 μg/ml dose range.

AMI is associated with contractile dysfunction and
myocardial death, and therefore, post-ischemic myocardial

FIGURE 4 | GBE80 inhibits cardiomyocyte apoptosis of the left ventricle in AMI. (A) Representative figures of TUNEL-stained myocardial tissues of acute
myocardial infarction (AMI) rats receiving the indicated treatment (×200). (B) Quantitative statistical analysis of cardiomyocyte apoptosis. (**, *** indicates p < 0.01, p <
0.001 vs the AMI group, respectively).

FIGURE 5 | Expressions of pAKT, pGSK3β and β-catenin in the left ventricle detected by immunohistochemical staining. (A) Representative immunohistochemical
staining obtained from left ventricles of several groups with pAKT, pGSK3β and β-catenin detection (×100). (B) Quantitative statistical analysis of AOD values using
Image-Pro Plus software. (**, *** indicates p < 0.01, p < 0.001 vs the AMI group, respectively).
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recovery is of paramount importance (Symons et al., 2018).
Interestingly, Liu et al. showed AMI with GBE50 treatment
resulted in a significantly lower left ventricular systolic
pressure (LVSP) compared with the baseline in the vehicle-
treated group, and might exert its beneficial effects by acting
as a negative inotropic agent and reducing oxygen
consumption during ischemia (Liu et al., 2013). This is
consistent with a previous report which showed that
GBE50 prominently inhibited the contractive force of the
right atrium in a concentration-dependent manner (Wang
et al., 2010). In this study, we aimed to refine the purification
of GBE50 to form GBE80. The purity of flavonoids and
diterpenes contained in GBE80 was greater than 80%, and
their mass ratio was equivalent to that of GBE50. The results
showed that injection of GBE80 had a protective effect against
myocardial tissue damage caused by AMI in aged rats,
demonstrated by a reduction in infarct size and decreased
cell apoptosis in myocardial tissue. This suggested that the
protective effect of GBE80 might result from the same
compound composition as GBE50.

AKT is closely related to cell proliferation, and plays an
important role in promoting cell growth, inhibiting cell
apoptosis, and maintaining cell survival (van Rooij, et al.,
2002; World Health organization, 1999). A variety of in vivo
and in vitro studies have confirmed that drug therapy and
ischemic preconditioning can improve cardiac systolic and
diastolic function, and inhibit cell apoptosis by activating
AKT-related signaling pathways (Blumenthal, 1998; Osaki
et al., 2004). GSK-3β increases the permeability of the
mitochondrial membrane and promotes cell apoptosis
(Duan, et al., 2015; Scarabelli et al., 2004). However, AKT
phosphorylates GSK3β, which can inactivate and inhibit
GSK3β to block apoptosis (McMurray and Swedberg,
2010). In addition, GSK3β phosphorylation results in the
dissociation of β-catenin from the GSK3β complex and its
transfer into the nucleus (vanBeek, 2000). The upregulated
β-catenin in the nucleus activates T-cell factor (TCF)
transcription factors, which are responsible for activating
endothelial nitrous oxide synthase (eNOS), BCL2 apoptosis
regulator (BCL2), and other heart-protective proteins. In the
present study, GBE80 activated the AKT/GSKβ/β-catenin
pathway, and we speculated that the activation of this
pathway was associated with the protective efficacy of
GBE80 against AMI.

Previous studies have shown that oral GBE50 is
metabolized to flavonol aglycone conjugates in the liver,
which play an important pharmacological role in the
plasma and are believed to be important substances for the
cardiac protection offered by GBE50. However, in the present
study, GBE80 was administered by injection, resulting in the
plasma mainly containing prototype flavonoids and
diterpenes (Li et al., 2012; Chen et al., 2013). It was shown
that even at the same dose (30 mg/kg), the higher
concentrations of flavonoids and diterpenes were also
responsible for the protective effect on the heart, because
the compounds are purer in GBE80 than in GBE50.

GBE50, as an oral preparation, is inconvenient for patients
with severe disease, such as AMI. Although injection of the
crude extract from G. biloba leaves has been used to treat AMI,
its complex composition, poor safety, and unclear mechanism
of action have limited its application. In the present study, the
GBE50 oral formulation was changed to an injectable
formulation, which could be applied to patients who may
not be suitable for oral administration, could rapidly achieve
efficacy in the body, and could be used to determine the
accurate composition of the substances that exert a
protective role in plasma. In addition, because of the
relatively lower purity of flavonoids and diterpenoids in
GBE50, the purities of these two compounds were
increased to more than 80%, which laid the foundation for
drug delivery at higher concentrations and improved the
extraction technique from G. biloba leaves.

In summary, GBE80 inhibits the apoptosis of myocardial cells by
activating the AKT/GSK3β/β-catenin pathway, thereby protecting
cardiomyocytes from cardiac injury caused byAMI. Furthermore, the
injectable form of GBE80 provides another option for the clinical
application of G. biloba extract to treat AMI.
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A Type I Collagen-Targeted MR
Imaging Probe for Staging Fibrosis in
Crohn’s Disease
Zhoulei Li 1†, Baolan Lu1†, Jinjiang Lin1†, Shaofu He1, Li Huang1, Yangdi Wang1, Jixin Meng1,
Ziping Li1, Shi-Ting Feng1, Shaochun Lin1*, Ren Mao2* and Xue-Hua Li1*

1Department of Radiology, The First Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China, 2Department of
Gastroenterology, The First Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China

Fibrostenosis is a serious complication of Crohn’s disease (CD), affecting approximately one-half
of all patients. Surgical resection is the typical clinical end due to ineffective antifibrotic therapy
mainly through anti-inflammatory treatment and fibrosis can be reverted only at early stages.
Mover, human fibrotic disorders is known to be associated with aging process. Thus, accurate
monitoring of the progression of fibrosis is crucial for CDmanagement as well as can be benefit
to aging related fibrosis. The excessive deposition of type I collagen (ColI) is the core point in
major complications of fibrosis, including that in patients with CD and aging related fibrosis.
Therefore, aMR imaging probe (EP-3533) targetedColI was employed to stage bowel fibrosis in
CD using a rat model and to compare its efficiency with the common MR imaging contrast
medium gadopentetatedimeglumine (Gd-DTPA). The bowel fibrotic rat model was established
with different degrees of bowel fibrosis, were scanned using a 3.0-T MRI scanner with a
specialized animal coil. MRI sequence including T1 mapping and T1-weighed imaging were
performed before and after injecting the MRI probe (EP-3533 or Gd-DTPA). The T1 relaxation
time (T1 value) and change in the contrast-to-noise ratio (ΔCNR) were measured to evaluate
bowel fibrosis. Masson’s trichrome staining was performed to determine the severity of fibrosis.
EP-3533 offered a better longitudinal relaxivity (r1) with 67.537 L/mmol·s, which was
approximately 13 times that of Gd-DTPA. The T1 value on bowel segments was reduced in
the images from EP-3533 compared to that from Gd-DTPA (F � 16.478; p < 0.001).
Additionally, a better correlation between ΔCNR calculated from EP-3533 imaging and
bowel fibrosis (AUC � 0.846) was determined 10min after enhanced media administration
than with Gd-DTPA (AUC � 0.532). The 10th-minute ΔCNR performed using the ColI probe
showed the best correlation with the severity of bowel fibrosis (r � 0.538; p � 0.021). Our results
demonstrates that targeted MRI probe (EP-3533) supplies a better enhanced effect compared
to Gd-DTPA and could be a promising method to evaluate the progression and monitor the
therapeutic response of bowel fibrosis.
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Edited by:
Zhe-Sheng Chen,

St. John’s University, United States

Reviewed by:
Yitao Mao,

Central South University, China
Yibing Ji,

University at Buffalo, United States

*Correspondence:
Xue-Hua Li

lxueh@mail.sysu.edu.cn
Shaochun Lin

lshchun@mail.sysu.edu.cn
Ren Mao

maor5@mail.sysu.edu.cn

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Molecular Diagnostics and
Therapeutics,

a section of the journal
Frontiers in Molecular Biosciences

Received: 21 August 2021
Accepted: 20 October 2021

Published: 11 November 2021

Citation:
Li Z, Lu B, Lin J, He S, Huang L,

Wang Y, Meng J, Li Z, Feng S-T, Lin S,
Mao R and Li X-H (2021) A Type I

Collagen-Targeted MR Imaging Probe
for Staging Fibrosis in

Crohn’s Disease.
Front. Mol. Biosci. 8:762355.

doi: 10.3389/fmolb.2021.762355

Abbreviations: AUC, area under the curve; CD, Crohn’s disease; CNR, contrast-to-noise ratio; ColI, type I collagen; CT,
computed tomography; ECM, extracellular matrix; FOV, field of view; Gd-DTPA, gadopentetatedimeglumine; HE, haema-
toxylin and eosin; MRI, magnetic resonance imaging; ROI, region of interest; SD, standard deviation; TE, echo time; TNBS, 2,
4,6-trinitrobenzene sulfonic acid; TR, repetition time; US, ultrasound.

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7623551

ORIGINAL RESEARCH
published: 11 November 2021

doi: 10.3389/fmolb.2021.762355

164

http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2021.762355&domain=pdf&date_stamp=2021-11-11
https://www.frontiersin.org/articles/10.3389/fmolb.2021.762355/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.762355/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.762355/full
http://creativecommons.org/licenses/by/4.0/
mailto:lxueh@mail.sysu.edu.cn
mailto:lshchun@mail.sysu.edu.cn
mailto:maor5@mail.sysu.edu.cn
https://doi.org/10.3389/fmolb.2021.762355
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2021.762355


INTRODUCTION

Fibrostenosis is a serious complication of Crohn’s disease (CD),
affecting approximately one-half of all patients (Rieder et al.,
2016; Bettenworth et al., 2019). The main characteristic of CD
fibrosis is the excessive deposition of extracellular matrix (ECM),
such as collagen, within the intestinal wall. The current anti-
inflammatory treatment can not prevent or reverse intestinal
fibrosis (Rieder et al., 2018). Surgical resection is the typical
clinical end of CD fibrostenosis. Mover, human fibrotic disorders
is known to be associated with aging process (Newgard and
Sharpless, 2013; Ferrucci et al., 2020; Rehan et al., 2021). Accurate
monitoring the progression of intestinal fibrosis is crucial for CD
management (Rieder et al., 2016), and could also benefit to
management of aging related Fibrosis.

The major complication of fibrosis is normally caused by
excessive deposition of ColI from the ECM (Karsdal et al., 2015;
Makarev et al., 2016). The disease of CD is progressive and
recurrent. However, there is no therapeutic approach to directly
and specifically target ColI synthesis. Fibrosis can be reverted
only at the early stage when collagen fibres are still in an unstable
crosslinked state (Issa et al., 2003; Friedman and Bansal, 2006).
The goal of optimal antifibrotic therapy is to inhibit ColI
production only in fibrotic lesions and spare constitutive ColI
synthesis. Because a therapeutic approach against fibrosis must be
applied for prolonged periods of time with minimal side effects, it
should specifically target excessive ColI synthesis and be
affordable. The ColI is one of the most stable proteins in the
human body, with a half-life of 4–12 months. Its fractional
synthesis rate (defined as % synthesis per day) is very low in
healthy organs, in contrast to synthesis in fibrosis, where ColI
production can be increased several hundred-fold (Stefanovic
et al., 1997; Lindquist et al., 2000). Additionally, ColI was also
demonstrated to play an important role in aging related fibrosis
(Randles et al., 2021; Rawlings et al., 2021). Therefore, ColI may
be a target for the diagnose and treatment of tissue fibrosis,
including that in patients with CD as well as aging related fibrosis.

To evaluate the therapeutic efficacy of drugs against fibrosis in
CD, several specific challenges should be solved. First, compared
with inflammation, which can be successfully assessed by
endoscopic examination and is closely correlated with cross-
sectional imaging (Stidham and Cross, 2016), routine
endoscopic examination is insufficient to diagnose or analyze
fibrotic strictures and the severity of fibrosis. Second, the
diagnosis of fibrotic strictures is a key characteristic to select
patients for inclusion in studies of antifibrotic drugs. Third,
accurate clinical endpoints for studies of CD treatment remain
to be identified and validated (Bettenworth et al., 2019; Panés
et al., 2011). Non-invasive imaging techniques such as CT, MRI
and ultrasound (US) are likely to provide the most tractable
solution to these challenges (Panés et al., 2011). However, current
techniques are more suitable for diagnosis of inflammation than
fibrosis (Bettenworth et al., 2019). Therefore, an accurate imaging
technique for fibrosis analysis is desired. Recently, several studies
have also shown that the use of ColI-targeted imaging probe in
MR imaging can benefit the fibrosis diagnosis in Duchenne

muscular dystrophy (Murphy et al., 2021), nonalcoholic
steatohepatitis (Zhou et al., 2020), diffuse cardiac fibrosis
(Ezeani et al., 2021) and pancreatic cancer (Polasek et al.,
2017). In this study, we generated an CD fibrosis rat model to
evaluate the strategy of targeting ColI for staging fibrosis in CD
and to compare its efficiency with Gd-DTPA, which is a common
MR imaging contrast medium.

We demonstrated that the ColI-targeted MR imaging probe is
more effective in the detection of progression of fibrosis than the
Gd-DTPA. This probe could also be suitable for monitoring the
therapeutic response of tissue fibrosis.

MATERIALS AND METHODS

Animal Model
To decrease the influence of confounding factors and mimic the
progression of bowel fibrosis, we generated a rat CD fibrosis
model. This study was approved by the institutional ethics review
board of our university (approval number: [2018]237). All
experiments were performed in accordance with the ethics
regulations of animal research. The Sprague-Dawley rats were
administered 150 mg/kg of 2,4,6-trinitrobenzene sulfonic acid
(TNBS) (1 M; 293.17 mg/ml; Sigma Aldrich, St Louis, Missouri,
United States) once weekly at the second (n � 5), third (n � 12), or
fourth (n � 5) week after initiation of the experiment to induce

FIGURE 1 | The longitudinal relaxivity of EP-3533 and Gd-DTPA. T1
maps (A) of EP-3533 and Gd-DPTA were obtained in aqueous solution at
25°C at 3.0-T field strengths. The slopes of the linear fitting equation (B)
represents the relaxivities of the contrast agents.
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bowel fibrosis with different degree. Thirteen rats were imaged by
administering EP-3533, and the other nine rats were imaged by
treatment with Gd-DTPA as a control for enhanced imaging.

Synthesis of Collagen-Targeted Molecular
Probe
EP-3533 comprises a 16-amino-acid peptide with a 10-amino-
acid disulphide bridge cyclic core conjugated to three
gadolinium (Gd) moieties and was synthesized as
previously reported (Caravan et al., 2007). Chemical
identification of purified EP-3533 was performed using
mass spectrometry and elemental analysis. The longitudinal
relaxivity (r1) was reported to be measured at 3.0-T field
strengths in pH 7.4 phosphate-buffered saline (PBS) or in
human plasma (Caravan et al. (2007)), since we determined r1
of EP-3533 at 3.0-T field strengths in aqueous solution. The
analysis of peptide affinity (Kd � 1.8 μM) and biodistribution
in rat for ColI was performed as described by Caravan et al.
(2007).

MR Imaging
Animals were imaged approximately 1 week after the last
enema to avoid the influence of acute inflammation. They
were fasted for 24 h before MR scanning. The rats were
anaesthetized using an intraperitoneal injection of 2%

pentobarbital sodium (30 mg/kg) and intramuscular
injection of raceanisodamine hydrochloride (0.1 mg)
(Minsheng Pharma, Hangzhou, China) to minimize
intestinal peristalsis. The tail vein was cannulated for
intravenousdelivery of the contrast agent while the animal
was positioned in the scanner. MR examination was performed
using a 3.0-T MR scanner (Magneton Verio; Siemens,
Erlangen, Germany) with a 4-channel animal coil
(Chenguang Medical Technologies, Shanghai, China). Each
animal was placed within the solenoid coil in the supine
position.

Routine MR images were performed using a 2 mm slice
thickness, no inter-slice gap in the following sequences:
sagittal T2-weighted (TE � 99 ms; TR � 4,000 ms; field of
view (FOV) � 70 mm × 100 mm; matrix � 180 × 256), coronal
T2-weighted (TE � 99 ms; TR � 4,000 ms; FOV � 70 mm ×
100 mm; matrix � 180 × 256) followed by axial T1-weighed
(TE � 15 ms; TR � 700 ms; FOV � 49 mm × 70 mm; matrix �
180 × 256) and T2-weighted (TE � 99 ms, TR � 3,200 ms,
FOV � 49 mm × 70 mm, matrix � 180 × 256).

A three-dimensional-volume interpolated body
examination (3D-vibe) T1-weighted dynamic sequence
with high spatial resolution was used to analyse the EP-
3533 in MR imaging. 3D-T1WI were obtained at ten-
minute intervals, starting at the time point of EP-3533 (30
μmol/kg) or Gd-DTPA (30 μmol/kg) administration. Image
acquisition parameters comprised the following parameters:
TE � 3.6 ms; TR � 9.2 ms; field of view (FOV) � 52 mm ×
70 mm; matrix � 192 × 256; slice thickness � 2.0 mm. To
generate R1 relaxation rate maps, a series of dual flip-angle (2°

and 12°) three-dimensional (3D) gradient echo sequences
were also acquired before and 10, 20, 30, 40, 50 and
60 min following the intravenous administration of EP-
3533. The image acquisition parameters were as follows:
TE � 3.6 ms; TR � 8.6 ms; field of view (FOV) � 52 mm ×
70 mm; matrix � 192 × 256; slice thickness � 2.0 mm.

Image Analysis
To avoid measurement bias, the targeted segments on MR
images were marked using location-by-location evaluation by
two radiologists who had 12 and 6 years of experience in
gastrointestinal MR imaging. These two radiologists were
blinded to the histopathological information. They
delineated the region of interest (ROI) on the designated
segments. The ROIs covered the layers and entire
circumference of the bowel walls in axial sections, and the
inter- and extra-gut components were avoided. The
distribution of CD lesions was characterized as segmental
and leaping. Therefore, 1–2 discrete targeted bowel segments
(interval >2 cm) were selected according to the extent and
severity of the bowel lesions from one single rat, and the
analysed segment results were used as independent data for
statistical analysis.

The intestinal contrast-to-noise ratio (CNR) was calculated as
the difference in the signal-to-noise ratio between the bowel and
muscle ROIs. The time-dependent change in CNR (ΔCNR �
CNRpost – CNRpre) following contrast agent injection was

FIGURE 2 |Change in T1 values from the bowel wall according to the
time stream after the injection of EP-3533 and Gd-DTPA. To generate
longitudinal relaxation rate maps, a series of dual flip-angle (2° and 12°)
three-dimensional (3D) gradient echo sequences were also
acquired before and 10 min, 20 min, 30 min, 40 min, 50 min and 60 min
following the intravenous administration of EP-3533. The image
acquisition parameters comprised the following: TE = 3.6 ms; TR = 8.6
ms; field of view (FOV) = 52 mm × 70 mm; matrix =192 × 256; slice
thickness = 2.0 mm.
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determined using the dynamic MR images. Quantitative T1
maps were automatically reconstructed on a voxel-by-voxel
basis when the T1 value was first evaluated using the

MapIt processing tool (MapIt software; Siemens, Erlangen,
Germany) based on a dual flip-angle (2° and 12°) 3D gradient
echo sequence.

FIGURE 3 | T1 maps of bowel wall fibrosis obtained from MR imaging according to the time stream after contrast media injection. (A), T1 maps from EP-3533
enhancedMR imaging: A to G are the T1maps of a moderate bowel wall fibrosis before and after injecting EP-3533. Bowel wall fibrosis is depicted in green (A) before the
injection of EP-3533. After EP-3533 administration, bowel wall fibrosis marked by white arrows showed obvious enhancement in blue in the T1maps (B–G). Masson’s
trichrome staining (H) depicted moderate fibrosis (score � 2). (B), T1 maps from Gd-DTPA enhanced MR imaging:A to G are the T1 maps of moderate bowel wall
fibrosis before and after injecting Gd-DTPA. Bowel wall fibrosis is also depicted in green (A) before injecting Gd-DTPA. After Gd-DTPA administration, the bowel wall
fibrosis marked by white arrows showed mild enhancement in green in the T1 maps (B–G). Masson’s trichrome staining (P) depicted moderate fibrosis (score � 2).

TABLE 1 | T1 value of the bowel wall before and after molecular probe (EP-3533) and GD-DTPA injection.

Pre 10 min 20 min 30 min 40 min 50 min 60 min Total F p

EP-3533 ‾x 1,484.328 936.336 924.074 942.444 975.428 985.646 994.084 1,034.612 7.468 0.004
SD 190.538 164.516 154.606 157.284 168.425 158.062 168.095 30.617

Gd-DTPA ‾x 1,462.531 1,177.135 1,111.893 1,155.560 1,189.651 1,207.214 1,228.670 1,218.960 4.185 0.015
SD 190.769 157.514 153.069 137.265 140.672 148.093 172.806 33.539

Total ‾x 1,474.420 1,045.790 1,009.447 1,039.315 1,072.802 1,086.358 1,100.714 1,126.786 9.787a 0.000a

SD 187.963 200.147 178.797 181.654 188.311 188.201 201.294 22.705
F 0.136 18.680 11.873 16.977 14.871 16.471 15.091 16.478b 6.442c 0.001c

p 0.714 0.000 0.002 0.000 0.001 0.000 0.001 0.000b

aF statistic and p value of the main effect of time.
bF statistic and p value of the main effect of the contrast agent.
cF statistics and p values for interaction effects.
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Histopathological Analysis
Animals were sacrificed immediately after MR examination, and
the bowel tissue was prepared for analysis. The anus and gross
lesions were chosen as the positioning landmarks to select
specimens to evaluate the identity between MR imaging and
histopathological analysis. Subsequently, the bowel specimens
were fixed with 4% paraformaldehyde, embedded in paraffin, cut
into 4 μm slices, and stained with haematoxylin and eosin (HE)
and Masson’s trichrome according to standard procedures. The
histological classification of fibrosis was analyzed based on a
semi-quantitative scoring system as described previously (Li et al.,
2018).

Statistical Analysis
Statistical analyses were performed using SPSS v20.0 (IBM Inc.,
Armonk, NY, United States), with p < 0.05 indicating a significant
difference. The data were reported as means ± standard deviation
(SD). The normality of data was evaluated using the Shapiro-
Wilk test. All the tests were two-sided comparisons. Two-way
repeated-measures analysis of variance (ANOVA) was performed
to evaluate the effect of the time (before and after injecting the
contrast agent) and time-group interaction. Spearman’s rank test
was performed to determine the correlation between the fibrosis
scores and MR index (ΔCNR and the T1 value). A coefficient r
absolute value <0.25 was recognized as a poor correlation,
0.25–0.50 as moderate, 0.50–0.75 as good and larger than 0.75
as excellent. Receiver operating characteristic (ROC) curve
analysis was performed, and the area under the curve (AUC)

was used to determine the diagnostic accuracy of ΔCNR and the
T1 value to evaluate different degrees of bowel fibrosis. AUCs
>0.85, 0.7–0.85, and <0.7 indicated high, moderate, and low
accuracy, respectively.

RESULTS

Relaxivity of EP-3533
The relaxivity of EP-3533, expressed on a per-molecule basis, was
measured in aqueous solution at 25°C under 3.0-T field strengths.
The relaxivity of EP-3533 was approximately 12.77 times higher
than that of Gd-DTPA permolecule (r1 � 5.289 L/mmol·s) with r1
� 67.537 L/mmol·s (Figure 1).

Characterization of Bowel Fibrosis in the
TNBS-Induced Rat Model
To characterize the bowel fibrosis in the TNBS-induced rat
model, pathological scoring on tissue sections was performed.
In total, 33 bowel specimens from 22 rats were acquired for
histopathological evaluation. In 13 rats imaged with EP-3533, 18
bowel specimens were obtained that included one specimen with
a fibrosis score of 0, 4 specimens with a fibrosis score of 1, 9
specimens with a fibrosis score of 2 and 4 specimens with a
fibrosis score of 3. In 9 rats imaged with Gd-DTPA, 15 bowel
specimens were obtained that included one with no fibrosis (score
0), 3 with a fibrosis score of 1, 10 with a score of 2 and one with
severe fibrosis (score 3). Overall, 2 specimens had a fibrosis score
of 0, 7 had a score of 1, 19 had a score of 2, and 5 specimens with
severe fibrosis had a score of 3 among 33 bowel specimens.

Molecular MR Imaging of Fibrotic Bowel
Segments
A dramatic change in the T1 value of the TNBS-induced CD rats
was observed every 10 min after contrast agent injection for 1 h.
Two-way repeated-measures ANOVA showed that the difference
of interactive effect on treatment (different contrast agents) and
time was significant (F � 6.422; p � 0.001). Our results indicated
that the change in the T1 value of the bowel wall was time
dependent and varied from EP-3533 to Gd-DTPA. During
scanning with the administration of EP-3533, the T1 value
decreased sharply at 20 min post EP-3533 injection and then
increased slowly. In contrast, the T1 value of Gd-DTPA-enhanced
MR imaging decreased slowly at 20 min, and the increase in the
T1 value was more obvious than that with EP-3533 imaging
(Figures 2, 3). In addition to the result of significant interaction
between the imaging time and contrast media, the single effect of
time and contrast agent was also analyzed separately. First, a
significant difference in the T1 value was obtained between the
EP-3533 and Gd-DTPA groups (F � 16.478; p < 0.001). Overall,
the T1 value of the bowel wall in the EP-3533 group was
184.348 ms (95% CI: 91.601–227.095), which was shorter than
that in the Gd-DTPA group. The T1 value variability showed
significant difference between the EP-3533 and Gd-DTPA groups
on the scan time after injection (all p < 0.002). Furthermore, the

FIGURE 4 | Change inΔCNR of the bowel wall according to the time
stream after the administration of EP-3533 and Gd-DTPA. The bowel
contrast-to-noise ratio (CNR) was calculated as the difference in the signal-to-
noise ratio between the bowel and muscle ROIs. The time dependence
of the change in CNR (ΔCNR � CNRpost–CNRpre) following contrast agent
injection was determined using dynamic MR images.

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7623555

Li et al. Targeting ColI for Fibrosis

168

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


FIGURE 5 | Signal intensity maps of the fibrotic bowel wall obtained from MR imaging. A to H are maps of moderate bowel wall fibrosis. (A), T2-weighted imaging
enhanced from EP-3533 enhanced MR imaging: T2-weighted imaging (A) and T1-weighted imaging (B) showed thickening of the bowel wall. The mucosa of the bowel
wall showed hyperintensity on T1-weighted imaging due to the mucus adhering to the bowel wall surface. After EP-3533 injection, the bowel wall fibrosis marked by the
red arrows showed obvious enhancement (C–G). (B), T2-weight imaging from Gd-DTPA enhanced MR imaging: A to G are the maps of the other moderate bowel
wall fibrosis pre- and post-injection of Gd-DTPA. After Gd-DTPA administration, the bowel wall fibrosis showed slight enhancement.

TABLE 2 | ΔCNR of the bowel wall before and after contrast agent injection.

10 min 20 min 30 min 40 min 50 min 60 min F p

EP-3533 ‾x 52.312 49.511 45.473 44.545 37.279 38.969
SD 22.467 19.255 21.119 17.821 22.923 23.328

Gd-DTPA ‾x 32.577 28.271 20.824 21.223 14.955 16.701
SD 14.952 17.485 15.485 13.308 12.291 16.701

Total ‾x 43.342 39.856 34.269 33.945 27.132 28.591 3.656a 0.013a

SD 21.576 21.120 22.298 19.628 21.741 23.332
F 15.281b 0.261c 0.868c

p 0.000b

aF statistic and p value of the main effect of time.
bF statistic and p value of the main effect of contrast agent.
cF statistics and p values for interaction effects.
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T1 value variability was closely correlated with the scan time (F �
9.787; p < 0.001) in both the EP-3533 (F � 7.468; p � 0.004) and
Gd-DTPA (F � 4.185; p � 0.015) groups (Table 1).

Regarding the analysis of ΔCNR, no significant interactive
effect was found between the contrast agent and time effects
(F � 0.261; p � 0.868). Although ΔCNR depended on the scan
time, the variability according to the scan time showed the same
trend between the EP-3533 and Gd-DTPA groups (Figures 4, 5).
Therefore, the effects of contrast and scan time were analyzed in
our study. ΔCNR depended both on the contrast agent (F
� 15.281; p < 0.001) and scan time (F � 3.656; p � 0.013).
However, ΔCNR in the EP-3533 group was more apparent; it
decreased with the injection time, with the highest ΔCNR
obtained 10 min post injection (Table 2).

Efficacy of Molecular MR Imaging to
Diagnose Bowel Fibrosis
To determine the diagnostic effect of MR imaging using different
enhanced media and scan times, the T1value and ΔCNR were
analyzed. The T1 value obtained from EP-3533 MR imaging
(AUC � 0.785; 95% CI: 0.531–0.940) showed a better
correlation with fibrosis than that from Gd-DTPA (AUC
� 0.545; 95% CI: 0.276–0.797), which was measured 10 min
after enhanced media administration (Table 3). ΔCNR
obtained from EP-3533 MR imaging showed a significant
correlation with the degree of fibrosis (r � 0.538; p �
0.021) at the time point of 10 min post injection. The AUC
of ΔCNR at 10 min post EP-3533 injection was 0.846 (95% CI:
0.601–0.970; p � 0.0003; sensitivity � 84.62%; specificity �
80%). Additionally, ΔCNR at 20 and 60 min showed a
meaningful correlation with fibrosis, despite low sensitivity
(61.5% and 69.2%) (Figure 6). By contrast, ΔCNR of Gd-
GDPA-enhanced MR imaging showed no correlation with the
degree of fibrosis (p > 0.05).

DISCUSSION

Clinically, CD-associated structural change as symptomatic
stricture is frequently treated with anti-inflammatory therapy
regardless of whether the stricture is caused by inflammation
or fibrosis. Because of the lack of specific treatment options,
CD overtreatment is commonly not a concern (Bettenworth
et al., 2019). The diagnosis of CD-associated strictures on
cross-sectional imaging, such as contrast-enhanced CT (CE-
CT), depends on the repeatability to reconstruct high-quality
multiplanar images that illustrate the entire large and small
bowel in patients independent of body size. However, CE-CT
is not a superior technique to distinguish the degree of
stricture of inflammation and fibrosis (Chiorean et al.,
2007; Adler et al., 2012; Bettenworth et al., 2019). In
comparison, MR enterography (MRE) based on MR
techniques has excellent capability to assess the degree of
inflammation. However, the differentiation of fibrosis from
inflammation in CD strictures through currently available
cross-sectional imaging techniques remains challengingT
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(Rimola et al., 2011; Rimola et al., 2015; Pous-Serrano et al.,
2017; Li et al., 2018; Wagner et al., 2018; Wilkens et al., 2018).

Fibrosis is characterized by excessive accumulation of
ColI. Therefore, a type Ⅰ collagen-targeted MRI probe (EP-
3533) was employed to evaluate CD-associated bowel fibrosis
in our study, based on the fact that EP-3533 offered good
diagnostic efficiency in liver fibrosis (Caravan et al., 2013;
Farrar et al., 2015) and pulmonary fibrosis (Caravan et al.,
2013; Ding et al., 2014).

Because the MR signal intensity is affected by many
technical factors, the relationship between the MR signal
intensity and gadolinium concentration is not linear

(Katsube et al., 2011; Ding et al., 2014). T1 mapping is a
robust MRI technique that allows measurement of the
longitudinal relaxation time (T1 value) that reflects the
inherent characteristics of tissue and depicts even small
changes within tissues (Taylor et al., 2016). A previous
study demonstrated that measurement of the T1 relaxation
time using T1 mapping is more reliable and objective,
allowing the quantitative evaluation of contrast agent
uptake by liver parenchyma (Feier et al., 2013).
Additionally, ΔCNR is calculated based on the MR signal
intensity, and it is a common imaging indicator for contrast agent
enhancement. A previous study showed that EP-3533 is the most

FIGURE 6 | ROC analysis of ΔCNR to differentiate between none-to-mild and moderate-to-severe fibrosis.
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sensitive contrast media for evaluating the enhancement effect of EP-
3533 comparedwith other one (Caravan et al., 2013). Therefore, theT1
value andΔCNRwere calculated in our study to analyze the diagnostic
efficiency of enhanced MR imaging in CD-associated fibrosis
regarding variations in enhanced media and scan time.

First, our results have indicated that EP-3533 supplied a better
relaxivity (r1 � 67.537 L/mmol·s) than Gd-DTPA (r1 � 5.289 L/
mmol·s), supporting the hypothesis that EP-3533 is more suitable
for imaging CD-associated fibrosis than Gd-DTPA.

Furthermore, our study demonstrated that the best
scanning time to analyze fibrosis was 10 min post EP-3533
injection because the T1 value offered a correlation with the
histopathological results to analyze CD-associated fibrosis
(AUC � 0.785; 95% CI: 0.531–0.940). By contrast, the AUC of
Gd-DTPA was only 0.545 (95% CI: 0.276–0.797). Our results
of two-way repeated-measures ANOVA also indicated that
the change in the T1 value of the bowel wall was dependent on
time and varied from EP-3533 to Gd-DTPA (F � 6.422;
p � 0.001). A significant difference in the T1 value was
obtained between the EP-3533 and Gd-DTPA imaging
groups, with p < 0.001 (F � 16.478). The variation in the
T1 value according to the scan time between EP-3533 and Gd-
DTPA was also significant (all p < 0.002).

Additionally, ΔCNR obtained from EP-3533 MR imaging
exhibited the most significant correlation with the degree of
fibrosis determined from histopathological results with an r
value of 0.532 and an AUC of 0.846 (95% CI: 0.601–0.970; p �
0.0003), indicating a diagnostic effect comparable to that of
duplex US, as shown by Ripollés et al. (2013) and better than
that of Gd-DTPA (AUC � 0.523; 95% CI: 0.257–0.779).
Additionally, when assessing bowel fibrosis in CD, a sensitivity of
84.62% and a specificity of 80% were achieved. The fibrosis-targeted
MR imaging probe supplied a better sensitivity than MRE with a
sensitivity of 61% or PET-MRE with a sensitivity of 66.7% (Pellino
et al., 2016; Wagner et al., 2018).

A therapeutic approach against fibrosis must be applied for
prolonged periods of time with minimal side effects.
Therefore, inhibition of ColI production only in fibrotic
lesions and constitutive ColI synthesis is the optimal
antifibrotic therapy strategy. Additionally, ColI is one of
the most stable proteins in the human body, with a half-
life of 4–12 months. Its fractional synthesis rate (defined as %
synthesis per day) is very low in healthy organs, in contrast to
synthesis in fibrosis, where ColI production increased several
hundred-fold (Stefanovic et al., 1997; Lindquist et al., 2000).
ColI is a suitable target for the diagnosis and treatment of
tissue fibrosis, including in patients with CD. Our results
demonstrated that the ColI-targeted MR imaging probe EP-
3533 is significantly correlated with the histopathological
outcome of fibrosis, suggesting that EP-3533 can monitor
the therapeutic response of tissue fibrosis under ColI-targeted
treatment.

In conclusion, our study reveals that the ColI-targeted
imaging probe EP-3533 is more effective than Gd-DTPA in
evaluating the progression of fibrosis in bowel fibrosis. Our

results suggest that EP-3533 could be used to monitor the
ColI-targeted therapeutic response of tissue fibrosis.
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Atheroprotective Effects and
Molecular Mechanism of Berberine
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Cardiovascular diseases remain the leading cause of morbidity and mortality worldwide.
Atherosclerosis is the main pathological basis of cardiovascular diseases and it is closely
associated with hyperlipidemia, endothelial injury, macrophage-derived foam cells
formation, proliferation and migration of vascular smooth muscle cells (VSMCs), platelet
aggregation, and altered gut microbiota. Various symptomatic treatments, that are
currently used to inhibit atherosclerosis, need to be administered in long term and their
adverse effects cannot be ignored. Berberine (BBR) has beneficial effects on
atherosclerosis through regulating multiple aspects of its progression. This review
highlights the recent advances in understanding the anti-atherosclerosis mechanism of
BBR. BBR alleviated atherosclerosis by attenuation of dyslipidemia, correction of
endothelial dysfunction, inhibition of macrophage inflammation and foam cell formation,
activation of macrophage autophagy, regulation of the proliferation and migration of
VSMCs, attenuation of platelet aggregation, and modulation of gut microbiota. This
review would provide a modern scientific perspective to further understanding the
molecular mechanism of BBR attenuating atherosclerosis and supply new ideas for
atherosclerosis management.

Keywords: atherosclerosis, berberine, molecular mechanism, cell targets, gut microbiota

HIGHLIGHTS

1) Berberine attenuated atherosclerosis by regulating dyslipidemia.
2) Berberine alleviated atherosclerosis by affecting cellular targets, including ameliorating

endothelial injury, inhibiting the formation of macrophage-derived foam cells, regulating the
proliferation andmigration of vascular smoothmuscle cells, and suppressing platelet aggregation.

3) Berberine restrained atherosclerosis by modulating gut microbiota.

INTRODUCTION

According to the World Health Organization (WHO), an estimated 17.9 million people died of
cardiovascular diseases, accounting for 30% of the total mortality worldwide (WHO, 2020).
Atherosclerosis is the main pathological basis of cardiovascular diseases (Benjamin et al., 2019).
The complex pathological mechanisms are developed by various factors, such as hyperlipidemia,
endothelial injury, macrophage-derived foam cells formation, proliferation andmigration of vascular
smooth muscle cells (VSMCs), platelet aggregation, and altered gut microbiota (Tabas et al., 2015;
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Jonsson and Backhed, 2017; Fang et al., 2018; Qiao and Chen,
2018; Marchio et al., 2019). Atherosclerosis is initiated primarily
by the accumulation of low-density lipoprotein cholesterol (LDL-
C) in the vessel wall and subsequently intensified by oxidized low-
density lipoprotein (oxLDL) (Marchio et al., 2019). Circulating
oxLDL, increased chemokines together with the expression of
adhesion proteins trigger the recruitment of immune cells,
particularly monocytes (Buckley and Ramji, 2015). The
monocytes then differentiate into macrophages, which engulf
oxLDL and lead to foam cell formation—the hallmark of
atherosclerosis (McLaren et al., 2011; Buckley and Ramji,
2015; Tabas and Bornfeldt, 2016). Subsequently, necrosis or
apoptosis of foam cells, proliferation and migration of VSMCs
coupled with chronic inflammatory response result in lesion
development and atherosclerosis complications (McLaren
et al., 2011; Buckley and Ramji, 2015; Basatemur et al., 2019).

Clinically, drugs used for symptomatic treatment mainly
include lipid-lowering drugs (statins and niacins), antiplatelet
and thrombolytic drugs (aspirin and urokinase), and
anticoagulant drugs (warfarin). For atherosclerosis patients
with ischemic symptoms, treatment of vasodilators and
β-blockers such as phentolamine and propranolol can also be
applied. Atherosclerosis can be effectively attenuated by these
drugs, but the adverse effects of the drugs have been widely
documented after long-term therapy. For example, statins can
cause liver injury, myopathy, and rhabdomyolysis that cannot be
ignored and there is an urgent need to develop new therapies
(Björnsson, 2017; Liu et al., 2019).

The Nobel Prize in Physiology or Medicine in 2015 was
awarded to Youyou Tu for the discovery of qinghaosu
(artemisinin) and to William C. Campbell and Satoshi Omura
for ivermectin’s discovery. This heralded a new golden age of
natural product drug discovery (Li and Lou, 2018; Shen, 2015).
Berberine (BBR, Figure 1) has beneficial effects on atherosclerosis
through regulating multiple aspects of its progression (Neag et al.,
2018; Feng et al., 2019). The guideline from the European Society
of Cardiology and European Atherosclerosis Society suggested

BBR as a dietary supplement and functional food for the
treatment of dyslipidemia (Catapano et al., 2016). This review
highlights the recent advances in understanding the anti-
atherosclerosis mechanism of BBR, as shown in Figure 2. BBR
alleviated atherosclerosis by attenuation of dyslipidemia,
correction of endothelial dysfunction, inhibition of
macrophage inflammation and foam cell formation, activation
of macrophage autophagy, regulation of the proliferation and
migration of VSMCs, attenuation of platelet aggregation, and
modulation of gut microbiota. This review would provide a
modern scientific perspective to further understanding the
molecular mechanism of BBR attenuating atherosclerosis and
supply new ideas for atherosclerosis management.

BERBERINE ATTENUATED
ATHEROSCLEROSIS BY REGULATING
DYSLIPIDEMIA
Hyperlipidemia, characterized by declined high-density
lipoprotein (HDL) and increased total cholesterol (TC),
triglyceride (TG), and LDL-C levels in serum, is a major risk
factor of atherosclerosis. LDL-C plays a primary role in the
formation of atherosclerosis plaque (Botham and Wheeler-
Jones, 2013; Marchio et al., 2019). With the growing use of
alternative herbal medicines for atherosclerosis management,
BBR, as a bright new star, could alleviate atherosclerosis
through regulating serum lipid profile.

According to the studies of Kong et al., orally administered
BBR reduced the serum TC, TG, and LDL-C in
hypercholesterolemic patients after a 3-months treatment. BBR
activated extracellular signal-regulated kinase (ERK) and
increased the mRNA stability of low-density lipoprotein
receptor (LDLR), thus exhibited lipid-lowering effects in
hyperlipidemic hamsters and HepG2 cells (Kong et al., 2004).
This finding is consistent with a recent study conducted by Zhou
et al., who suggested that BBR and its metabolites increased the
LDLRmRNA and protein and had beneficial effects on inhibiting
cellular lipid accumulation (Zhou et al., 2014). Clinical trials
indicated that BBR increased plasma HDL-C and reduced TC,
TG, and LDL-C after three months of administration (1.0 g daily)
in subjects with low cardiovascular risk and patients with
dyslipidemia and type 2 diabetes (Zhang et al., 2008; Derosa
et al., 2013). The combination of BBR and simvastatin reduced
serum LDL-C (46.2%) more effectively than that of BBR (26.8%)
or simvastatin (28.3%) administered alone. This role might be
attributed to the up-regulatory effects on LDLR expression of
BBR, which is distinct from the inhibition of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase with statins (Kong et al.,
2008). Another study by Brusq et al. demonstrated that BBR
inhibited lipid synthesis in HepG2 cells through the activation of
adenosine monophosphate-activated protein kinase (AMPK) in
addition to upregulating the LDLR (Brusq et al., 2006). Recent
studies showed that BBR could alleviate hyperlipidemia partly by
promoting intracellular cholesterol efflux and decreasing
cholesterol uptake by enterocytes (Wang et al., 2014; Li et al.,
2015; Ma et al., 2020a).

FIGURE 1 | The molecular structure of Berberine.
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BERBERINE ALLEVIATED
ATHEROSCLEROSIS BY AFFECTING
CELLULAR TARGETS

Endothelial Cells
Vascular endothelium, the inner layer of the cardiovascular
system, is a major regulator of vascular homeostasis in healthy
individuals (Gimbrone and Garcia-Cardena, 2016). The healthy
endothelium function mainly as a mechanical barrier between
blood vessel walls and plasma molecules. Besides, it can respond
to physical and chemical stimuli by producing numerous factors
that regulate leukocyte attachment, vascular tone,
thromboresistance, vessel wall inflammation, and VSMCs
proliferation (Deanfield et al., 2007). Endothelial cell dysfunction
plays a vital role in atherosclerosis lesion initiation and progression.

Berberine Suppressed Endothelial Proinflammation
A spectrum of factors lead to endothelial dysfunction, which
results in the expression of endothelial-leukocyte adhesion

molecules [e.g., vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1), and endothelial-
leukocyte adhesion molecule-1], secreted chemokines [e.g.,
monocyte chemoattractant protein-1 (MCP-1), interleukin-8
(IL-8)] and other effector proteins (Gimbrone and Garcia-
Cardena, 2016). These events bring about the recruitment of
numerous inflammatory cells and trigger vascular inflammation.

BBR was reported to dramatically decrease oxLDL-stimulated
adhesion of monocytes to human umbilical vein endothelial cells
(HUVECs) by suppressing the expression of VCAM-1 and
ICAM-1 (Huang et al., 2013). The results from Wang et al.
showed that BBR attenuated the production of adhesion
molecules and suppressed monocyte attachment to endothelial
cells. Therefore, the hyperglycemia-induced endothelial injury
was prevented partly by activating the AMPK signaling cascade
(Wang et al., 2009b). Ko et al. revealed that BBR dose-
dependently suppressed angiotensin II-induced U937 cells
adhesion to HUVECs and mRNA expression of C-C
chemokine receptor 2 (CCR-2) in U937 monocytes and MCP-
1 in HUVECs, thus effectively alleviated angiotensin II-induced

FIGURE 2 | Atheroprotective effect and key molecular mechanism of Berberine (Fang et al., 2018). Berberine attenuated atherosclerosis by regulating dyslipidemia
and gut microbiota. Meanwhile, Berberine alleviated atherosclerosis by affecting cellular targets, including ameliorating endothelial injury, inhibiting the formation of foam
cells derived from macrophages, regulating the proliferation and migration of vascular smooth muscle cells and suppressing platelet aggregation. Annotations: ↓,
reduction/down-regulation/inactivation; ↑, induction/up-regulation/activation.
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endothelial inflammation (Ko et al., 2007). HMC05, an extract
containing BBR, inhibited attachment of monocytes to
endothelial cells dose-dependently via decreasing the levels of
VCAM-1, ICAM-1, MCP-1, and CCR-2 after tumor necrosis
factor-α (TNF-α) induction, which was similar to that of BBR
(Lee et al., 2011).

Berberine Inhibited Endothelial Cell Apoptosis
Apoptosis of vascular endothelial cells contributes to
atherosclerosis development. The endothelial cells undergo
apoptosis when exposed to various environmental changes,
such as elevated oxLDL, blood glucose, and reactive oxygen
species (ROS), decreased nitric oxide, and low shear stress
(Paone et al., 2019).

BBR down-regulated the expression of proliferating cell
nuclear antigen, nuclear factor κB (NF-κB), and lectin-like
oxLDL receptor-1. Meanwhile, BBR inactivated
phosphatidylinositol 3 kinase (PI3K)/AKT serine/threonine
kinase (Akt), ERK1/2, and p38 mitogen-activated-protein
kinase (MAPK) signaling pathways. Thus, BBR protected
against oxLDL-caused endothelial dysfunction (Wang et al.,
2009b; Caliceti et al., 2017; Xu et al., 2017). Pretreatment of
BBR suppressed lipopolysaccharide (LPS)-induced apoptosis in
HUVECs by blocking the c-Jun N-terminal kinase-mediated
signaling pathway (Guo et al., 2016). BBR also alleviated high-
glucose-mediated endothelial damage and enhanced
vasodilatation via activating AMPK signaling cascade (Wang
et al., 2009b).

Berberine Attenuated Oxidative Stress
Oxidative stress is the imbalance of excessive ROS generation and
inactivated antioxidant defense systems. ROS generators in the
vessel wall include nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, xanthine oxidase, mitochondrial enzymes,
and uncoupled endothelial nitric oxide synthase (eNOS). The
antioxidant enzymes in atherosclerosis contain superoxide
dismutase, catalase, glutathione peroxidase, and paraoxonases
(Förstermann et al., 2017).

BBR treatment ameliorated CD31+/CD42− microparticles-
induced endothelial dysfunction through decreasing oxidative
stress in HUVECs (Cheng et al., 2013). Studies conducted by
Wang et al. (2009b), Zhang et al. (2013) demonstrated that BBR
alleviated endothelial injury induced by high glucose and
palmitate partly via activation of the AMPK signaling cascade
and reduced generation of ROS. BBR could reduce intracellular
ROS levels induced by TNF-α (Caliceti et al., 2017) and
endothelial progenitor cells dysfunction caused by TNF-α
could be improved by BBR via PI3K/Akt/eNOS signal
pathway (Xiao et al., 2014). Furthermore, HMC05, an extract
containing BBR, markedly inhibited the production of ROS and
dose-dependently attenuated TNF-α-induced adhesion of
monocytes to endothelial cells (Lee et al., 2011).

Berberine Activated Nitric Oxide Signaling Pathway
Nitric oxide (NO) produced by nitric oxide synthase (NOS) in
endothelial cells is of great importance in regulating vascular
tone. Neuronal NOS, eNOS, and inducible NOS are related to the

production of NO. Neuronal NOS and eNOS function as anti-
atherosclerosis factors, whereas inducible NOS is likely to play a
pro-atherosclerosis role (Li et al., 2014). BBR showed
atheroprotective effects by affecting the NO signaling pathway.

It was demonstrated that phosphorylation of eNOS at Ser1177
was enhanced by BBR dose-dependently, leading to an increased
eNOS protein expression and NO production (Wang et al.,
2009b). Zhang et al. (2013) reported that BBR considerably
upregulated eNOS expression and NO levels in palmitate-
treated HUVECs and ameliorated endothelial dysfunction. Bu-
Shen-Ning-Xin Decoction, a Chinese herbal compound
containing BBR, upregulated NO synthesis via estrogen
receptor β pathway. Subsequently, NO suppressed apoptosis
and NF-κB activity in endothelial cells and inhibited
atherosclerosis progression (Wang et al., 2013). Elevated
circulating endothelial microparticles (EMPs) are tightly linked
to endothelial dysfunction. The diminished eNOS protein
expression mediated by EMPs was markedly inhibited by BBR
in HUVECs. Furthermore, BBR-induced decline in circulating
CD31+/CD42−microparticles contributed to the improvement of
endothelial function in healthy subjects (Wang et al., 2009a;
Cheng et al., 2013).

Macrophages
Macrophages play critical roles in the initiation and progression
of atherosclerosis. The inflammatory responses and macrophage-
derived foam cell formation are the principal events in
atherosclerosis (Moore et al., 2013; Tabas and Bornfeldt,
2016). BBR can achieve its atheroprotective functions by
affecting the behavior of macrophages, such as inhibition of
macrophage inflammation, foam cell formation, and activation
of macrophage autophagy.

Anti-Inflammation
Macrophages constitute the most prominent inflammatory cells
in atherosclerosis lesions. Activated macrophages produce a
series of inflammation-related factors such as interleukin-1β
(IL-1β), TNF-α, interleukin-6 (IL-6), IL-8, MCP-1, matrix
metalloprotease-9 (MMP-9), and so on, which initiate
inflammation to induce atherosclerosis (Kleemann et al., 2008).

BBR significantly downregulated the expression of
proinflammatory genes such as IL-1β, IL-6, MCP-1, inducible
NOS, cyclooxygenase-2, and MMP-9 through AMPK activation
in macrophages (Jeong et al., 2009). In oxLDL-induced
macrophages, BBR markedly upregulated miR150-5p level and
decreased P2X7R-mediated extracellular matrix
metalloproteinase inducer (EMMPRIN) and MMP-9
expression (Lu et al., 2021). In LPS-stimulated macrophages
(RAW264.7), BBR treatment potently suppressed the
expression of inflammatory cytokines such as TNF-α, IL-6,
and MCP-1 through inhibition of NF-κB signaling via sirtuin
1-dependent mechanisms (Zhang et al., 2017). According to the
study by Chen et al., BBR inhibited acetylated low-density
lipoprotein-induced TNF-α, MCP-1, and IL-6 expression
through peroxisome proliferator-activated receptor c signaling
pathway in macrophages (Chen et al., 2008). BBR tremendously
inhibited TNF-α and IL-6 expression stimulated with an HIV
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protease inhibitor by modulating endoplasmic reticulum stress
signaling pathways in murine macrophages (Zha et al., 2010).
BBR reduced the expression of MMP-9 and EMMPRIN by
suppressing the activation of p38 and NF-κB signaling
pathways in human THP-1 macrophages (Huang et al., 2011;
Huang et al., 2012b). BBR alleviated NLR Family Pyrin Domain
Containing 3 inflammation activation by reducing IL-1β
secretion via NF-κB inhibition in macrophages (Jiang et al.,
2017). HMCO5 containing BBR suppressed the activation of
NF-κB and subsequently inhibited the secretion of TNF-α and
IL-1β in LPS stimulated RAW264.7 cells (Kim et al., 2007). In
mouse RAW264.7 macrophages and primary hepatocytes, BBR
significantly downregulated the proinflammatory cytokines
(TNF-α, IL-6, IL-1β, and MCP-1) via suppressing the protein
expression of endoplasmic reticulum stress genes (Wang et al.,
2020b).

Berberine Inhibited Foam Cell Formation
Foam cell formation is a hallmark at the initial stage of
atherosclerosis. The augmented ox-LDL influx and
accumulation of cholesterol esters in intimal macrophages are
responsible for this issue. Macrophages express a series of
scavenger receptors (SR) with affinity to oxLDL, such as SR
class A type I, CD36, and LOX-1. ATP-binding cassette
transporters ABCA1 and ABCG1 and SR class B type I (SR-
BI) in macrophages are involved in reverse cholesterol transport
(Chistiakov et al., 2016; Chistiakov et al., 2017). These proteins
protected macrophages from the formation of foam cells.

BBR can dose- and time-dependently downregulate oxLDL
receptor-1 expression and facilitate SR-BI expression in
macrophage-derived foam cells induced by oxLDL (Guan et al.,
2010). Simultaneous administration of BBR and atorvastatin
inhibited the expression of LOX-1 via the endothelin-1 receptor
in monocyte/macrophages, which inhibited foam cell formation
(Chi et al., 2014). BBR reduced foam cell formation by decreasing
oxLDL internalization and increasing cholesterol efflux via the
suppression of CD36, lectin-like oxLDL receptor-1, and adipocyte
enhancer binding protein 1 in macrophages (Huang et al., 2012a).
Macropinocytosis, excess free cholesterol-induced membrane
ruffling, and hypercholesterolemic serum-induced cholesterol
accumulation were inhibited by BBR in macrophages (Zimetti
et al., 2015). BBR inhibited foam cell formation by increasing
cholesterol efflux through enhancing liver X receptor α-ABCA1
expression in macrophages (Lee et al., 2010).

Berberine Promoted Macrophage Autophagy
Macrophage autophagy inhibited foam cell formation by the
deficiency of oxLDL ingestion and the increase of efferocytosis
and cholesterol efflux in macrophages. Therefore, promoting
macrophage autophagy may alleviate atherosclerosis (Jia et al.,
2006; Muller et al., 2011; Scherz-Shouval and Elazar, 2011; Shao
et al., 2016).

BBR treatment alleviated inflammation in murine macrophages
(J774A.1) by promoting autophagy, which was initiated by
activation of the AMPK/mechanistic target of rapamycin
(mTOR) signaling pathway (Fan et al., 2015). BBR-mediated
sonodynamic therapy effectively induced cholesterol efflux by

promoting ROS generation, and induced autophagy by
regulating the PI3K/Akt/mTOR signaling pathway in THP-1
macrophages, peritoneal macrophages, and derived foam cells
(Kou et al., 2017). BBR activated Sirt1 via the nicotinamide
adenine dinucleotide synthesis pathway to promote transcription
factor EB nuclear translocation and deacetylation, which in turn,
triggered autophagy in peritoneal macrophages (Zheng et al., 2021).
BBR reduced plaque area and alleviated inflammation in
atherosclerosis rats with damp-heat syndrome via promoting
LC3-II protein expression and inhibiting P62 protein expression.
3-methyladenine, an inhibitor of autophagy, significantly
aggravated atherosclerosis progression (Ke et al., 2020).

Vascular Smooth Muscle Cells
VSMCs play a critical role in atherosclerosis progression. The
aberrant proliferation and migration of VSMCs promote
extracellular matrix formation in atherosclerosis plaque areas
(Doran et al., 2008; Chistiakov et al., 2015). Studies confirmed
that BBR could suppress the proliferation and migration of
VSMCs to attenuate atherosclerosis.

Angiotensin II and heparin-binding epidermal growth factor
were enormously inhibited by BBR via delaying or partially
inactivating the Akt signaling pathway, which inhibited the
proliferation and migration of VSMCs (Lee et al., 2006).
Lysophosphatidylcholine induced VSMCs proliferation and
migration, which triggered the intimal thickening in
atherosclerosis lesions. BBR inhibited lysophosphatidylcholine-
stimulated VSMCs proliferation and migration via suppression
of ROS generation and ERK1/2 signaling pathway (Cho et al.,
2005). BBR inhibited platelet-derived growth factor (PDGF)-
induced VSMCs growth via activation of AMPK/p53/p21Cip1

signaling pathway and suppressed PDGF-stimulated migration
via inhibition of Ras, Cell Division Cycle 42, and Rac Family
Small GTPase 1 (Liang et al., 2008). Mechanical injury-induced
VSMCs growth was prevented by BBR treatment through mitogen-
activated protein kinase/ERK activation, early growth response
gene, c-Fos, Cyclin D1, and PDGF subunit A expression, protein
disulfide isomerase activation as well as phosphorylation of MAPKs
(Liang et al., 2006;Wang et al., 2020a). BBR disrupted the binding of
p27, p21 with S-phase kinase-associated protein-2, and induced G0/
G1 phase arrest, which attenuated the proliferation of A7r5 induced
by PDGF (Liu et al., 2011). Liu et al. found that BBR exerted anti-
migratory properties in humanVSMCs, possibly by downregulating
MMP-2/9 and urokinase-type plasminogen activator and inhibiting
AP-1 and NF-κB signaling pathways (Liu et al., 2014). BBR
treatment dose-dependently inhibited VSMCs migration induced
by upregulations of MMP-3 and MMP-9 via decreasing the
phosphorylation of Akt at Ser473 with C. pneumoniae infection
(Ma et al., 2015). HMC05, containing BBR and hesperidin in large
quantities, protected VSMCs against oxidative stress by increasing
NADPH: quinone oxidoreductase-1 gene expression via the
regulation of Ras homolog family member A and/or Ras (Gum
et al., 2014).

Platelets
Impaired regulation of platelet activation/aggregation is a prime
cause of arterial thrombosis, this vital complication of
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atherosclerosis triggering myocardial infarction and stroke
(Schafer and Bauersachs, 2008). The platelet activation and
apoptosis would induce vascular occlusions and
atherothrombotic events. BBR could inhibit these events by
suppressing platelet aggregation and superoxide production via
regulating NADPH oxidase, aldose reductase, and glutathione
reductase in platelets with excess glucose. In addition, BBR
inhibited platelet adhesive property and apoptosis induced by
high glucose (Paul et al., 2019). BBR significantly inhibited
rabbit platelet aggregation by suppressing the synthesis of
thromboxane A2 (Huang et al., 2002). Molecular docking
studies indicated that BBR interacted with thrombin by
hydrogen bond and π-π interactions. Direct binding studies,
competitive binding assay, and platelet aggregation assay
demonstrated that BBR was a thrombin inhibitor showing
direct activity in inhibiting platelet aggregation (Wang et al., 2017).

BERBERINE REDUCED
ATHEROSCLEROSIS BY AFFECTING GUT
MICROBIOTA
The gut microbiota and its metabolites play a critical role in
atherosclerosis development (Mantziaris and Kolios, 2019).
Trimethylamine (TMA), produced by gut microbiota, was
converted to trimethylamine-N-oxide (TMAO) via flavin-
containing monooxygenase form 3 (FMO3) in the liver
(Schiattarella et al., 2017; Mantziaris and Kolios, 2019; Tang
et al., 2019). It has been found that the BBR treatment reduced
high-fat diet feeding-induced FMO3 expression and altered the
composition of gut microbiota (Shi et al., 2018). The synthesis of
TMA and TMAOwere inhibited remarkably in choline-fed ApoE-/-

and C57BL/6J mice by BBR via suppressing choline-to-TMA
conversion. However, a slight increment was observed in chow-
fed mice, indicating that BBR might decrease TMA production by
gut microbiota only when the choline was overdosed (Li et al.,
2021). There was a piece of evidence that BBR directly changed the
bacterial community composition and function by reducing
Clostridium spp. and subsequently activated farnesoid X receptor
signaling (Tian et al., 2019). BBR treatment markedly increased
Akkermansia spp. abundance in HFD-fed ApoE-/- mice,
contributing to the anti-atherosclerotic properties of BBR (Zhu
et al., 2018). In line with those findings, replenishment with
Akkermansia significantly reduced atherosclerosis induced by a
high-fat diet by attenuating the aortic and systemic metabolic
inflammatory response (Li et al., 2016). A previous study
revealed that BBR stimulated the gut bacteria-derived
polyamines and enhanced mucin secretion in the colon of mice,
exhibiting Akkermansia-promoting effects (Dong et al., 2021).
According to the study of Wu et al., the abundance of Alistipes,
Allobaculum, Blautia, Roseburia, and Turicibacterwere significantly
increased, and the abundance of Bilophila was altered after BBR
treatment. Thus, themetabolism of lipid, glycan and the synthesis of
short-chain fatty acids were promoted and the production of
TMAO was reduced (Wu et al., 2020).

CONCLUDING REMARKS

Herbal medicines represent indispensable roles in new drug
discovery, and they are relatively safe since herbs have been
used for thousands of years in clinical practice. The
atheroprotective effects of BBR have been explored during the
past decades. We reviewed its anti-atherosclerotic effects from the
perspective of molecular targets. Numerous evidences suggested
that BBR had great therapeutic potential to attenuate
atherosclerosis through lipid modification, anti-inflammatory,
anti-oxidant, anti-apoptosis, anti-proliferative, anti-platelet
aggregation, and gut microbiota modulatory activities. Among
them, anti-inflammatory was the dominant factor. BBR
significantly inhibited the expression of inflammatory factors
and adhesion molecules, thus played anti-inflammatory role
both in macrophages and endothelial cells.

Although a lot of knowledge has been gained in
understanding the BBR-mediated atheroprotective potential,
there are numerous questions ahead. The poor aqueous
solubility and low dissolution of BBR lead to low oral
bioavailability (< 1%) and have limited its clinical application
(Liu et al., 2010). However, the poor bioavailability of BBR and
its favorable atheroprotective effects are not contradictory. On
the one hand, poorly absorbed BBR remained inside the
gastrointestinal tract for a long time. It interacted
comprehensively with the gut microbiota, which contributed
to the anti-atherosclerosis effects of BBR by regulating the gut
microbiota. On the other hand, BBR could convert into multiple
metabolites. Many metabolites have anti-atherosclerotic effects,
some metabolites showed even more potent anti-atherosclerotic
effects than BBR (Cho, 2011; Cao et al., 2013; Wu et al., 2014;
Zhou et al., 2014; Ning et al., 2015). In addition, various
approaches have been explored to enhance its oral
bioavailability (Mujtaba et al., 2021). BBR-trapped solid lipid
nanoparticles and micelles had shown anti-hyperlipidemic and
anti-atherosclerosis effects in animals (Ma et al., 2020b; Sailor
et al., 2021). Some BBR analogs and derivatives also exhibited
anti-atherosclerosis properties (Feng et al., 2017a; Feng et al.,
2017b). Our understanding of BBR has been deepening by
chemical, pharmacological, and system biological approaches
(Liu et al., 2013). Especially, with the help of network
pharmacology, computer-assisted molecular docking and
genomic, and metabolomic profiling approaches, novel anti-
atherosclerosis mechanisms/targets of BBR will be identified. In
short, BBR could be a promising candidate for atherosclerosis
management.
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GLOSSARY

Akt AKT serine/threonine kinase

AMPK adenosine monophosphate-activated protein kinase

BBR berberine

CCR-2 C-C chemokine receptor 2

EMPs endothelial microparticles

eNOS endothelial nitric oxide synthase

ERK extracellular signal-regulated kinase

HDL high-density lipoprotein

HUVECs human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule-1

IL-8 interleukin-8

IL-1β interleukin-1β

IL-6 interleukin-6

LDL-C low-density lipoprotein cholesterol

LDLR low-density lipoprotein receptor

LPS lipopolysaccharide

MAPK mitogen-activated-protein kinase

MCP-1 monocyte chemoattractant protein-1

MMP-9 matrix metalloprotease-9

NADPH nicotinamide adenine dinucleotide phosphate

NF-κB nuclear factor κB

NOS nitric oxide synthase

oxLDL oxidized low-density lipoprotein

PCNA proliferating cell nuclear antigen

PDGF platelet-derived growth factor

PI3K phosphatidylinositol 3 kinase

ROS reactive oxygen species

SR scavenger receptors

TC total cholesterol

TG triglyceride

TMA trimethylamine

TMAO trimethylamine-N-oxide

TNF-α tumor necrosis factor-alpha

VCAM-1 vascular cell adhesion molecule-1

VMSCs vascular smooth muscle cells

WHO World Health Organization
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Influence of Anemia on Postoperative
Cognitive Function in Patients
Undergo Hysteromyoma Surgery
Zhijian You1†, Lesi Chen2†, Hongxia Xu3, Yidan Huang1, Jinglei Wu1* and Jiaxuan Wu2*

1Department of Anesthesiology, Liuzhou People’s Hospital, Liuzhou, China, 2Department of Anesthesiology, The Second
Affiliated Hospital of Shantou University Medical College, Shantou, China, 3Quality Control Department, Liuzhou People’s
Hospital, Liuzhou, China

Cognitive dysfunction is a common disease in aging population. This study aims to compare
the influence of different degrees of anemia on the cognitive function of patients undergo
hysteromyoma surgery. Sixty-one patients aged 18–60 years who underwent uterine fibroid
surgery in the Second Affiliated Hospital of Shantou University Medical College from March
2019 to December 2020 were selected for this study. Patients were divided into three groups:
group normal (Group N, patients have no anemia), group of mild anemia (Group Mi, patients
havemild anemia) and group of moderate anemia (GroupMo, patients hadmoderate anemia).
Combined spinal and epidural anesthesia were administered. Cognitive function tests were
performed 1 day before the surgery and repeated at the 5th and 30th days after surgery.
Peripheral venous blood samples from patients were collected before the surgery, right after
surgery and at the 24th and 72ndhours after surgery. The contents of S-100β, IL-6, TNF-α and
IL-1β in serum samples were determined by ELISA. It was found that there were no significant
differences in general characteristics of patients amongGroupN,GroupMi andGroupMo (p>
0.05). Nine patients developed postoperative cognitive dysfunction after surgery, and the
incidence was 14.75% (9/61). The incidence of postoperative cognitive dysfunction (POCD)
was 40% in Group Mo, which was higher than that in Group N and Group Mi. The difference
was statistically significant (p< 0.05). Inflammatory factors in patientswith POCDwere higher in
post-surgery than before-surgery (p < 0.05), while there was no statistical significance in the
difference of inflammatory factors of patientswithout POCDbefore and after surgery (p> 0.05).
Taken together, this study suggested that moderate anemia could be a risk factor of POCD in
patients undergoing hysteromyoma surgeries. This study will help surgeons developing
measures for preventing the occurrence of POCD.

Keywords: postoperative cognitive dysfunction, anemia, uterine fibroid surgery, inflammatory factors, anesthesia

INTRODUCTION

Postoperative Cognitive Dysfunction (POCD) is a concept that was formally introduced in 1988 by
the International Study Group on Postoperative Cognitive Dysfunction, a group of 13 medical
centers in eight countries (Moller et al., 1998). This concept describes a common central nervous
system complication that occurs after anesthesia and surgery, and is characterized by brain
dysfunction and cognitive abnormalities that occur within days to months after anesthesia and
surgery (Cascella et al., 2018). The incidence of POCD ranges from 8.9 to 46.1% (Androsova et al.,
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2015). POCD not only increases the incidence of postoperative
complications, hospitalization costs, and consumption of scarce
medical resources, but also greatly affects patients’ quality of life.
The pathogenesis of POCD has not yet been clearly defined, and
few study has been conducted to develop clinical treatment
options for patients with POCD. Therefore, research on the
risk factors and mechanisms of POCD and early intervention
in patients with risk factors are important for the prevention
of POCD.

Several studies have shown that advanced age is a risk factor of
POCD in both cardiac surgeries and non-cardiac major surgeries.
In addition, education level, preoperative comorbidities such as
cardiovascular disease, preexisting cognitive impairment,
anesthesia and surgery are associated with the development of
POCD (Rundshagen, 2014). There are different opinions on the
effect of anesthesia on POCD. Some studies showed that
intraspinal anesthesia has a significantly lower incidence of
POCD compared with general anesthesia (Edipoglu and Celik,
2019), while other studies found that neither intraspinal
anesthesia nor general anesthesia has a significant effect on the
postoperative cognition of patients (Mason et al., 2010). It has
been found (Liang et al., 2016) that the incidence of postoperative
cognitive dysfunction is significantly higher in patients undergo
cardiac surgery than non-cardiac surgery.

Previous studies suggested that the development of POCD
may be related to the following mechanisms: 1) Inflammatory
response of the nervous system: surgery and anesthesia cause an
imbalance between pro-inflammatory and anti-inflammatory
substances, resulting in the production of large amounts of
inflammatory factors in the peripheral tissues, which enter the
central nervous system through the blood-brain barrier, causing
an inflammatory response in the central nervous system
(Terrando et al., 2010). These inflammatory factors damage
neurons and synapses by promoting oxidative stress, affecting
the synaptic transmission function and causing POCD in patients
(Tang et al., 2017; Li et al., 2018; Netto et al., 2018; Lin et al.,
2019). 2) Abnormal protein function: β-amyloid, which is closely
related to neurological impairment, is often recognized as an
important marker of postoperative cognitive function (Pannee
et al., 2016; Zhang et al., 2017; Xu et al., 2019), and was found in
animal experiments by PLUTA (Pluta et al., 2020). And another
protein, Tau protein, was also significantly correlated with
neurological impairment (Lee et al., 2017). It was found that
increased phosphorylated Tau protein in neuronal cells led to
structural damage and synaptic loss, resulting in neuronal
dysfunction and postoperative cognitive impairment. 3)
Cholinergic system: It has been suggested (He et al., 2012;
Egea et al., 2015; Talita et al., 2016) that hypofunction of the
cholinergic system may cause POCD, for the cholinergic pathway
can reduce the systemic inflammatory response by inhibiting the
release of pro-inflammatory factors. If the cholinergic system
becomes dysfunctional and pro-inflammatory factors are
released, they might cause an imbalance between pro- and
anti-inflammatory substances. It is possible that the patient
may experience cognitive impairment after the procedure.

Uterine fibroids are benign tumors of the reproductive system.
Clinically, patients with uterine fibroids often suffer from varying

degrees of anemia, a chronic loss of blood that is classified as
microcytic hypochromic anemia, caused by the long-term loss of
red blood cells and the inability to reabsorb iron from them. It has
been found that patients with iron deficiency anemia have
significant cognitive impairment, and the degree of cognitive
impairment is related to the duration and condition of iron
deficiency anemia (Chan et al., 2001; Wang et al., 2017).
However, the specific mechanism of POCD caused by anemia
is not clear. Anemia causes hypoxia in tissues and organs, and
brain tissues are sensitive to hypoxia. Nerve cell damage may
occur when brain tissues are hypoxic (Nielsen, 2014; Colak et al.,
2015). In addition, most of the enzymes involved in cellular redox
contain iron or are iron-dependent, and the long-term loss of red
blood cells in patients with anemia prevents the reabsorption of
iron from red blood cells, causing a decrease in the activity of
these iron-containing or iron-dependent redox enzymes.
Decreased enzyme activity affects neurological function of the
brain, resulting in mental and behavioral changes of patients
(Yang et al., 2011). On the other hand, it has also been found that
patients with chronic blood loss (anemia) are easier to get
infections. In a review of 11 years of hospitalized patients with
peptic ulcers combined with chronic hemorrhagic anemia, Cai
et al. found that anemia was a risk factor for infection, and the
degree of anemia was positively associated with the incidence of
infection (Cai et al., 2005). In patients with infections, elevated
peripheral blood inflammatory factors were measured and were
used as predictors of the early course of infection (Medina
Fernández et al., 2015; Backes et al., 2018).

In a study by Cestaric, the level of serum interleukin (IL)-6 was
found to be higher in elderly patients with cognitive impairment
and there was a correlation between elevated IL-10 and IL-12 and
amyloid deposition (Dong et al., 2012; Xie and Xu, 2013). Both
the inflammatory response to infection and the chronic non-
infectious inflammatory response can lead to permanent
cognitive complications (Eder, 2010; Marcantonio, 2017). A
study of patients with severe infections found that they were
much more likely to have altered mental status than patients
without severe infections. Also, the increased EEG low-frequency
activity and hippocampal atrophy in patients with severe
infections and long-term cognitive dysfunction suggest that
severe infections can lead to substantial brain damage.

In this study, we examine whether chronic anemia in patients
with uterine fibroids, which is associated with varying degrees of
anemia, contributes to the development of POCD. In addition, we
evaluate the association of POCD with inflammatory factors. We
grouped patients with different degrees of anemia according to
the clinical classification of anemia, and the cognitive function of
patients with different degrees of anemia after uterine fibroid
surgery was investigated. The results of the study will help
prevention and treatment of postoperative cognitive dysfunction.

MATERIALS AND METHODS

Patient Participants and Grouping
Following the approval of the Faculty Ethics Committee of the
Second Affiliated Hospital of Shantou University Medical School,
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61 patients who underwent elective hysteromyoma resection were
recruited in this study. Patients submitted their inform consents.
They aged 18–60 years old and have ASA I-II physical status. The
following patients were excluded from the study: 1) Patients with
limited or low literacy (illiterate), unable to communicate without
barriers, unable to cooperate with the examination; 2) patients
known to have neurological or psychiatric diseases affecting the
central nervous system (CNS) and cognitive functions; 3) patients
who were taking medications affecting CNS; 4) patients who have
undergone previous cognitive function tests; 5) patients had any
adverse events such as drug allergies; 5) patients who met the
diagnostic criteria of anxiety or depression after assessment with
the Self- Assessment Scale for Anxiety and the Self-Assessment
Scale for Depression; 6) patients who underwent a second
operation or were admitted to ICU after surgery; and 7)
patients with alcohol or any substance addictions. Patients
who have not completed all the steps and procedures shown
in the experimental protocol, such as preoperative and
postoperative cognitive function assessment and peripheral
venous blood collection were also excluded from the study.

Patients included in the study were divided into three groups
according to the preoperative hemoglobin level of the patients,
including normal group (Group N, patients who had preoperative
hemoglobin levels over 110 g/L), mild anemia group (Group Mi,
patients who had preoperative hemoglobin level between 90 and
110 g/L) and moderate anemia group (Group Mo, patients who
had preoperative hemoglobin levels between 60–90 g/L). In
addition, 15 healthy volunteers without surgery were recruited
in the community as a non-surgical control group in order to
eliminate the learning effect of the experimental group in the
cognitive function test.

Preparation of Surgery
Peripheral vascular access was established in patients. The
electrocardiogram, peripheral oxygen saturation (SpO2), and
non-invasive arterial pressure monitor were performed after
patients were taken to the operating room. None of the
patients were pre-medicated. After anesthesia was initiated in
the patients, oxygen was administered using a face mask or nasal
cannula with low oxygen flow (3.0 L/min). Skin disinfection for
patients was performed with the antiseptic solution. The epidural
cavity was penetrated between the L3-L4 with the epidural
puncture needle from mid-line, and then the atraumatic spinal
needle was punctured. After the free, clean cerebrospinal fluid
flow was observed, ropivacaine was administered for 10–15 s
according to the body weight of patients. The epidural catheter
was placed into the epidural cavity through the epidural puncture
needle. The first epidural dose was 5 ml of 3% chloroprocaine,
which was intermittently injected from the epidural catheter at
intervals depending on the patient’s level of anesthesia and the
length of the procedure, with an additional 5–10 ml of 3%
chloroprocaine. Ketorolac at the concentration of 0.5 mg/kg
was intravenously administered 20–30 min before the
completion of skin closure, and the patient was given a self-
administered intravenous analgesia pump (Analgesia pump
formulation: bupropion 5 mg + flurbiprofen ester 100 mg +
toltestrone 10 mg + 0.9% NaCl solution � 100 ml). Patients’

visual analogue scale (VAS) scores were assessed at the ward
at days 1, 3 and 5 after surgery. If patients had a VAS score >3,
intramuscular tramadol 50–100 mg was administered to
maintain a VAS ≤3.

Evaluating Patients’ Cognitive Function
To determine the level of the cognitive functions of patients,
cognitive function test was performed 1 day before the surgery,
5 days and 1 month after the surgery. Cognitive function tests
consist of mini-mental state examination (MMSE), Hopkins
Verbal Learning Test (HVLT), Trail Making Test A, B (TMT-
A, B), Stroop Color Word Interference Test (SCWIT) and Verbal
Fluency test (VF). To exclude enrolled patients who met the
diagnostic criteria for anxiety and depression, the Zung’s Anxiety
Self- Rating Scale and the Depression Self-Rating Scale were used
before and after the surgery.

Peripheral venous blood was collected from the upper
extremities of patients the day before surgery, right after
surgery and 24 and 72 h after surgery. The blood was
centrifuged for 10 min with a high-speed centrifuge set at
3,000 r/min and the serum was extracted and stored in a
refrigerator at −80°C. The serum specimens were detected by
enzyme-linked immunosorbent assay (ELISA) for S 100β, IL-1β,
TNF-α, and IL-6 within 1 month.

The Blind of Surgeon, Sample Collector, and
Sample Analyzer
In the experiment, we simply informed the surgeons in the
gynecology department that we would perform the experiment
on patients who met the requirements of the experiment, without
specifically informing them of the patient’s information. The
same physician was assigned to the patient for all three
preoperative and postoperative assessments of cognitive
function, and this physician knew only the patients’ name and
hospitalization number for verification and had no other
information of the patients. Venous blood samples were stored
after centrifugation in numbered centrifuge tubes, each number
corresponding to a particular time period of a particular patient’s
blood. The specific meaning of the numbers was not known to the
person performing the ELISA and data analysis.

Statistical Analysis
The measurement data were presented as mean ± SD, and the
count data were presented as number of cases or percentage (%).
We used SPSS software for data analysis. t test was used to
compare the measurement data. And the count data were
compared by chi-square test. A value of p < 0.05 was accepted
as statistically significant.

RESULTS

General Characteristics of Patients
No subjects were found to meet the diagnostic criteria of anxiety
or depressive status. All the patients involved were female with
ASA classification of I to II. None of the patients had a history of
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smoking or alcohol abuse. In addition, none of them had any
preoperative comorbidity of severe hypertension, arrhythmias, or
other underlying diseases. There was no statistically significant
difference among three groups in terms of age, BMI, education,
intraoperative bleeding, surgical time and anesthesia time (p >
0.05) (Table 1).

The Postoperative Cognitive Function of
Patients
The intra-group comparison of the cognitive function of patients
was performed. The postoperative cognitive function tests were
performed in each group of patients the day before surgery, the
5th and 30th day after surgery. It was found that the scores of
HVLT- I and HVLT-D were decreased, and the time spent on
TMT-B, SCWIT C and SCWIT C-B were increased in patients
after surgery compared with that before surgery in the GroupMo.
The difference between the scores after surgery and before
surgery was statistically significant (p < 0.05). The remaining
three test scores were not significantly different preoperatively
and postoperatively. In the patients in Group N and Group Mi,
the MMSE, HVLT-I, HVLT-D, and VF scores at postoperative
5th and 30th days increased, and the time spent decreased
compared to those before surgeries, which may be due to the
repetitive performance of the tests.

In between groups comparison, the preoperative cognitive
function test scores showed that the Group Mo had lower
scores (or longer time spent) than the Group N and Group Mi
on HVLT-I, VF, SCWITC, and SCWITC-B, and the
differences were statistically significant (p < 0.05). There
was no statistically significant difference between Group N
and Group Mi. The remaining four tests were not
significantly different between two groups in a pairwise
comparison. In the postoperative cognitive function tests,
except for MMSE, TMT-A and VF, the scores (or time spent)
of the remaining five tests in Group Mo decreased
significantly (or longer) than those in Group N and Group
Mi at postoperative 5th and 30th days, with statistically
significant differences (p < 0.05). Group N and Group Mi
had no statistically significant difference in preoperative and
postoperative scores for each test.

The POCD Patients
Sixty-one patients completed preoperative and postoperative
cognitive function tests. Among them, nine patients developed
POCD, one from Group N, two from Group Mi and six from
GroupMo. Using the chi-square test for paired enumeration data,
it was found that the difference in the incidence of POCD
between Group Mo and Group N was statistically significant
(p < 0.05), while the difference in the incidence of POCD between
the Group Mi and Group N was not statistically significant (p >
0.05) (Table 2).

The Association of POCD and Inflammatory
Factors
Patients who developed POCD were categorized into the Group
POCD, and other patients who did not develop POCD were
categorized into the Group Non-POCD. The serum was obtained
by centrifugation of peripheral venous blood specimens collected
1 day before surgery, at the end of surgery, at the 24th and 72nd
hours after surgeries, and stored in a refrigerator at −80°C. The
concentrations of S-100β, IL-1β, TNF-α and IL-6 in the serum
were determined by using enzyme-linked immunosorbent assay
(ELISA). It was found that the levels of S-100β, IL-1β, IL-6 and
TNF-α in the serum of patients in both groups were increased at
the 24th and 72nd hours after surgeries compared to those before
surgeries, and the increase in the levels of S-100β, IL-1β, IL-6 and
TNF-α of patients in the POCD group postoperatively compared
to preoperatively was statistically significant (p < 0.05), while the
difference in the preoperative and postoperative levels of each
inflammatory factor concentration in the Non-POCD group was
not statistically significant (p > 0.05). The differences in the levels
of each inflammatory factor concentration between patients in
the POCD and Non-POCD groups preoperatively were not
statistically significant (p > 0.05), and the differences in the
levels of each inflammatory factor concentration between
patients in the POCD and Non-POCD groups at the same
time points postoperatively were statistically significant (p <
0.05) (Figures 1–4).

By independent sample t-test analysis, we found that in
patients with POCD who had no anemia or had mild anemia,
the concentration levels of S-100β at the end of surgery, IL-1β at
the end of surgery and 24 h after surgery, and TNF-α at 24 h after
surgery were statistically significant compared with those with
moderate anemia (p < 0.05) (Figure 5).

TABLE 1 | Demographic characteristics of patients of normal group, mild anemia
group and moderate anemia group (± s).

Group Group Group

N (n = 25) Mi (n = 21) Mo (n = 15)

Age (year) 42.6 ± 6.3 39.8 ± 5.1 43.4 ± 7.9
BMI(kg/m2) 21.5 ± 2.1 21.8 ± 2.6 20.2 ± 3.5
Education level (year) 7.4 ± 2.2 7.0 ± 2.5 8.5 ± 3.8

≤6 years (%) 32 35 30
6–9 years (%) 56 55 30
>9 years (%) 12 10 40

Intraoperative bleeding (ml) 65.0 ± 15.8 54.0 ± 20.4 60.0 ± 12.5
Anesthesia time (min) 124.0 ± 12.8 122.0 ± 15.4 119.0 ± 15.1
Surgical time (min) 121.0 ± 15.6 117.0 ± 16.4 115.0 ± 13.5

TABLE 2 | Comparison of the incidence of POCD in each group.

Groups POCD Non-POCD Incidence

Group Surgery (n � 61) 9 52 14.75%
Group N (n � 25) 1 24 4.00%
Group Mi (n � 21) 2 19 9.52%
Group Mo (n � 15) 6 9 40.00%*#

Compared to Group N,*p < 0.05 compared to Group Mi, #p < 0.05

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7860704

You et al. Anemia on Patients Undergo Hysteromyoma Surgery

189

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


DISCUSSION

POCD is a neurodegenerative condition with impairment of
memory, executive and information processing abilities, and
personality changes that occurs in the months following
surgery and anesthesia. The manifestations of POCD range
from mild memory loss to the inability to concentrate or
process information received by the brain, all of them may
have a significant impact on the patient’s quality of life.
Personal factors such as the patient’s educational level, age,
gender, preoperative comorbidities, and the presence of
preoperative cognitive impairment (Salthouse, 2010; Cao et al.,
2014; Wang et al., 2019; Cui et al., 2020; Kiabi et al., 2020), the
choice of anesthetic drugs and anesthesia, the mode of surgery,
and the length of surgery are all risk factors associated with the
development of POCD. In this study, the selected patients have
no significant differences in general characteristics, and their
anesthesia ASA classification were all ensured to be grade I ∼ II.
Patients with combined cardiovascular and cerebrovascular
systemic diseases, preoperative cognitive impairment and
history of alcohol consumption in the perioperative period
were excluded. According to the different anesthesia methods
and preoperative anemia, this experiment was divided into four
groups. The duration of surgical anesthesia in each case was all
less than 3h, and postoperative analgesia ensured that patients’
VAS scores were less than 3. Therefore, the study is comparable
under this premise.

There is no clear and uniform diagnostic criterion for POCD,
and the currently most widely used one relies on the objective
neuropsychological scales to assess the cognitive function of
patients before and after surgery. There are several basic
requirements for the selection of scales to help assess cognitive
function: Firstly, the test should not take too long or consist too
many test scales. However, to assess all aspects of cognitive
function, it is not enough to rely on a single scale alone.
Multiple test scales that can detect all aspects of cognitive
function are needed; but if there are too many test scales, the
time it takes will increase accordingly. Therefore, the test duration
is generally recommended between 30 min and 1 h. Secondly, the
test scale is required to be sensitive, and if the ceiling of the test is
too low, a capping effect may occur, which means that most
normal people will get a score close to a perfect result in the test,
thus making it difficult to detect the slight decline in cognitive
ability that occurs in POCD patients after surgery. Simple
Intelligence Mental State Examination Scale is a scale that
usually has a low sensitivity, which may result in an increased
false-negative rate of test results, and is only suitable for screening
patients with a combination of a higher degree of preoperative
functional cognitive impairment. Thirdly, the cognitive function
scale should be repeatable in order to satisfy multiple preoperative
and postoperative assessments for comparison, and the test is not
limited to a particular aspect of cognitive function, while its
content should include memory for what is heard, memory for
visual content, and the ability to processing and executive abilities

FIGURE 1 | Comparison of serum concentrations of S-100β (pg/ml) between non-POCD and POCD groups before and after surgery丨There was no significant
difference in the preoperative levels of S-100β concentration in the Non-POCD group compared with postoperative levels. There was no significant difference in the
preoperative levels of S-100β concentration in the Non-POCD group compared with POCD group. Compared with preoperative levels, the levels at 24th and 72nd hours
after surgeries in the POCD group increased with statistically significance. The differences in the levels of S-100β concentration between patients in the POCD and
Non-POCD groups at the same time points postoperatively were statistically significant. Values are mean ± SD. n � 61. *p < 0.05 vs. the preoperative level of S-100β;
#p < 0.05 vs. the POCD group.
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in these three areas (Collie et al., 2002). The diagnosis of POCD in
this study was made using the neuropsychological test scale set
suggested by the Canadian research group.

In the cognitive function tests of patients in the three groups, it
was found that the test scores of patients in Group Mo decreased
compared with the preoperative test scores on the Hopkins
Verbal Learning Test (HVLT), Trail Making Test (TMT) and
the Stroop. Color Word Interference Test (SCWIT) at 5 and
30 days after surgery, and the test scores at 5 and 30 days after
surgery decreased significantly compared with those in the Group
N and Group Mi. The difference was statistically significant,
suggesting that the patients with moderate anemia had a decrease
in memory, attention, calculation and recall ability after surgery,
while those abilities were not affected in the patients without or
with mild anemia after surgery.

The results of this study suggest that the incidence of POCD in
Group N was lower than that obtained from other studies which
is between 8.9 and 46.1%, indicating that the influence of other
factors on the results of this experiment was taken into account as
much as possible in the design of the experiment and was kept to a
low level. The results of this study showed that patients in the
Group Mi were less likely to have postoperative cognitive
impairment than those with anemia, and that patients in the
Mo group showed a decline in cognitive function at
postoperatively 5th and 30th days. This suggests a positive
correlation between the degree of anemia and the incidence of
POCD. Previous studies have found that patients with chronic
hemorrhagic anemia are more likely to get infections (Parvizi

et al., 2008). This may be related to chronic blood loss and
prolonged loss of albumin and globulin, resulting in decreased
protein and immune deficiency in patients with
hypoproteinemia. When the patient’s immune function is
impaired, the lymphatic immune factor of the cells begins to
decline, the secretion of immunoglobulin decreases, the
phagocytosis of leukocytes is affected, and the activity of
complement C3 and C4 in the serum also decreases, which
makes the patient more vulnerable to external bacterial and
viral infections (Tang et al., 2016; Chen, 2017; Tao et al., 2018;
Xiong et al., 2019). In patients with anemia, the level of
inflammatory factors in the peripheral blood will increase
continuously when the infection occurs and leads to acute
inflammation, so inflammatory factors can also be used as a
reference indicator to determine the occurrence of infection at an
early stage (Chen et al., 2021).

In patients with POCD in this study, the serum levels of
inflammatory factors at different time points after surgery were
found to be increased to different degrees compared with those
before surgery, and the increase was statistically significant, which
is consistent with the results obtained in previous studies.

It has been suggested in the literature that the occurrence of
POCD may be related to postoperative peripheral and central
neuroinflammation, and when the trauma-induced inflammation
is not properly regulated, the persistent neuroinflammation may
interfere with synaptic functions related to cognition and learning
and memory (Saxena And Maze, 2018). Therefore, an in-depth
study of the influence of neuroinflammation in POCD is

FIGURE 2 | Comparison of serum concentrations of IL-1β (pg/ml) between Non-POCD and POCD groups before and after surgery丨There was no significant
difference in the preoperative levels of IL-1β concentration in the Non-POCD group compared with postoperative levels. There was no significant difference in the
preoperative levels of IL-1β concentration in the Non-POCD group compared with POCD group. Compared with preoperative levels, the levels at 24th and 72nd hours
after surgeries in the POCD group increased with statistically significance. The differences in the levels of IL-1β concentration between patients in the POCD and
Non-POCD groups at the same time points postoperatively were statistically significant. Values are mean ± SD. n � 61. *p < 0.05 vs. the preoperative level of S-100β;
#p < 0.05 vs. the POCD group.
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FIGURE 3 | Comparison of serum concentrations of IL-6 (pg/ml) between Non-POCD and POCD groups before and after surgery丨There was no significant
difference in the preoperative levels of IL-6 concentration in the Non-POCD group compared with postoperative levels. There was no significant difference in the
preoperative levels of IL-6 concentration in the Non-POCD group compared with POCD group. Compared with preoperative levels, the levels at 24th and 72nd hours
after surgeries in the POCD group increased with statistically significance. The differences in the levels of IL-6 concentration between patients in the POCD and
Non-POCD groups at the same time points postoperatively were statistically significant. Values are mean ± SD. n � 61. *p < 0.05 vs. the preoperative level of S-100β;
#p < 0.05 vs. the POCD group.

FIGURE 4 | Comparison of serum concentrations of TNF-α (pg/ml) Between Non-POCD and POCD groups before and after surgery丨There was no significant
difference in the preoperative levels of TNF-α concentration in the Non-POCD group compared with postoperative levels. There was no significant difference in the
preoperative levels of TNF-α concentration in the Non-POCD group compared with POCD group. Compared with preoperative levels, the levels at 24th and 72nd hours
after surgeries in the POCD group increased with statistically significance. The differences in the levels of TNF-α concentration between patients in the POCD and
Non-POCD groups at the same time points postoperatively were statistically significant. Values are mean ± SD. n � 61. *p < 0.05 vs. the preoperative level of S-100β;
#p < 0.05 vs. the POCD group.

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7860707

You et al. Anemia on Patients Undergo Hysteromyoma Surgery

192

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


important for further exploring themechanisms of POCD and for
the prevention and treatment of POCD in clinical practice. Under
normal physiological conditions, the levels of inflammatory
factors in plasma are maintained at low levels, while the
expression of inflammatory factors increases when the body is
subjected to intense external injuries or when the body is in
certain disease states (Shen, 2013; Mattavelli et al., 2015; Huang,
2016; Zhang et al., 2016).

The expression of IL-6, a pro-inflammatory factor produced
by T lymphocytes, is strictly regulated by the transcriptional
machinery, but when the body is traumatized and immune
function is compromised, the transcriptional machinery is
deregulated and the transcription factor NF-κB is activated,
leading to increased synthesis and release of inflammatory
factors (HU et al., 2019), and IL-6’s expression continues to
increase under the uncontrolled transcriptional machinery,
which has pathological effects on the body. The level of IL-6 is
positively correlated with the degree of trauma to the body. In an
injured organism, endothelial cells and phagocytes release

inflammatory factors in response to stress, and inflammatory
factors such as TNF-α and IL-1, which are the initiators of
inflammation, can trigger a cascade of inflammation by
promoting the entry of leukocytes into the bloodstream, and
when the levels of TNF-α and IL-1 increase, the levels of IL-6
increase as well (Izquierdo et al., 2003; Michetti et al., 2016).

Inflammation can disrupt the blood-brain barrier (BBB). The
inflammatory factor TNF-α activates NF-κB signaling pathway,
which increases prostaglandin E synthesis through upregulation
of COX-2 and activation and dysfunction of endothelial cells in
the blood-brain barrier, thereby increasing the permeability of the
blood-brain barrier, while other inflammatory factors, such as IL-
1, also use signaling pathway to increase the permeability of the
blood-brain barrier by converging on other signaling pathways
that upregulate COX-2. Other inflammatory factors such as IL-1
can also increase the permeability of blood-brain barrier by
upregulating other signaling pathways of COX2. Currently,
increased blood-brain barrier permeability is recognized as the
initial event in the development of neuroinflammation. All types

FIGURE 5 | Comparison of serum concentrations of S-100β, IL-1β, IL-6 and TNF-α (pg/ml) among patients with POCD who had no anemia, mild anemia or
moderate anemia at four time points. Note: (A) S-100β; (B) IL-1β; (C) IL-6; (D) TNF-α. Compared with patients had no anemia or mild anemia in POCD group, *p < 0.05.
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of inflammatory responses, including infectious and non-
infectious inflammatory responses, can lead to cognitive
impairment, and peripheral inflammatory responses can
trigger central inflammatory responses through multiple
pathways. While inflammatory factors at normal physiological
levels protect nerve cells in the brain and promote repair of
damaged nerve cells. When a central inflammatory response
occurs, inflammatory factors are increased, and they
contribute to cognitive impairment through a variety of
mechanisms, including interference with nerve cell function,
inhibition of neuronal regeneration in the hippocampus, and
induction of apoptosis. When inflammatory responses in the
CNS act on synapses, their connectivity is impaired, which in turn
affects the nervous system and leads to neurological deficits. The
inflammatory factors IL-6, IL-1, S-100β protein, and TNF-α play
an important role in POCD, and Konsman have found that
inflammatory factors such as IL-1β, IL-6, and TNF-α are
involved in the reduction of neuronal regeneration due to
inflammation.

In conclusion, women with moderate anemia were more
likely to experience cognitive dysfunction after uterine fibroid
surgery than those with mild anemia, particularly in the
aspects of orientation, memory, attention, and
computational skills. In patients with chronic anemia, the
incidence of infections and inflammatory reactions is
increased because of protein loss and decreased immune
function. We consider that the decline in cognitive function
in patients with POCD in this study may be related to the
inflammatory response caused by chronic preoperative
anemia and the central nervous system damage mediated
by the inflammatory response caused by surgery. Therefore,
attention should be paid to patients with uterine fibroids who
have chronic anemia in combination with surgery, and if
necessary, we should actively intervene to improve the
symptoms of anemia by supplementing iron and increasing
the level of hemoglobin to reduce the risk of infection and
inflammation, thus reducing the incidence of POCD and
preventing cognitive impairment in patients after surgery.
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AMPK as a Potential Therapeutic
Target for Intervertebral Disc
Degeneration
Zhen Wang, Jianxiong Shen*, Erwei Feng and Yang Jiao

Department of Orthopedics, Peking Union Medical College Hospital, Peking Union Medical College and Chinese Academy of
Medical Sciences, Beijing, China

As the principal reason for low back pain, intervertebral disc degeneration (IDD) affects the
health of people around the world regardless of race or region. Degenerative discs display
a series of characteristic pathological changes, including cell apoptosis, senescence,
remodeling of extracellular matrix, oxidative stress and inflammatory local
microenvironment. As a serine/threonine-protein kinase in eukaryocytes, AMP-
activated protein kinase (AMPK) is involved in various cellular processes through the
modulation of cell metabolism and energy balance. Recent studies have shown the
abnormal activity of AMPK in degenerative disc cells. Besides, AMPK regulates
multiple crucial biological behaviors in IDD. In this review, we summarize the
pathophysiologic changes of IDD and activation process of AMPK. We also attempt to
generalize the role of AMPK in the pathogenesis of IDD. Moreover, therapies targeting
AMPK in alleviating IDD are analyzed, for better insight into the potential of AMPK as a
therapeutic target.

Keywords: low back pain, intervertebral disc degeneration, nucleus pulposus, AMPK, targeted therapy

INTRODUCTION

Low back pain (LBP) is one of the most common complaints in the clinics of orthopedics. With a
lifetime prevalence of more than 80%, LBP strikingly affects people’s daily life (Walker, 2000). As
estimated, approximately 10% of the population affected turns out to be chronic and disabled, which
brings about serious socio-economic burden (Urban and Roberts, 2003; Freburger et al., 2009).
Despite of the fact that LBP is a multifactorial disease with complicated clinical manifestations,
intervertebral disc (IVD) degeneration (IDD) is widely perceived as the major cause (Luoma et al.,
2000). In the very initial stage, IDD is always asymptomatic or mildly symptomatic. However, with
the course advancing, IVD herniation, spinal stenosis as well as spinal instability develop (Risbud and
Shapiro, 2014). In other words, IDD serves as the pathological basis of degenerative spinal disorders.
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Aforementioned diseases bring about not only local pain, both
also neurological symptoms, such as neuropathic pain, sensory
deficit, hypodynamia (Yurube et al., 2020). Both the recurrent
LBP and the deterioration of neurological function account for
the disability induced by IDD. Currently, a variety of treatments
have been prescribed for patients with discogenic LBP, including
medication and surgery (Knezevic et al., 2017). Despite the
complete removal of degenerative disc achieved by discectomy,
approximately 30% of patients suffer from post spinal surgery
syndrome (Palmer et al., 2019). As for conservative therapy,
medicines available now are mainly aimed at relieving pain
and improving the symptoms of nerve injury. Yet very few
drugs approved target the pathogenesis of IDD and rescue the
diseased IVD. Therefore, efforts should be devoted to the
exploration of novel targeted drugs for IDD.

As an evolutionarily highly conserved serine/threonine-
protein kinase, adenosine monophosphate (AMP) activated
protein kinase (AMPK) is ubiquitously expressed in
eukaryocytes (Hardie et al., 2012; Hardie, 2014). Previous
study has identified the heterotrimeric complex structure of
AMPK. Specifically, AMPK consists of a catalytic α subunit
and two regulatory β- and γ-subunits. Each subunit has
several isoforms, which are expressed in a tissue specific
manner (Ross et al., 2016). As a critical intracellular energy
sensor, the activity of AMPK is modulated by energy
disequilibrium induced by various metabolic stresses, such as
hypoxia, disturbance of blood supply, and deficiency of glucose
(Salt et al., 1998; Marsin et al., 2000; Russell et al., 2004; Hardie,
2007; Dengler, 2020). Moreover, certain physiological factors,
such as exercise and muscle contraction, may also serve as
activators of AMPK (Vavvas et al., 1997; Hayashi et al., 1998;
Musi et al., 2001; Ruderman et al., 2003). Once activated, AMPK
participates in a wide range of cellular biological behaviors,
including glycolipid metabolism, energy equilibrium,
autophagy, etc., (Saikia and Joseph, 2021; Trefts and Shaw,
2021; Mihaylova and Shaw, 2011; Liang et al., 2007; Angin et
al., 2016). Apart from the classical regulatory role of AMPK in
cellular metabolism and energy balance, accumulating evidence
indicates the involvement of AMPK in the pathogenesis of IDD
(Chen et al., 2015; Jiang et al., 2015). In human degenerative IVD,
an activation of AMPK signaling pathway has been observed
(Yang et al., 2019). In contrast, an inhibition of AMPK
phosphorylation has been confirmed in both human and rat
cell models for IDD (Song et al., 2018; Liu et al., 2019b).
Moreover, various AMPK activators, such as the illustrious
metformin and resveratrol, have been proven protective in
IDD, revealing AMPK as a promising target for the treatment
of IDD (Chen et al., 2016; Wang et al., 2016). Herein, we
comprehensively review the role of AMPK in IDD, to gain a
better understanding of its therapeutic potential.

STRUCTURE OF INTERVERTEBRAL DISC

As the largest avascular origin in human body, IVD is a
cartilaginous joint lying between adjacent vertebrae
(Grunhagen et al., 2011). The IVD consists of three main

components: the nucleus pulposus (NP), the annulus fibrosus
(AF), and the cartilage endplates (CEP) (Figure 1). The
gelatinous NP is located in the core of IVD. Apart from the
well-known NP cells, NP tissue contains a wealth of extracellular
matrix (ECM). The ECM surrounding the NP cells is rich of
collagens and water-bound proteoglycans, giving the NP tissue
high resilience and tensile strength to distribute stress in all
directions (Chen S. et al., 2017). The AF around the NP is a
fibrocartilaginous tissue composed of multi-storey collagen fibers.
This laminated concentric structure helps to maintain the
position and shape of NP and absorb mechanic shocks when
NP is under pressure. Moreover, AF is involved in the energy
metabolism of IVD. Through capillaries in peripheral tissues, AF
cells located in the outer layer take in nutrients and release
metabolic waste (Urban et al., 2004). The CEP is located in
both the top and bottom of the IVD. As a layer of hyaline cartilage
thinner than 1 mm, CEP withstands pressure and prevents the
IVD from being overloaded (Moon et al., 2013). More
importantly, CEP also plays a crucial role in the material
exchange and nutrition supplement of IVD. Through the
capillaries in CEP, most of the nutrients and substances
required are diffused from consecutive vertebral bodies to the
rest of IVD. Simultaneously, metabolites accumulated in the IVD
are discharged (Grunhagen et al., 2006). This unique blood
supply and substance exchange pathway composed by the CEP
and outer annulus periphery bring about a hypoxia, low nutrition,
and acidic microenvironment in IVD (Urban, 2002).

PATHOLOGICAL MECHANISM OF
INTERVERTEBRAL DISC DEGENERATION

The etiology of IDD is multifactorial and not completely
elucidated. To date, multiple factors have been recognized
involved in the progression of IDD, such as ageing, smoking,
diabetes mellitus (DM), obesity, abnormal mechanical load and
genetic predisposition (Figure 1) (Kim et al., 2009; Le Maitre
et al., 2007; Jeong et al., 2014; Desmoulin et al., 2020; Maclean
et al., 2004; Walsh and Lotz, 2004; Wuertz et al., 2009; Kalb et al.,
2012; Martirosyan et al., 2016; Alpantaki et al., 2019; Kakadiya
et al., 2020; Livshits et al., 2001; Chen et al., 2018; Cannata et al.,
2020). In response to those risk factors, various crucial
pathological processes develop, including the loss of resident
IVD cells, ECM remodeling, inflammation and oxidative stress
(Figure 1) (Gruber and Hanley, 1998; Nasto et al., 2013; Suzuki
et al., 2015; Lyu et al., 2021). Of above characteristic changes, cell
loss is the most extensively studied one. In degenerative IVD,
both cell apoptosis and cell senescence are prevalent (Roberts
et al., 2006; Wang et al., 2008; Kim et al., 2009). Cell apoptosis
directly decreases the number of viable cells; while cell senescence
is accompanied by the reduction of functional cells. Moreover,
cell apoptosis and senescence in IVD work cooperatively to bring
about an impaired anabolism, in which a reduction in the
synthesis of proteoglycans and the conversion of collagen II to
collagen I are observed (Takaishi et al., 1997; Ngo et al., 2017).
Meanwhile, senescent disc cells exhibit senescence-associated
secretory phenotype and release various pivotal matrix
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proteases, such as matrix metalloproteases (MMPs) and a
disintegrin-like and metalloprotease with thrombospondin
type-1 motifs (ADAMTSs) (Le Maitre et al., 2007). The
imbalance between the anabolism and catabolism of ECM
brings about ECM destruction. The destruction of ECM
further results in the dehydration of IVD, the loss of
intervertebral height and the abnormal stress of IVD, which in
turn accelerates the degeneration of IVD (Raj, 2008). During
IDD, ECM destruction also enables the invasion of nerve fibers
into the disc, which is an aneural organ in healthy state (Freemont
et al., 2002; Melrose et al., 2002). The ingrowth of nerve fibers
ultimately results in the occurrence of discogenic pain (Ohtori
et al., 2018). Moreover, the disruption of ECM is also responsible
for the rupture of AF and the simultaneous protrusion of NP
(Guterl et al., 2013). Apart from matrix-degrading enzymes, a
wide range of pro-inflammatory cytokines, including interleukin-
1β (IL-1β) and tumor necrosis factor-α (TNF-α), are also secreted
by the NP cells and AF cells (Shamji et al., 2010). Moreover, those
resident disc cells also produce and release chemokines which
recruit immune cells, such as macrophages, neutrophils and
lymphocytes. The infiltration and activation of circulating
immunocytes further enhance the inflammation reaction and

bring about an inflammatory microenvironment inside and
around the IVD (Risbud and Shapiro, 2014). Pro-
inflammatory cytokines released by both resident disc cells
and foreign immunocytes further exacerbate cell death and
ECM destruction. In addition to discogenic LBP, IVD
herniation and local inflammatory response in IDD may also
contribute to the radicular pain in a mechanical and biochemical
manner, respectively (Dower et al., 2019). Now that CEP is the
principal source of nutrition for IVD, the destruction of CEPmay
also accelerate the process of IDD (Peng et al., 2001).
Predisposing inducements, such as injury and ageing, lead to
the cell loss and ECM remodeling in CEP (Ariga et al., 2001;
Cinotti et al., 2005). ECM remodeling in degenerative CEP is
characterized by the dramatic decline in the content of
proteoglycans, especially chondroitin sulfate (Roberts et al.,
1994). Changes in the contents of ECM ultimately lead to the
calcification of CEP. Calcified ECM is accompanied with a
decreased permeability and the destruction of capillaries
(Jackson et al., 2011). Therefore, the calcification of CEP sets
up obstacle for the exchange of nutrients and materials between
vertebral bodies and IVD (Peng et al., 2001; Soukane et al., 2007).
Insufficient supplement of nutrients and the accumulation of

FIGURE 1 | Structure of IVD and the pathogenesis of IDD. IVD is composed of three main parts: the core NP, the peripheral AF and CEP located in the top and
bottom. Causative factors for IDD include obesity, ageing, smoking, DM, abnormal mechanical load, genetic predisposition, etc. Some of those factors, such as obesity,
ageing and smoking may negatively regulate the phosphorylation of AMPK and inhibit AMPK activity. Besides, inactivation of AMPK may induce the occurrence of DM.
Typical pathological features in degenerative IVD includes cell apoptosis and senescence, ECM destruction, inflammation, oxidative stress, etc. The progression of
IDD may ultimately bring about discogenic pain and radicular pain. IVD: intervertebral disc; IDD: intervertebral disc degeneration; NP: nucleus pulposus; AF: annulus
fibrosus; CEP: cartilage endplates; DM: diabetes mellitus; AMPK: AMP-activated protein kinase; ECM: extracellular matrix.
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metabolites together bring about a tough microenvironment in
degenerative IVD. This special local microenvironment may
serve as a trigger for the overproduction of reactive oxygen
species (ROS). Under this circumstance, numerous intrinsic or
extrinsic inducers, such as pro-inflammatory cytokines, high
glucose and mechanical strain, accelerates mitochondrial
damage in resident disc cells and aggravates the excessive
generation of ROS (Feng et al., 2017). Meanwhile, both the
contents of enzymatic antioxidants and non-enzymatic
antioxidants are reduced, leading to an impaired scavenging of
ROS (Gruber et al., 2011; Hou et al., 2014). The abnormal
accumulation of ROS results in oxidative injury in various
intracellular substances and contributes to cell apoptosis,
senescence and ECM remodeling in IVD (Feng et al., 2017).

ACTIVATION OF AMP-ACTIVATED
PROTEIN KINASE

To date, a variety of upstream signals have been identified as
regulators of AMPK activation (Figure 2). As a critical metabolic
switch, AMPK is sensitive to the change in the ratio of AMP to
adenosine triphosphate (ATP). In physiological status, AMPK
forms a complex with ATP and remains inactive. Upon the
stimulation of energy deprivation or metabolic stress,
intracellular level of AMP is elevated. Upregulated AMP binds
to the γ-subunit of AMPK and triggers a conformational change
(Moore et al., 1991). Altered conformation allows the
phosphorylation of threonine 172 residue (Thr172) in the
catalytic α-subunit by specialized kinases and the subsequent
activation of AMPK (Hawley et al., 1996). Moreover, binding of
AMP to the regulatory γ-subunit prolongs the activation of
AMPK by the inhibition of dephosphorylation (Davies et al.,
1995). Despite the inability to allosterically modulate AMPK,
adenosine diphosphate (ADP) is also proven a trigger for the

activation of AMPK at low concentrations (Carling et al., 1989).
Apart from the first phosphorylation of AMPKmediated by AMP
or ADP, a second phosphorylation is also required. As the major
upstream kinase of AMPK in mammalian cells, live kinase B1
maintains the basal level of AMPK activity induced by AMP or
ADP. Moreover, upon the increase in AMP:ATP ratio or ADP:
ATP ratio, live kinase B1 further activates AMPK through the
phosphorylation of Thr172 in α-subunit (Woods et al., 2003). In
addition to AMP/ADP dependent canonical pathway, AMPK is
also regulated by the change of intracellular calcium level. In
response to the elevation in the concentration of calcium, the
activity of calcium/calmodulin-dependent protein kinase kinase β
is upregulated. Activated calcium/calmodulin-dependent protein
kinase kinase β further phosphorylates Thr172 in α-subunit and
leads to the activation of AMPK. Of note, the facilitation of
calcium/calmodulin-dependent protein kinase kinase β on
AMPK activity is independent on the phosphorylation of
γ-subunit (Hawley et al., 2005; Hurley et al., 2005; Woods
et al., 2005). As the third kinase for AMPK activation
identified, transforming growth factor-β-activated kinase 1 can
react to a wide range of stimuli, including starvation, bacterial
infections and various extracellular cytokines, thereby directly
phosphorylating the Thr172 in AMPK (Momcilovic et al., 2006;
Neumann, 2018). In view of the crucial role of the Thr172 residue
in AMPK activation, antagonists may target Thr172, thereby
serving as a suppressor for AMPK. Through dephosphorylating
Thr172 in α-subunit, various AMPK phosphatases, such as
protein phosphatase 2A, protein phosphatase 2C, and protein
phosphatase 1, avoid the continuous activation of AMPK
(Salminen et al., 2016).

AMP-ACTIVATED PROTEIN KINASE IN THE
PATHOPHYSIOLOGY OF
INTERVERTEBRAL DISC DEGENERATION

Relationship Between AMP-Activated
Protein Kinase and Risk Factors for
Intervertebral Disc Degeneration
In view of its fundamental role in energy metabolism and energy
balance, AMPK is in close touch with several predisposing factors
for IDD (Figure 1). Actually, AMPK may function as an
important intermediate between obesity and DM. Under obese
circumstance, mitochondrial overheating is induced by
oversupply of substrate to mitochondria in insulin-sensitive
cells. Mitochondrial overheating brings about overproduction
of ATP and the inhibition of AMPK (Ye, 2021). Meanwhile,
obesity is often accompanied by the hyposecretion of adiponectin,
an endogenous AMPK activator (Li et al., 2021). Through the
modulation of AMPK activity, obesity results in the systemic
insulin resistance and hyperglycemia (Ye, 2021). As reported,
ageing process is always accompanied with the reduction of
AMPK activation (Salminen et al., 2016). Insufficient
activation of AMPK restricts organism to tackling with
endogenous and exogenous stresses and leads to the imbalance
of homeostasis. Therefore, decreased activity of AMPK may in

FIGURE 2 | Regulation of AMPK activity. The activity of AMPK is subject
to the control of both activators and inhibitors. Upon the stimuli of activators,
including AMP, ADP, LKB1, CAMKKβ and TAK1, AMPK is phosphorylated
and activated. In contrast, phosphatases, including PP2A, PP2C and
PP1, dephosphorylates AMPK to avert persistent activation of AMPK. AMPK:
AMP-activated protein kinase; AMP: adenosine monophosphate; ADP:
adenosine diphosphate. LKB1: live kinase B1; CAMKKβ: calcium/calmodulin-
dependent protein kinase kinase β; TAK1: transforming growth factor-β
activated kinase 1; PP2A: protein phosphatase 2A; PP2C: protein
phosphatase 2C; PP1: protein phosphatase 1.
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turn accelerate the process of ageing. Of note, ageing is also a
susceptible factor of insulin resistance (Vieira-Lara et al., 2021).
Thus, it is speculated that the decline of AMPK activity during
ageing may also participate in the occurrence and development of
insulin resistance and DM.

In addition to above risk factors, smoking is also involved in
the modulation of AMPK activity. As the organ directly exposed
to cigarette smoking, lung is most affected. In smoking-induced
mouse model of chronic obstructive pulmonary disease, the
phosphorylation of AMPK was inhibited. Treatment
enhancing AMPK phosphorylation alleviated inflammation

and exerted protective effect in lung tissues (Jian et al., 2020).
Although the role of smoking in IDD has been well-established,
whether AMPK is involved in the facilitation of smoking on IDD
remains further exploration.

The Activity of AMP-Activated Protein
Kinase in Intervertebral Disc Degeneration
To date, the activity of AMPK in degenerative IVD still remains
controversial (Table 1). Wu and his colleagues reported an
increase in the phosphorylation level of AMPK in degenerative

TABLE 1 | The expression and activity of AMPK in IDD.

Human/Rat Tissue/Cell Disease model AMPK expression p-AMPK/AMPK ratio References

Human IVD tissues and AF cells Degenerative disc disease Not available Upregulated Wu et al. (2017)
Rat IVD tissues and NP cells Puncture-induced IDD Upregulated Upregulated Yang et al. (2019)
Rat NP cells TBHP-treated NP cells Not available Unchanged Zhang et al. (2018)
Human NP cells AGEs-treated NP cells Not available Downregulated Song et al. (2018)
Rat NP cells LPS-treated NP cells Not available Downregulated Liu et al. (2019b)

AMPK: AMP-activated protein kinase; IDD: intervertebral disc degeneration; p-AMPK: phosphorylated AMP-activated protein kinase; IVD: intervertebral disc; AF: annulus fibrosus; NP:
nucleus pulposus; TBHP: tert-Butyl hydroperoxide; AGEs: advanced glycation end products; LPS: lipopolysaccharide.

FIGURE 3 | Role of AMPK in IDD. Currently, both destructive effect and protective effect of AMPK in IDD have been observed. Through the inhibiting of mTOR,
AMPK promotes cell apoptosis along with cell senescence, suppresses cell proliferation and retards cell cycle progression in IVD cells. In contrast, mechanism for the
protection of AMPK in IDD is complicated. Through the activation of ACC, AMPK suppresses oxidative stress, inflammation and ECM destruction in IVD cells. By
modulating mTOR-ULK1 pathway, AMPK induces autophagy in IVD cells. SIRT1 is also involved in AMPK-mediated autophagy in IVD cells. Through the induction
of autophagy, AMPK suppresses intrinsic apoptosis, senescence and ECM remodeling in IVD cells. Through the activation of PGC-1α and subsequent SIRT3, AMPK
promotes mitophagy and inhibits oxidative stress and inflammation in IVD cells. By maintaining mitochondrial homeostasis, AMPKmay protect IVD cells against intrinsic
apoptosis, senescence and ECM destruction. AMPK: AMP-activated protein kinase; IDD: intervertebral disc degeneration; mTOR: mammalian target of rapamycin; IVD:
intervertebral disc; ACC: acetyl-CoA carboxylase; ECM: extracellular matrix; ULK1: UNC-51-like kinase 1; SIRT1: sirtuin1; PGC-1α: peroxisome proliferator-activated
receptor γ coactivator 1α; SIRT3: sirtuin 3.
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IVDs in comparison to normal ones (Wu et al., 2017). Moreover,
a recent study from Yang et al. confirmed that both the
phosphorylation and the protein expression of AMPK were
upregulated in rat degenerative IVD tissues and NP cells
(Yang et al., 2019). However, in tert-Butyl hydroperoxide
(TBHP)-exposed rat NP cells, which is a common in vitro cell
model mimicking IDD, a slight but not statistically significant
increase in the phosphorylation of AMPK was observed (Zhang
et al., 2018). In contrast, a decrease in the phosphorylation of
AMPK was identified in human NP cells stimulated by advanced
glycation end products (AGEs), as well as in rat NP cells subject to
lipopolysaccharide (Song et al., 2018; Liu et al., 2019b). The great
differences between above studies indicate that there might be a
dynamic change in the phosphorylation of AMPK during the
course of IDD.

AMP-Activated Protein Kinase in the
Pathogenesis of Intervertebral Disc
Degeneration
Previous studies demonstrated that AMPK may serve as a
modulator of autophagy, thereby playing a protective role in
IDD (Figure 3). Through the induction of autophagy, AMPK
upregulates the ratio of Bcl-2/Bax and downregulates the level
of cleaved caspase-3, so as to exert an anti-apoptotic role in
TBHP-exposed rat NP cells (Zhang et al., 2018). Besides,
AMPK-mediated autophagy also suppresses the increase in
the expression of p21WAF1 and p16INKa, along with the
upregulation in the phosphorylation of p53, and resists rat NP
cell senescence induced by TBHP. Through modulating the
expression of anabolic genes, including Col2A1 and Acan, as
well as catabolic genes, including MMP-3, MMP-13, ADAMT-
4 and ADAMT-5, autophagy induced by AMPK promotes the
synthesis of ECM and inhibits the degradation of ECM, thus
avoiding ECM destruction induced by TBHP (Chen et al.,
2016; Kang et al., 2019). Several crucial proteins accounts for
the regulation of AMPK in autophagy in the progression of
IDD (Figure 3). In human NP cells exposed to TBHP, the
activation of AMPK significantly reduces the phosphorylation
of mammalian target of rapamycin (mTOR). The inactivation
of mTOR further brings about the phosphorylation and
activation of UNC-51-like kinase 1, which is a core protein
in autophagy pathway possessing serine/threonine kinase
activity. The activation of UNC-51-like kinase 1
subsequently leads to the assembly of autophagosome and
then restores of blocked autophagic influx induced by TBHP
(Kang et al., 2019). Apart from the illustrious mTOR, NAD-
dependent deacetylase sirtuins (SIRTs) are also involved in the
protection of AMPK against IDD. By upregulating the
expression of SIRT1, AMPK induces autophagy and abates
the over-expression of MMP3 in human NP cells stimulated by
TNF-a (Wang et al., 2016). Besides, SIRT3 expression is also
subject to the regulation of AMPK (Figure 3). By inducing the
phosphorylation of peroxisome proliferator-activated receptor
γ coactivator 1α (PGC-1α), AMPK increases the expression of
SIRT3 in human NP cells. Through the regulation of SIRT3,
AMPK further protects human NP cells against AGEs-induced

mitochondrial apoptosis. Moreover, the upregulation of SIRT3
mediated by AMPK ameliorates AGEs-induced oxidative
stress in human NP cells through inducing the expression
of critical proteins in mitochondrial antioxidant networks,
including superoxide dismutase 2, catalase, thioredoxin 2
and thioredoxin reductase 2 (Song et al., 2018). By the
regulation of PGC-1α-SIRT3 pathway, AMPK also enhances
mitophagy in rat NP cells. Mitophagy induced by AMPK
eliminates damaged mitochondria to maintain
mitochondrial homeostasis. Through the upregulation of
mitochondrial antioxidation signals as well as the
enhancement of mitochondrial dynamics and mitophagy,
the activation of AMPK-PGC-1α-SIRT3 pathway suppresses
mitochondrial apoptosis and senescence in rat NP cells
exposed to TBHP (Wang et al., 2018). AMPK-induced
activation of PGC-1α-SIRT3 pathway can also inhibit the
secretion of pro-inflammatory cytokines, including IL-1β
and IL-6, and relieve the imbalance between the synthesis
and degradation of ECM in rat NP cells stimulated by oxidative
damage (Lin et al., 2021). Acetyl-CoA carboxylase (ACC) is
widely known as an important intermediate metabolite in fatty
acid metabolism. By converting acetyl-CoA to malonyl-CoA,
ACC plays an inhibitory role in the oxidation of free fatty
acids. However, a recent study suggests ACC as a target of
AMPK in lipopolysaccharide-stimulated rat NP cells
(Figure 3). By inducing the phosphorylation of ACC,
AMPK diminishes the production of free radicals, such as
ROS and nitric oxide, as well as a series of pro-inflammatory
cytokines, including IL-1β, IL-6 and TNF-α. Moreover,
AMPK-mediated activation of ACC also retains the content
of aggrecan and collagen II and suppresses the expression of
major degradation enzymes for ECM, including MMP-3,
MMP-13, ADAMTS-4 and ADAMTS-5 (Liu et al., 2019b).

In contrary to above protective role of AMPK, Yang and his
colleagues reported the deleterious effect of AMPK on IVD
(Figure 3). In degenerative rat IVD, the phosphorylation of
AMPK is enhanced. Activation of AMPK further
dephosphorylates mTOR. Inhibition of mTOR mediated by
AMPK not only accelerates cell apoptosis and senescence, but
also suppresses cell proliferation and cell cycle progression in
degenerative rat NP cells (Yang et al., 2019). In addition to NP
cells, AMPK also plays a role in the apoptosis of human AF cells.
Through the inactivation of mTOR, AMPK decreases the ratio of
Bcl-2/Bax and induces the release of mitochondrial cytochrome c,
thereby activates caspases-dependent mitochondrial apoptosis.
Besides, AMPK-mediated suppression of mTOR also promotes
extrinsic apoptosis in degenerative AF cells through upregulating
the expression of Fas and Fas ligand (Wu et al., 2017).

Non-coding RNAs as AMP-Activated
Protein Kinase Regulators in Intervertebral
Disc Degeneration
Accumulating evidences demonstrated the regulatory role of
ncRNAs in the activation of AMPK in IDD. Through targeting
eukaryotic elongation factor 2, miR-143-5p induces the
phosphorylation of AMPK. The activation of AMPK pathway
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mediated by miR-143-5p restricts cell proliferation and facilitates
cell apoptosis, senescence and ECMdegradation, so as to accelerate
IDD progression (Yang et al., 2019). As one of the most studied
long ncRNAs, HOX transcript antisense intergenic RNA
(HOTAIR) was reported to regulate lipid accumulation in non-
alcoholic fatty liver disease via the modulation of AMPK (Guo
et al., 2021). In NP cells, HOTAIR acts as an AMPK regulator as
well. By activating AMPK and then inactivating mTOR, HOTAIR
promotes autophagy in rat NP cells. Moreover, autophagy
mediated by HOTAIR further enhances cell apoptosis,
senescence and ECM destruction, thus having a catalytic role in
the course of IDD (Zhan et al., 2020).

TARGETING AMP-ACTIVATED PROTEIN
KINASE IN THE TREATMENT OF
INTERVERTEBRAL DISC DEGENERATION
Given the crucial role of AMPK in IDD, therapies targeting
AMPK might be promising. To date, a wide range of
compounds have been confirmed beneficial for the
mitigation of IDD through the modulation of AMPK
activity (Figure 4). As the most commonly used
antidiabetic drug in clinic, metformin is identified as an

AMPK agonist. By upregulating the phosphorylation of
AMPK, metformin induces autophagy and protects rat NP
cells against TBHP-induced apoptosis, senescence and ECM
degradation (Chen et al., 2016). Akin to metformin,
pramlintide also possesses both anti-hyperglycemic activity
and protective ability for IDD. Specifically, pramlintide
inhibits mitochondria-mediated apoptosis and promotes
cell proliferation in human NP cells under hypoxic
condition. Moreover, pramlintide also positively regulates
anabolism but negatively regulates catabolism in human
NP cells. The facilitation of pramlintide on cell survival
and ECM metabolism might be attributed to its
modulation on the activity of AMPK. However,
pramlintide serves as an antagonist for AMPK. Through
the inhibition of AMPK, pramlintide induces the
phosphorylation of mTOR, thereby providing protection
for human NP cells under hypoxia (Wu et al., 2018).
Aspirin is a widely known non-steroidal anti-inflammatory
drug. A recent study revealed the protection of aspirin against
lipopolysaccharide-induced oxidative injury, inflammation
and ECM destruction in rat NP cells. Besides, the effect of
aspirin on IDD is dependent on its activation on the AMPK-
ACC pathway (Liu et al., 2019b). The potential therapeutic
effect of above three clinical drugs indicates the new use of
conventional drugs in treating IDD.

Except for conventional drugs, natural extracts with a
reputation for safety and accessibility, may also be
beneficial for the treatment of IDD. As a prominent
botanical extract with extensive and excellent biological
effects, curcumin may serve as a preserver for IDD. By
phosphorylating AMPK and activating the AMPK-mTOR-
UNC-51-like kinase 1 pathway, curcumin induces autophagy
in human NP cells. Autophagy induced by curcumin
ameliorates apoptosis, senescence as well as ECM
destruction induced by TBHP, thus providing protection
for NP cells (Kang et al., 2019). Resveratrol is another
phytoalexin with formidable anti-inflammatory and
antioxidant effects. In human NP cells, resveratrol
activates AMPK to upregulate the expression of SIRT1.
Through increasing SIRT1 expression, resveratrol induces
autophagy and suppresses the overexpression of MMP-3 in
human NP cells induced by TNF-α (Wang et al., 2016).
Similar to resveratrol, honokiol may also regulate the
expression of sirtuin family members. Through the
activation of AMPK-PGC-1α pathway, honokiol
upregulates the protein level of SIRT3 and induces
mitophagy in TBHP-treated rat NP cells. Through the
maintenance of mitochondrial homeostasis, honokiol
further relieves rat NP cell apoptosis and senescence and
ameliorates rat IDD induced by acupuncture (Wang et al.,
2018). As a major bioflavonoid derived from citrus, naringin
activates autophagy in rat NP cells by phosphorylating
AMPK. AMPK-dependent autophagy is held accountable
for the protection of naringin against TBHP-induced
apoptosis and ECM degradation in rat NP (Zhang et al.,
2018). As a metabolite of ellagitannins produced by intestinal
microflora, urolithin A can also induce mitophagy in an

FIGURE 4 | Substances targeting AMPK for the treatment of IDD.
Conventional medicines, including metformin, pramlintide and aspirin, show
therapeutic potential for IDD through regulating AMPK activity. A variety of
natural extracts or derivatives, including curcumin, resveratrol, honokiol,
naringin and urolithin A may activate AMPK to provide protection for IVD. As a
bioactive nucleotide, NAM may ameliorate the progression of IDD by the
modulation of AMPK. AMPK: AMP-activated protein kinase; IDD:
intervertebral disc degeneration; NAM: nicotinamide mononucleotide.
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AMPK-dependent manner. By the enhancement of
mitophagy, urolithin A protects rat NP cells against
TBHP-induced mitochondrial apoptosis, thus playing an
important role of defensive in IDD (Lin et al., 2020).

In addition to exogenous factors, endogenous regulators may
also modulate the activity of AMPK to regulate the process of
IDD. As a bioactive single nucleotide, nicotinamide
mononucleotide (NAM) serves as the precursor for
nicotinamide adenine dinucleotide. By synthesizing
nicotinamide adenine dinucleotide, NAM participates in the
generation of ATP. Through the regulation of cellular energy
balance, NAM has anti-ageing ability and helps ward off a wide
range of ageing-related diseases (Johnson et al., 2018; Kiss et al.,
2019; Kiss et al., 2020; Miao et al., 2020). In human NP cells,
NAM induces the phosphorylation of AMPK and activates
downstream PGC-1α-SIRT3 pathway. Through the modulation
of AMPK PGC-1α-SIRT3 pathway, NAM rescues human NP
cells from AGEs-mediated oxidative injury and apoptosis. The
protective effect of NAM is further verified in a rat model of IDD
induced by acupuncture (Song et al., 2018).

DISCUSSION

As discussed above, the critical role of AMPK in IDD has been
extensively investigated. However, reports concerning the activity
of AMPK in IVD tissues during IDD are different. Moreover,
although the majority of previous studies confirmed the
protective role of AMPK in IDD, some just held the opposite
opinion. We suppose that there might be dynamic changes in the
activity of AMPK during the course of IDD. Besides, AMPK may
play different roles at different stages of IDD. In endplate
chondrocytes exposed to hydrogen peroxide, autophagy is
enhanced at the initial stage. Then the level of autophagy
decreases gradually. Besides, enhanced autophagy at the initial
phase may protect endplate chondrocytes against oxidative
damage (Chen K. et al., 2017). Similar beneficial effect of
autophagy during early stage was also observed in NP cells
under oxidative stress (Bai et al., 2020). As the upstream
regulator of autophagy, AMPK may present dynamic changes
similar to autophagy. We speculate that AMPK may be activated
to provide protection in the initial stage of IDD. However,
excessive stimulation beyond the protection of AMPK
activation may impair the physiological capacity of IVD cells.
Moreover, the activation of AMPK might be harmful at the late
phase of IDD. If the hypothesis holds, AMPK-targeted therapies
are supposed to be undertaken before the physiological function
of IVD cells is impaired irreversibly. However, in order to verify
this conjecture, further exploration is necessary.

It is widely known that developing new medications is time-
consuming and labor-intensive. Therefore, new use of
conventional drugs has attracted great interest in the past few
years. So far, the protective effects of several old drugs, including
metformin, aspirin and pramlintide has been preliminarily
confirmed in vitro and in animal model of rat. Now that
above drugs have been applied in clinical for several years, the
safety of those drugs in suitable dosages may be exempt from

evaluation. However, clinical trials are still required to assess the
in vivo efficacy of above medicines on IDD. As mentioned above,
DM serves as a predisposing factor for IDD. Therefore, DM and
IDD may be comorbidity. Thus, metformin and pramlintide may
exert anti-diabetic and IDD-protective effects at the same time.
Aspirin is nowadays recommended for the prevention of
cardiovascular events. Therefore, treatment of IDD patients
with aspirin may not only postpone the progression of IDD,
relieve discogenic or radicular pain, but also reduce risk of
cardiovascular disorders. As an endogenous protective factor,
the content of NAM is decreasing during ageing. Therefore, NAM
supplement displays protective effect in multiple disorders
associated with ageing including IDD. Now that NAM is
ubiquitous in physiological conditions, exogenous
supplementation of NAM is assumed to be safe. Nevertheless,
the appropriate dosage of NAM for the alleviation of IDD
remains further exploration. As for natural compounds, both
the safety and validity in vivo are bound to be evaluated
comprehensively. In addition to above small molecular
compounds, ncRNAs are also engaged in the modulation of
IDD progression via AMPK pathway. Currently, research
focusing on the regulatory role of ncRNAs in the activation of
AMPK during the course of IDD is relatively less. Even so, the
involvement of ncRNAs in the setting of IDD indicates the
therapeutic potential of the modulation of ncRNAs expression.
Currently, novel techniques, such as CRISPER/Cas9, have been
applied into the in vivo study of ncRNAs, which provides
possibility for the modulation of AMPK activity and the
treatment of IDD through RNA interference.

In addition to IDD itself, therapies targeting AMPK may also
be effective in relieving IDD-related radiculopathy. Specifically,
painful radiculopathy was triggered in a rat lumbar disc
herniation model established by autologous NP
transplantation. In that model, the phosphorylation of AMPK
was suppressed in dorsal root ganglia sensory neurons. Activation
of AMPK with metformin mitigated hyperalgesia in lumbar disc
herniation-induced radiculopathy (Liu et al., 2019a). Similarly,
the improvement of mechanical allodynia in the distal extremity
of mice treated with acupuncture was achieved by metformin
and 4-chloro-N-(2-(4-chlorobenzyl)-3-oxo-2,3-dihydro-1,2,4-
thiadiazol-5-yl) benzamide (O304), a novel pan-AMPK activator
(Das et al., 2019). Above studies indicate the dual regulatory role of
AMPK-targeted therapies on both IDD and radiculopathy.

SUMMARY AND OUTLOOK

In summary, despite controversies on the activity and function of
AMPK in IDD, AMPK participates in the pathogenesis of IDD.
The regulation of AMPK in IDD progression is attributed to its
modulation on a wide range of pivotal pathophysiological
changes, including cell apoptosis, senescence, inflammation,
oxidative damage, ECM destruction, etc. Up to now, multiple
molecules targeting AMPK, including conventional medicines,
natural extracts and endogenous bioactive nucleotide, have
shown protective action in IDD. Besides, interfering the
expression of ncRNAs to modulate AMPK activity provides a
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novel research direction for the treatment of IDD. Nevertheless,
unremitting efforts should be devoted before the application of
AMPK-targeted therapies for IDD into clinic.
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The Cordyceps militaris-Derived
Polysaccharide CM1 Alleviates
Atherosclerosis in LDLR(-/-) Mice by
Improving Hyperlipidemia
Fan Yin, Ping Lin, Wen-Qian Yu, Nuo Shen, Yuan Li and Shou-Dong Guo*

Institute of Lipid Metabolism and Atherosclerosis, Innovative Drug Research Centre, School of Pharmacy, Weifang Medical
University, Weifang, China

Atherosclerotic cardiovascular disease has a high mortality worldwide. Our lab previously
purified a polysaccharide designated as CM1 with (1→4)-β-D-Glcp and (1→2)-α-D-Manp
glycosyls as the backbone. In this study, we investigated the anti-atherosclerosis effect of
CM1 and the underlying mechanisms of action in a low-density lipoprotein receptor
knockout (LDLR(-/-) mouse model. It was found that CM1 significantly decreased the
formation of atherosclerotic plaques. Mechanistically, CM1 enhanced plasma level of
apolipoprotein A-I and decreased the plasma levels of triglyceride, apolipoprotein B, and
total cholesterol. In the absence of LDLR, CM1 elevated the expression of very low-density
lipoprotein receptor for liver uptake of plasma apolipoprotein B-containing particles and
reduced hepatic triglyceride synthesis by inhibiting sterol regulatory element binding
protein 1c. CM1 improved lipids excretion by increasing the liver X receptor α/ATP-
binding cassette G5 pathway in small intestine. CM1 reduced lipogenesis and lipolysis by
inhibiting peroxisome proliferator-activated receptor c and adipose triglyceride lipase in
epididymal fat. Furthermore, CM1 improved lipid profile in C57BL/6J mice. Collectively,
CM1 canmodulate lipid metabolism bymultiple pathways, contributing to reduced plasma
lipid level and formation of atherosclerotic plaques in LDLR(−/−) mice. This molecule could
be explored as a potential compound for prevention and treatment of hyperlipidemia and
atherosclerosis.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in
modern society, particularly in some developing countries
(Torres et al., 2015; Zhao et al., 2019). Atherosclerotic CVD
results in high mortality worldwide (Zhao et al., 2019).
Hyperlipidemia is a lifestyle risk factor for atherosclerotic
CVD and becomes a major cause of CVD in developing
countries due to lack of preventive measures (Zhao et al.,
2019). Cholesterol-lowering statins are the first-line drugs in
prevention of CVD via inhibiting 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGCR). Although statins are typically
well tolerated, accumulating evidence have demonstrated that
they tend to induce muscle pain as well as other side effects
(Schahbaz et al., 2018; Irvine, 2020). More importantly, CVD is
not be completely eliminated by the current therapeutic strategies
(Guo et al., 2020; Lin et al., 2021a). For this reason, researchers are
prompted to search for new therapies for the prevention and
treatment of CVD.

Accumulating evidence have demonstrated that natural
compounds in foods of the daily human diet are important
in preventing chronic non-communicable diseases, such as
CVD (Ciecierska et al., 2019). Polysaccharide is one of these
natural compounds, and its activity depends on the
monosaccharide composition, molecular weight, glycosyl
linkage pattern, degree of branching, and solubility. Two
best-studied polysaccharides are ß-glucans and mannans.
Recent studies indicate that ß-glucans, such as ß-1,3-, ß-1,4-
and ß-1,6-linked glucans, have great potential in preventing
CVD due to their hypocholesterolemic, immunomodulatory,
anti-inflammatory, hypoglycemic, and anti-oxidative effects
(Ciecierska et al., 2019; Hou et al., 2020; Korolenko et al.,
2020). The hypolipidemic effect of ß-glucans are found to be
related to its fermentation capability and viscosity (Slavin,
2005). Furthermore, entrapping the bile acid micelles can
increase the elimination of cholesterol and fat (Lia et al.,
1995). Mannans can act as immunomodulator as well as
lipid-lowering agent. However, the mechanisms of lipid-
lowering effect of the above polysaccharides are poorly
studied (Korolenko et al., 2020). It was suggested that
natural polysaccharides reduce cholesterol level via sterol
regulatory element binding protein (SREBP)-2-HMGCR and
bile acid synthesis pathways, and decrease triglyceride (TG)
level by adipose triglyceride lipase (ATGL)-peroxisome
proliferator-activated receptor (PPAR)α and SREBP-1c
pathways (Wu et al., 2019; Yang et al., 2019; Yin et al.,
2019; Yang et al., 2021). Recent studies also suggested that
polysaccharides containing ß-glucans or mannan have a
potential of ameliorating atherosclerosis (Dahech et al.,
2013; Ciecierska et al., 2019; Korolenko et al., 2020).

Cordyceps militaris is an edible mushroom and is a traditional
Chinese medicine, which has been used as tonics for centuries
(Das et al., 2010; Panda and Swain, 2011; Dong et al., 2015).
Natural C. militaris is very rare and expensive, artificially
cultivated fungal fruity body of C. militaris is generally used in
the modern society (Cui, 2015; Zhang et al., 2019b). Some
medicinal and tonic products of C. militaris have been

developed and commercialized around the world, especially in
Asian countries (Panda and Swain, 2011; Cui, 2015; Dong et al.,
2015; Zhang et al., 2019a). It is worth noting that the water extract
of the fruity body of C. militaris has an anti-hyperlipidemic effect
(Koh et al., 2003; Paterson, 2008; Kim et al., 2014; Tran et al.,
2019). Polysaccharide is one of the major constituents in the
water extract of C. militaris and has a variety of bioactive
activities, such as anti-inflammation, anti-oxidation, anti-aging,
and anti-tumor (Cui, 2015; Zhang et al., 2019b). However, most
of the previous studies used crude extracts rather than purified
polysaccharide of C. militaris in anti-hyperlipidemic research
(Koh et al., 2003; Paterson, 2008; Kim et al., 2014; Tran et al.,
2019). Presently, the lipid-lowering mechanisms of the
polysaccharides from C. militaris are not clear. More
importantly, little research has been carried out on
mushroom-derived ß-glucans in their anti-atherosclerotic
activity and mechanisms of action (Korolenko et al., 2020; Lin
et al., 2021b).

Presently, apolipoprotein (apo) E-deficient (apoE(-/-)) and
low-density lipoprotein receptor (LDLR)-deficient (LDLR(-/-))
mouse are two typical animal models for study of
atherosclerosis. ApoE is a ligand of LDLR and LDLR-related
protein (LRP) and serves for the clearance of chylomicrons and
very low-density lipoprotein (VLDL) particles from
circulation. Therefore, the mutation or absence of apoE can
induce a complex lipoprotein metabolism and make it hard to
explain the mechanisms of action of the tested compounds.
Plasma apoB level is positively associated with CVD events
(Khan et al., 2020). LDLR is a receptor for the uptake of
circulating non-HDL particles via apoB100 (Veniant et al.,
1998; Wouters et al., 2005). Upon LDLR deficient, VLDLR, SR-
BI and LRP, can clear the apoB-containing lipoproteins via
binding the truncated apoB48 and apoE (Wouters et al., 2005).
Based on the previous studies, the first line drug simvastatin
and fibrates could not reduce the high-fat diet-induced
hyperlipidemia and the progress of atherosclerosis in
apoE(-/-) mice (Yin et al., 2019; Yang et al., 2021).
Mechanistically, the clearance of plasma lipids by
simvastatin need the presence of apoE (Wang et al., 2002),
and fibrates seem to reduce the expression of hepatic scavenger
receptor B type I (SR-BI), which is found to mediate the uptake
of HDL as well as apoB-containing particles as a backup
protein (Acton et al., 1996; Fu et al., 2003). Therefore,
LDLR(-/-) mouse is more suitable for evaluating the effect of
lipid-lowering drugs than apoE(-/-) mouse (Wouters et al.,
2005).

In a previous study, we purified a polysaccharide CM1
from the fruity body of C. militaris. CM1 has a backbone of
(1→4)-β-D-Glcp and (1→2)-α-D-Manp and a molecular
weight of 700 kDa. CM1 possesses cholesterol efflux
capacity in vitro (Hu et al., 2019). In this study, we
investigate whether this polysaccharide CM1 can attenuate
atherosclerosis in vivo. LDLR(-/-) mice, whose lipid profiles is
more comparable with human plasma (Wouters et al., 2005),
was used to explore the effect of CM1 in attenuating
atherosclerosis and its regulation on lipid metabolism-
related genes and proteins.
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MATERIALS AND METHODS

Materials
The dried fruity bodies of C. militaris (L.) Link were cultured,
identified and provided by professor Yanyou Su at Taishan
Medical University. The fruity bodies of C. militaris were also

deposited at School of Pharmacy of Weifang Medical University
with an access number of 2013-03. Simvastatin and Oil Red O
were the products of Sigma-Aldrich. Fenofibrate was purchased
from Selleck (Shanghai, China). Rabbit polyclonal antibody
against ATP-binding cassette (ABC) G5, mouse monoclonal
antibodies against PPARα and γ, Niemann-Pick C1-like

FIGURE 1 | Structure and effect of polysaccharide CM1 on the formation of atherosclerotic plaques in the LDLR(-/-) mice (n ≥ 6). (A), structure of CM1; (B), elution
curve of CM1 on a TOSOH TSKgel G5000PWXL column (7.8 mm × 300 mm); (C), representative images of the aortic tree; (D), representative images of whole aorta
after Oil Red O staining; (E), statistical analysis of the lesion/lumen ratio in the aorta root; (F), representative cross-sectional lesions of the aorta root. Data are presented
as mean ± SD. Blank: chow diet group; Model: high-fat and–cholesterol diet group; Simv.: simvastatin; CM1-L: LDLR(-/-) mice treated with CM1 at the dose of
25 mg/kg/d; CM1-H: LDLR(-/-) mice treated with CM1 at the dose of 100 mg/kg/d. *means p < 0.05 vs. Model, and **means p < 0.01 vs. Model. All the abbreviations are
applied for the rest of the figures.
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protein 1 (NPC1L1), ATGL, SREBP1c and 2, lipoprotein lipase
(LPL), and VLDL receptor (VLDLR) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, United States). A rabbit
monoclonal antibody against SR-BI, rabbit polyclonal antibodies
against ABCG8 and liver X receptor a (LXRα) were from Abcam
(Cambridge, MA, United States). Rabbit polyclonal antibodies
against proprotein convertase subtilisin/kexin type 9 (PCSK9),
albumin, and apoB were the products of Proteintech Group Inc.
(CHI, United States). A mouse monoclonal antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
purchased from Abbkine Inc. (Wuhan, China). A rabbit
monoclonal antibody against hepatocyte nuclear factor 1α
(HNF1α) was the product of Cell Signaling Technology Inc.
(MA, United States). Secondary antibodies were bought from
CWBIO (Beijing, China). Enhanced chemiluminescence (ECL)
kits were bought from Thermo Scientific Pierce (Rockford, IL,
United States). Assay kits for total cholesterol (TC) and
triglyceride (TG) were purchased from Biosino Bio-technology
and Science Incorporation (Beijing, China). Complete protease
inhibitor cocktail tablets were bought from Roche (Schweiz,
Germany). RIPA lysis buffer and bicinchoninic acid (BCA)
protein quantitative kits were the products of Solarbio
(Beijing, China). Double-deionized water was produced using
a Milli-Q gradient system from Millipore (Bedford, MA). The
remaining reagents used in this study were of the analytical grade.

Preparation of the Polysaccharide CM1
In brief, the milled fruity bodies of C. militaris were defatted with
95% ethanol. The dried residues were extracted with eight
volumes of distilled water at 95°C for 3 h. Crude
polysaccharides were obtained via overnight ethanol
precipitation at 4°C. Purified CM1 was obtained after anion
exchange and exclusion chromatography as we previously
reported (Hu et al., 2019). The same batch of CM1 with high
purity was used in this study. The molecular weight of CM1 was
evaluated as 700 kDa and its carbohydrate content was 99.3%.
The presumed structure of CM1 was shown in Figure 1A. This
polysaccharide was dissolved in 0.1 mol/L of Na2SO4 solution and
its purity (Figure 1B) was determined by high performance gel
permeation chromatography (HPGPC) with a RID-10A
refractive index detector as previously described (Yang et al.,
2021).

Animal Grouping and Treatment
This study was approved by the laboratory animals’ ethical
committee of Weifang Medical University and followed the
NIH Guidelines for the Care and Use of Animals. LDLR(-/-)

mice (∼10 weeks old) with the gene background of C57BL/6J were
purchased from GemPharmatech. (Jiangsu, China, license
number: SCXK2018-0008). Several rounds of crossing were
carried out to reproduce the LDLR(-/-) mice. High-fat chow
and regular chow were bought from Beijing HFK Bioscience
Co., LTD (Beijing, China). After 1 week’s adaptive feeding, mice
were randomly divided into four groups with eight mice in each
group: the model group (Model, water by gavage), the simvastatin
group (Simv., 50 mg/kg/d by gavage), the low-dose
polysaccharide CM1 group (CM1-L, 25 mg/kg/d) and the

high-dose polysaccharide CM1 group (CM1-H, 100 mg/kg/d).
The dosage of the CM1was determined according to our previous
study (Guo et al., 2014). Mice were fed with a high-fat and
-cholesterol chow (20% protein, 50% carbohydrate, 21% fat and
0.15% cholesterol). After 8 weeks of drug administration, the
mice were weighed and sampled under anesthesia after overnight
fasting. Before tissue sampling, the mice were perfused with 10 ml
of PBS through left ventricle. The heart and aorta of mice in each
group were removed and prepared for morphological staining or
mechanistic studies. Epididymal fat was collected and the fat pad
index ((fat weight × 100%)/body weight) was calculated
according to our previous study (Yin et al., 2019).

Twenty-five C57BL/6J mice (∼11 weeks old) were provided by
Beijing HFK bioscience Co., Ltd. (Beijing China). After 1 week’s
adaptive feeding, the mice were randomly divided into five groups
with five mice in each group: the blank control group, the model
group, the fenofibrate group (Feno., 50 mg/kg/d by gavage), the
low-dose polysaccharide CM1 group (CM1-L, 25 mg/kg/d) and
the high-dose polysaccharide CM1 group (CM1-H, 100 mg/kg/
d). Mice in the blank control group were fed with a regular chow,
and the rest of mice were fed with the high-fat diet as described
above. After 8 weeks intervention, the mice were sampled as
describe above.

Blood Analysis
Blood was collected from eachmouse and centrifugated at 1,100 ×
g for 15 min at 4°C to obtain plasma. Plasma levels of TC and TG
were evaluated using assay kits according to the manufacturers’
instructions. Furthermore, 150 μl of mixed plasma in each group
was loaded onto a Superose™ 6 10/300 gel chromatography
column and separated by ÄKTA fast protein liquid
chromatography (FPLC) at 4°C. The column was eluted with
normal saline at a flow rate of 0.3 ml/min 40 fractions were
collected, and each fraction contained 0.5 ml eluate (Guo et al.,
2016). 50 and 150 μl of the eluate in each fraction were assayed for
TC and TG levels, respectively.

Lipid Staining by Oil Red O
The whole aorta of the LDLR(-/-) mouse was carefully isolated
with the help of a stereomicroscope and photos of the aortic tree
were captured with a camera. The whole aorta was then dissected
and stained en-face with Oil Red O. In brief, the whole aorta was
fixed with 4% paraformaldehyde for 2 h and immersed in 30%
sucrose for another 2 h. Then, the intimal surface is exposed by a
longitudinal cut through the inner curvature and down the
anterior of the aorta (Daugherty et al., 2017). The aorta was
washed with PBS and then kept in 60% isopropanol for 2 min.
Staining was performed with the freshly prepared Oil Red O
working solution consisting of 0.5% Oil Red O stocking solution
(dissolved in isopropanol) and water in a ratio of 3:2 (v/v).
Afterwards, the aorta was rinsed twice in 60% isopropanol to
remove the non-specific binding Oil Red O. Images was captured
by a camera.

Aorta root section (7 μm thickness) prepared by a cryostat
(LEICA CM1850, Germany) with the presence of the aorta valve
cups were collected and stained with oil red O. The sections were
finally rinsed with distilled water, dried in the air, and mounted

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 7838074

Yin et al. Polysaccharide CM1 Alleviates Atherosclerosis

212

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


with glycerinum/PBS (9:1) (Guo et al., 2016; Yin et al., 2019).
Lipid stained area was visualized using an Axio Vert. A1
microscope (Zeiss, Jena, Germany). Images were captured with
an Axiocam 506 color camera (Zeiss) and quantified using Image-
Pro Plus software (Version 6.0, Media Cybernetics, LP,
United States).

Protein Isolation, Electrophoresis, and
Western Blotting
Total proteins from liver, whole aorta or small intestine were
extracted and prepared for Western blotting according to our
previous publications (Guo et al., 2016; Yin et al., 2019). In brief,
the tissues (∼100 mg) were homogenized and lysed in RIPA lysis
buffer with complete protease inhibitor for 30 min on ice. After
centrifugation for 15 min at 20,000 × g at 4°C, supernatant was
collected and assayed for protein concentration using the BCA
method. For plasma, each 5 μl sample was mixed with 40 μl of
normal saline and 15 μl 4 × loading buffer; the mixture was heated
in a water bath at 80°C for 10 min. Equal amounts of protein
(∼50 µg) or plasma medium (10 µL) were subjected to 10% or
4–20% gradient SDS-PAGE and transferred onto nitrocellulose
membranes by electroblotting. Afterwards, the membranes were
blocked in 5% nonfat dry milk for 2 h at room temperature, and
then incubated with primary antibodies overnight at 4°C. After
washing with PBS-T 3 times, the membranes were incubated with
corresponding horseradish peroxidase-conjugated secondary
antibodies for 2 h at room temperature. Immunoblots were

revealed by enhanced chemiluminescence reaction and images
were captured by Clinx ChemiScope 6000 pro (Shanghai, China),
and densitometry analysis was conducted using Clinx Image
Analysis Software (Shanghai, China). The expression of the
proteins was normalized by housekeeping protein ß-actin
(tissue part) or ponceau S staining (plasma part).

Real-Time Quantitative PCR
For the isolation of total RNA, 50–100 mg of freezing sample was
ground with liquid nitrogen in a pre-treated RNase free mortar.
Total RNA was extracted from the ground sample with the
classical Trizol method as we described in a previous article
(Yang et al., 2019). The obtained total RNA was dissolved in
30–50 μl of RNase free water. The concentration and purity of the
RNA were determined using a nanodrop UV spectrophotometer.
In general, RNA was quantified for the following cDNA synthesis
when the value of A260/A280 was above 1.90. cDNA was
produced in an ABI Veriti 96 Well Thermal Cycler (Waltham,
MA, United States) using FastQuant RT Kit from Tiangen
Biotech Co., LTD. (Beijing, China). Real-time PCR was
performed in an ABI QuantStudio3 PCR System (Waltham,
MA, United States) using SYBR Green qPCR Master Mix and
gene specific primers synthesized by Sangon Biotech (Shanghai,
China). The program was set as following: initial denaturation at
95°C for 10 min followed by 40 cycles of 95°C for 15 s, 58°C for
30 s and 68°C for 60 s. The primers used in this study were listed
inTable 1. The relative expression of target mRNAwas calculated
by normalizing target mRNA Cts to the housekeeping gene
GAPDH (method of 2-DDCt) (Yang et al., 2019; Yin et al.,
2019). Undetectable of the target mRNA was defined as the Ct

value greater than 30 cycles.

Data Analysis
All the bioassay results were expressed as mean ± standard
deviation (SD) for at least three independent experiments.
Statistical analysis was performed by Student-T-Test.
Differences were considered to be significant at a p < 0.05.

RESULTS

CM1 Decreased Formation of
Atherosclerotic Plaques in the LDLR(-/-)

Mice
Aortic tree is a common region of atherosclerotic lesions. There
were clear atherosclerotic lesions in the model group. Oil Red O
staining results confirmed the successful establishment of the
atherosclerosis model in LDLR(-/-) mice fed with the high-fat
chow. Simvastatin and CM1 administration notably decreased
the formation of atherosclerotic lesions in the aortic tree of the
LDLR(-/-) mice. The entire length of aorta from the heart to the
iliac bifurcation was isolated and adventitial tissues were
removed. Simvastatin and CM1 administration obviously
decreased the formation of atherosclerotic lesions in the entire
aorta (Figures 1C,D). Aortic root is the area with consistent
presence of atherosclerosis in all pertinent models and the most

TABLE 1 | The primers used for the polymerase chain reaction (PCR) reaction.

Primer Sequences (5–39)

GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse GGGGTCGTTGATGGCAACA

PPARγ Forward TCGCTGATGCACTGCCTATG
Reverse GAGAGGTCCACAGAGCTGATT

PCSK9 Forward GAGACCCAGAGGCTACAGATT
Reverse AATGTACTCCACATGGGGCAA

SRB1 Forward TGTACTGCCTAACATCTTGGTCC
Reverse ACTGTGCGGTTCATAAAAGCA

PPARα Forward ATGGTGGACACGGAAAGCC
Reverse CGATGGATTGCGAAATCTCTTGG

LXRα Forward AGCGTCCATTCAGAGCAAGT
Reverse CTCGTGGACATCCCAGATCTC

SREBP-2 Forward GGTCATTCACCCAGGTCACA
Reverse TACCTGGGAGGATGTCACCA

SREBP-1c Forward GACAGCCCAGTCTTTGAGGA
Reverse GAGAAGCACCAAGGAGACGA

ACC-1 Forward GAGGTACCGAAGTGGCATCC
Reverse GTGACCTGAGCGTGGGAGAA

SCD-1 Forward CATCATTCTCATGGTCCTGCT
Reverse CCCAGTCGTACACGTCATTTT

DGAT1 Forward TGGTGTGTGGTGATGCTGATC
Reverse GCCAGGCGCTTCTCAA

DGAT2 Forward GGCTACGTTGGCTGGTAACT
Reverse CACTCCCATTCTTGGAGAGC

FAS Forward CATCCACTCAGGTTCAGGTG
Reverse AGGTATGCTCGCTTCTCTGC

ABCG5 Forward ACTGCTTCTCCTACGTCCTG
Reverse CTGTAGTTGCCAATCAGTCGG
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common region for quantification of atherosclerosis (Daugherty
et al., 2017). Oil Red O staining results revealed the percentage of
atherosclerotic lesion in aortic root of the model, simvastatin,
CM1-L and CM1-H administration group was 50.9, 38.6, 41.5,
and 34.4%, respectively. Compared with the model group,
simvastatin administration decreased the lesion formation by
∼24.2% (Figures 1E,F, p < 0.01), while CM1-L and CM1-H
administration lowered the atherosclerotic lesions by ∼18.5% (p <
0.05) and 32.5% (p < 0.01), respectively. These results suggested

that CM1 administration significantly reduced atherosclerotic
plaque formation in a dose-dependent manner.

CM1 Improved Plasma TG Profile of the
LDLR(-/-) Mice
Although simvastatin and CM1 administration decreased the
average body weight and fat pad index compared with the model
group, there was no significant difference among groups (Figures

FIGURE 2 | Effect of CM1 on the body weight, fat pad index, plasma lipid profiles and expression of apoAI and apoB (n ≥ 4). (A), body weight of the mice in each
group; (B), fat pad index of the mice in each group. Fat pad index means the percentage of fat pad to body weight; (C), plasma TC concentrations; (D), plasma TG
concentrations; (E), plasma TC profiles of the lipoproteins after ÄKTA-FPLC separation; (F), plasma TG profiles of the lipoproteins after ÄKTA-FPLC separation; (G),
plasma apoAI expression and densitometric quantification; (H), plasma apoB expression and densitometric quantification. *means p < 0.05 vs. Model, and
**means p < 0.01 vs. Model.
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2A,B). As shown in Figures 2C,D, the plasma TC and TG levels
in the model group were 1,403.1 ± 102.4 mg/dl and 562.3 ±
156.8 mg/dl, respectively. Simvastatin administration had no
significant influence on the plasma TC and TG levels of the
LDLR(-/-) mice. It is worth noting that CM1 administration

significantly decreased the plasma TC level at CM1-H group
(Figure 2C, ∼19.5%, p < 0.05). Moreover, CM1 significantly
decreased plasma TG level in a dose-dependent manner
(Figure 2D, ∼37.4% reduction in CM1-H group, p < 0.01).
Further ÄKTA FPLC analysis demonstrated that CM1

FIGURE 3 | Effect of CM1 on TCmetabolism related proteins in the liver and plasma of the LDLR(-/-)mice (n ≥ 4). Protein expression and densitometric quantification
(A), SR-B1 in the liver; (B), SREBP-2 in the liver, precursor (∼125 kDa) and the cleaved mature form (∼68 kDa); (C), PCSK9 in the liver; (D), PCSK9 in the plasma; (E),
VLDLR in the liver; (F), LXRα in the liver; (G), ABCG5 in the liver; (H), ABCG8 in the liver. *means p < 0.05 vs. Model, and **means p < 0.01 vs. Model.
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administration increased the high density lipoprotein cholesterol
(HDL-C) level and mildly decreased the non-HDL-C levels
(Figure 2E). CM1 administration notably decreased TG levels
in the VLDL and LDL particle fractions in a dose-dependent
manner (Figure 2F).

In this study, simvastatin administration significantly increased
the protein level of apoAI (∼2.3-fold, p < 0.01) and decreased the
protein level of apoB100 and apoB48 by ∼53% (p < 0.01) and ∼30%
(p < 0.05), respectively, in the plasma of the LDLR(-/-) mice (Figures
2G,H). CM1 increased the plasma level of apoAI (∼1.8-fold, p< 0.01,
Figure 2G) and decreased the plasma level of apoB100 and apoB48
by ∼ 31 and 35% in CM1-L group, and ∼64 and 54% in CM1-H
group (p < 0.01, Figure 2H), respectively. These results
demonstrated that CM1 has comparable effect of simvastatin in
improving apolipoprotein levels.

CM1 Enhanced the Protein Expression of
VLDLR and Decreased the Expression of
SREBP-1c and ApoB Proteins in the Liver of
LDLR(-/-) Mice
SR-BI binds to HDL and promotes the reverse transport of
excess cholesterol from peripheral tissues to the liver (Ma et al.,
2020). In this study, simvastatin and CM1 administration had
no effect on the protein expression of SR-BI (Figure 3A).
SREBP-2 modulates the expression of genes, such as LDLR and
PCSK9, involved in cholesterol metabolism at the
transcriptional level (Li et al., 2020). Simvastatin
administration had no significant effect on the expression of
PCSK9, and VLDLR proteins (Figures 3C,E) in the liver.
However, simvastatin increased the precursor SREBP-2

FIGURE 4 | Effect of CM1 on TG metabolism related proteins in the liver and plasma of the LDLR(-/-) mice (n ≥ 4). Protein expression and densitometric
quantification. (A), SREBP-1c, precursor (∼125 kDa) and cleaved mature form (∼68 kDa); (B), apoB; (C), PPARα; (D), PPARγ; (E), LPL; (F), LPL activity in the plasma.
*means p < 0.05 vs. Model.
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(∼125 kDa) and cleaved mature SREBP-2 (∼68 kDa) by
approximately 66% (p < 0.01) and 28% (p < 0.05),
respectively, compared to the model group (Figure 3B).
Furthermore, simvastatin increased the plasma level of
PCSK9 by approximately 54% compared to the model
group (Figure 3D, p < 0.01). Interestingly, CM1 did not
affect the expression of SREBP-2, but significantly decreased
the expression of PCSK9 protein (p < 0.05) and increased the
expression of VLDLR protein (∼47.0% in CM1-L group, and
∼61.0% in CM1-H group) in the liver of LDLR(-/-) mice
(Figures 3C,E). Furthermore, CM1 decreased the plasma
level of PCSK9 by ∼13% compared to the model group at
100 mg/kg (Figure 3D). Both simvastatin and CM1 had no
significant effects on the expression of LXRα, ABCG5 and
ABCG8 proteins in the liver (Figures 3F–H).

Given the significant reduction of plasma TG levels in CM1
administration groups, we investigated the effect of CM1 on the
expression of proteins related to TG metabolism. As shown in
Figure 4, simvastatin had no significant effect on the expression
of PPARα and LPL proteins in the liver. However, it reduced the
expression of PPARγ by ∼24% compared to the model group
(Figure 4D). CM1 administration decreased the expression of
SREBP-1c and apoB proteins at 100 mg/kg and showed
significant difference compared to the model group (Figures
4A,B, p < 0.05). As shown in Figure 4F, both simvastatin and
CM1 administration had no effect on the plasma LPL activity in

the LDLR(-/-) mice. Additionally, simvastatin and CM1
administration had no effect on the mRNA expression of SR-
BI, LXRα, and PPARα in the liver of the mice (Figure 5).
However, simvastatin significantly increased the mRNA
expression of ABCG5 (p < 0.01, Figure 5D) and decreased the
mRNA expression of PPARγ (p < 0.01, Figure 5F). CM1
administration significantly decreased the mRNA expression
of SREBP-2 at 100 mg/kg (Figure 5B). Furthermore, CM1
administration dramatically decreased the mRNA expression
of PPARγ (Figure 5F, p < 0.01) as that of simvastatin. Of
note, CM1 intervention (100 mg/kg), but not simvastatin,
significantly reduced the mRNA levels of stearoyl coenzyme
A desaturase-1 (SCD-1) and fatty acid synthase (FAS) by
approximately 26 and 42%, respectively, compared to the
model group (Figures 5G,H). Furthermore, simvastatin
significantly increased the mRNA expression of acetyl-CoA
carboxylase 1 (ACC-1) by ∼30-fold (Figure 5I, p < 0.01).
Although the high dosage of CM1 also notably increased the
mRNA level of ACC-1 (∼67% increase), the effect was
significantly lower compared to that of simvastatin
(Figure 5I, p < 0.01). These results suggested that CM1
may reduce TG synthesis in the liver of mice. In this
study, the mRNA levels of VLDLR, diacylglycerol
O-acyltransferase (DGAT)-1 and 2, SREBP-1c and PCSK9
were undetectable because their Ct numbers were greater
than 30.

FIGURE 5 | Effect of CM1 on the mRNA expression of lipid metabolism related genes in the liver of the LDLR(-/-) mice (n � 3). (A), SR-BI; (B), SREBP-2; (C), LXRα;
(D), ABCG5; (E), PPARα; (F), PPARγ; (G), SCD-1; (H), FAS; (I), ACC-1. *means p < 0.05 vs. Model, and **means p < 0.01 vs. Model; &&means p < 0.01 vs. Simvastatin.
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CM1 Improved the Expression of LXRα/
ABCG5 Pathway in the Small Intestine of the
LDLR(-/-) Mice
Small intestine plays a key role in lipid metabolism by modulating
lipid absorption and excretion. Similar to simvastatin, CM1
administration had no effect on the expression of NPC1L1
and SREBP-2 proteins in the small intestine (Figures 6A,B).

Simvastatin significantly increased the protein expression of
SREBP-1c (Figure 6C, ∼50%, p < 0.05) and ABCG5
(Figure 6E, ∼47%, p < 0.05) compared to the model group.
CM1 treatment significantly increased the protein expression of
LXRα (Figure 6D, ∼61%, p < 0.05) and ABCG5 (Figure 6E,
∼53%, p < 0.05), but not ABCG8 (Figure 6F), at 100 mg/kg
compared to the model group. Furthermore, simvastatin, but not
CM1, significantly increased the mRNA expression of LXRα

FIGURE 6 | Effect of CM1 on the expression of lipid metabolism related genes and proteins in the small intestine of the LDLR(-/-) mice (n ≥ 4). Protein expression and
densitometric quantification. (A), NPC1L1; (B), SREBP-2; (C), SREBP-1c; (D), LXRα; (E), ABCG5; (F), ABCG8; (G), mRNA expression of LXRα; (H), mRNA expression
of ABCG5. *means p < 0.05 vs. Model, and **means p < 0.01 vs. Model.
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(∼1.5-fold, p < 0.05) and ABCG5 (∼1.8-fold, p < 0.01) in the small
intestine of the LDLR(-/-) mice (Figures 6G,H).

CM1 Decreased the Expression of PPARγ
and ATGL in the Epididymal Fat of the
LDLR(-/-) Mice
Simvastatin or CM1 administration had no effect on the
expression of PPARα (Figure 7A) in the epididymal fat.
However, similar to simvastatin, CM1 intervention
significantly down-regulated the expression of PPARγ (∼47%
in CM1-H group, p < 0.01) and ATGL (∼45% in CM1-H group,
p < 0.01) in a dose-dependent manner (Figures 7B,C). CM1
administration reduced the mRNA expression of PPARγ by
∼87% (p < 0.01) and ∼95% (p < 0.01) in the low dose and
high dose group, respectively, as that of simvastatin (Figure 7D).
The changes of the mRNA and protein of PPARγ were consistent
in both simvastatin and CM1 intervention groups (Figures
7B,D). In this study, the mRNA levels of SREBP-1c and
PPARα were undetectable because their Ct numbers were
greater than 30.

CM1 Improved the Lipid Profiles in C57BL/
6J Mice
In this study, high-fat diet significantly increased the average
body weight and the fat pat index by approximately 29.8% (p <
0.05) and 2.2-fold (p < 0.01), respectively, compared to the mice
with regular chow diet (Figures 8A,B). Similar to the results in

LDLR(-/-) mice, CM1 or fenofibrate intervention had no effect on
the average body weight or fat pad index compare to the model
group. Furthermore, high-fat diet dramatically elevated the
plasma TC level by 77.4% (p < 0.01), but not TG level,
compared to the blank group (Figures 8C,D). In contrast to
the model group, fenofibrate significantly reduced plasma TC
level (∼16% reduction, p < 0.05) and TG level (∼38.8%), whereas
CM1 significantly decreased plasma TG level (∼34% reduction,
p < 0.01) but not TC level (Figures 8C,D). Of note, CM1
intervention (100 mg/kg) significantly increased the plasma
level of apoAI by approximately 56% compared to the model
group (Figure 8E, p < 0.05). In this study, fenofibrate significantly
reduced the expression of apoB100 protein (∼52% reduction, p <
0.05), but not apoB48 protein, compared to the model group
(Figure 8F). Furthermore, CM1 intervention (100 mg/kg)
decreased the expression of apoB100 and apoB48 proteins by
approximately 49 and 56%, respectively, compared to the model
group (Figure 8F, p < 0.05). Both fenofibrate and CM1
intervention had no effect on the plasma level of PCSK9
(Figure 8G).

As shown in Figure 9A, high-fat diet and drug intervention had
no effect on the expression of SR-BI protein in C57BL/6J mice.
However, high-fat diet significantly decreased the expression of the
precursor and mature SREBP-2 by approximately 43% (p < 0.05)
and 24%, respectively, compared to the regular chow group
(Figure 9B). Fenofibrate further decreased the expression of the
precursor SREBP-2 by ∼45% (p < 0.05) compared to the model
group. However, CM1 intervention had no effect on the expression
of SREBP-2 (Figure 9B). Furthermore, high-fat diet and drug

FIGURE 7 | Effect of CM1 on the expression of lipid metabolism related genes and proteins in the epididymal fat of the LDLR(-/-) mice (n ≥ 4). Protein expression and
densitometric quantification. (A), PPARα; (B), PPARγ; (C), ATGL; (D), mRNA expression of PPARγ. *means p < 0.05 vs. Model, and **means p < 0.01 vs. Model.
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intervention had no effect on the expression of LDLR (Figure 9C).
However, fenofibrate decreased the expression of PCSK9 protein
by ∼28% (p < 0.05). CM1 intervention decreased the expression of
PCSK9 protein by ∼38% (p < 0.05) and 47% (p < 0.01) in the low
dose and high dose group, respectively, compared to the model
group (Figure 9D). High-fat diet and fenofibrate intervention had
no effect on the expression of HNF1α protein. Of note, the high
dose CM1 (100mg/kg) treatment reduced the expression of

HNF1α protein by 45% compared to the model group
(Figure 9E, p < 0.05). As a PPARα agonist, fenofibrate
significantly increased the expression of PPARα protein by
∼51% compared to the model group (Figure 9F, p < 0.05).
Similarly, CM1 intervention also significantly increased the
expression of PPARα (p < 0.05). Finally, RT-qPCR experiments
were performed to detect the expression of the genes related to TG
synthesis in the liver of mice. As shown in Figures 9G,H, high-fat

FIGURE 8 | Effect of CM1 on the lipid profile and protein levels in the plasma of the C57BL/6J mice (n ≥ 4). (A), body weight of the mice; (B), fat pad index of the
mice; (C), plasma TC concentrations; (D), plasma TG concentrations; (E), plasma apoAI expression and densitometric quantification; (F), plasma apoB expression and
densitometric quantification; (G), plasma PCSK9 expression and densitometric quantification. #means p < 0.05 vs. Blank; ##means p < 0.01 vs. Blank; *means p <
0.05 vs. Model, and **means p < 0.01 vs. Model.
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diet significantly reduced themRNA expression of FAS andACC-1
by ∼40% (p < 0.05) and 82% (p < 0.01), respectively, in the liver of
C57BL/6Jmice. Similar to the effects of fenofibrate, the high dosage
CM1 intervention (100mg/kg) dramatically decreased the gene
expression of FAS and ACC-1 by approximately 60 and 43%,
respectively, compared to the model group (Figures 9G,H, p <
0.05). In this study, the mRNA levels of SREBP-2, LDLR, PCSK9,
and SCD-1 were undetectable because their Ct numbers were
greater than 30.

DISCUSSION

LDLR(-/-) mouse is one of the most extensively used models for
the study of atherosclerosis (Getz and Reardon, 2016).
Importantly, the lipid profiles of LDLR(-/-) mouse is more
comparable with human plasma and is more suitable for
evaluating lipid-lowering drugs than apoE(-/-) mouse model
(Wouters et al., 2005). A high-cholesterol, high-fat diet can
induce accumulation of LDL as well as VLDL in blood

FIGURE 9 | Effect of CM1 on the lipid metabolism related proteins in the liver of the C57BL/6Jmice (n ≥ 3). Protein expression and densitometric quantification. (A),
SR-BI; (B), SREBP-2; (C), LDLR; (D), PCSK9; (E), HNF1α; (F), PPARα; (G), mRNA expression of FAS; (H), mRNA expression of ACC-1. #means p < 0.05 vs. Blank;
##means p < 0.01 vs. Blank; *means p < 0.05 vs. Model, and **means p < 0.01 vs. Model.
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circulation. In LDLR(-/-) mice, plasma cholesterol as well as TG is
positively correlated with atherosclerotic lesion size, and HDL
cholesterol is negatively correlated with the lesion size in the
aortic root (Getz and Reardon, 2006; VanderLaan et al., 2009;
Getz and Reardon, 2016). Simvastatin, a commonly used anti-
hyperlipidemic drug in clinics, significantly decreased the
formation of atherosclerotic plaques, but it had little effect on
lipid profiles of the LDLR(-/-) mouse. Our data were consistent
with previous studies carried out by different groups (Chen et al.,
2002; Golledge et al., 2010; Cheon et al., 2017). Furthermore, the
effects of simvastatin on plasma apoAI and apoB were consistent
with previous studies (Cheon et al., 2017; Song et al., 2011; Ma
et al., 2015). Mechanistically, the anti-atherosclerotic effect of
simvastatin can be mainly attributed to its anti-inflammatory and
vascular repair functions in LDLR(-/-) mice (Chen et al., 2002;
Cheon et al., 2017).

The backbone of polysaccharide CM1 is consisted of (1→4)-
β-D-Glcp and (1→2)-α-D-manp, branching at the O-6 positions
of (1→2,6)-α-D-manp with (1→2) linked-β-D-galf, (1→2) linked
a-D-manp or methyl (Hu et al., 2019). In this study, we report the
anti-atherosclerotic effect of CM1 in LDLR(-/-) mouse. This effect
of the water-soluble polysaccharide CM1 was consistent with
previous studies, that demonstrated that the carbohydrates of C.
militaris or Cordyceps sinensis (also belongs to the Cordyceps
family) can reduce atherosclerotic lesions (Yamaguchi et al., 2000;
Lin et al., 2021a). Another study also demonstrated that the
alkaline-extracted C. militaris polysaccharide CM3II
(∼19.1 kDa), which consisted of →4)-β-D-Manp(1→6)-α-D-
Manp(1→6)-β-D-Manp(1→ glycosyls, can attenuate
atherosclerosis in apoE(-/-) mice (Yang et al., 2021).
Furthermore, the polysaccharides from Polygonatum sibiricum
showed hypolipidemic and anti-atherosclerotic effects in a rabbit
model (Yang et al., 2015). Recent studies revealed that P.
sibiricum polysaccharides are mainly composed of (1→4)-
manno- and (1→4)-gluco-pyranosyl residues with potential of
the ß-anomeric configuration (Yelithao et al., 2016; Wang et al.,
2020b). These data suggest that polysaccharides containing ß-D-
glycosyls and a-D-mannose may have an anti-atherosclerotic
effect (Slavin, 2005; Ciecierska et al., 2019; Korolenko et al., 2020).

Accumulating evidence have demonstrated the positive
correlation of plasma TC and the negative correlation of
HDL-C with the incidence of atherosclerotic CVD (Guo et al.,
2020; Lin et al., 2021b). Our data showed that CM1
administration reduced non-HDL cholesterol and increased
plasma apoAI and HDL cholesterol levels. These results were
in consistent with previous studies that water extracts of
Cordyceps species have lipid-lowering and apoAI and HDL-C
improving effects (Yamaguchi et al., 2000; Koh et al., 2003; Kim
et al., 2014; Tran et al., 2019; Yang et al., 2021). A previous study
also demonstrated that C. militaris polysaccharide RPS, which
mainly composed of glucose (∼96%), has a hypolipidemic effect
(Wang et al., 2015). The glucose of RPS may be in the a-D-
configuration by comparison of its Fourier transform infrared
spectrum with our recently published data of CM3I (Yang et al.,
2021). Furthermore, the water extracted C. militaris
polysaccharide CM1 showed a weaker TC-lowering effect in
LDLR(-/-) mice (∼19.5% reduction) compared to the alkaline-

extracted C. militaris polysaccharide CM3II in apoE(-/-) mice
(∼42.7% reduction). This difference may be, at least in part,
attributed to the distinct animal model. In this study, LDLR, a key
receptor for clearance of non-HDL particles, is absent and there is
no LDLR-mediated clearance of plasma cholesterol. Although the
absence of LDLR ligand “apoE” reduces the binding of non-HDL
particles with LDLR, LDLR still works for the clearance of apoB-
containing particles in apoE(-/-) mice (Murayama et al., 2000).
ApoAI is the major apolipoprotein carried by HDL particles, and
apoAI and HDL are two major acceptors of peripheral redundant
cholesterol (Cucuianu et al., 2007). The elevated levels of apoAI
and HDL-C may enhance the cholesterol accepting capacity of
the plasma. Although CM1 had no effect on SR-BI, which is a key
receptor for liver uptake of HDL particles (Ma et al., 2020), this
molecule may increase SR-BI-mediated cholesterol clearance due
to the increased apoAI and HDL-C levels in CM1 treatment
group. Furthermore, CM1 administration significantly reduced
the mRNA, but not protein, level of SREBP-2, which modulates
cholesterol synthesis (Moslehi and Hamidi-Zad, 2018). This
result was not consistent with the alkaline-extracted
polysaccharide CM3II, which could significantly reduce the
protein level of SREBP-2 in apoE(-/-) mice (Yang et al., 2021).
Additionally, the SREBP-2 results in the liver were consistent
with the previous findings that simvastatin can up-regulate the
expression of SREBP-2 in rats and C57BL/6J mice (Jia et al., 2014;
Catry et al., 2015). In this study, simvastatin enhanced the levels
of the precursor and mature SREBP-2, while a previous study
demonstrated that statins mainly improve the level of the cleaved
mature form rather than the precursor form of SPREBP-2 in
HepG2 cells (Scharnagl et al., 2001). These inconsistent data may
be induced by the distinct experimental model. Our data also
demonstrated that CM1 showed no effect on NPC1L1-mediated
cholesterol absorption and SREBPs-mediated lipid metabolism in
the small intestine. Although CM1 have no effect on the excretion
of cholesterol metabolites from liver, this molecule may increase
lipid excretion from small intestine via activating LXRα/ABCG5
pathway through a post-translational regulation.

Recent studies have demonstrated that there is a positive
correlation between plasma TG and CVD (Nordestgaard and
Varbo, 2014; Tada et al., 2018; Vallejo-Vaz et al., 2020). The TG-
lowering effect of CM1 was consistent with that of CM3II, which
also contains ß-D-glycosyls and a-D-manno-pyranosyls (Yang
et al., 2021). It was demonstrated that the Trametes versicolor
polysaccharide, whose monosaccharide composition is similar to
CM1, mainly composed of glucose, mannose and galactose, can
also reduce TG level by ∼43.8% in hyperlipidemic mice (Huang
et al., 2020). Furthermore, a previous study showed that ß-glucan
is a key polysaccharide in the mushroom Trametes versicolor
(Quayle et al., 2015). These results suggest that ß-D-glycosyls and
a-D-manno-pyranosyls play key roles in TG and apoB
metabolism. PCSK9, regulated by SREBP-2 at the
transcriptional level, binds to LDLR family members
(including VLDLR) and promotes their degradation in
lysosome, contributing to the high non-HDL cholesterol and
TG levels and the risk of CVD (Guo et al., 2020). In the absence of
LDLR in LDLR(-/-) mice, VLDLR may play an important role in
the uptake of non-HDL particles, contributing to the clearance of
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cholesterol and TG in circulation. It is worth noting that CM1
administration significantly enhanced the expression of VLDLR,
and this result was consistent with the decreased protein level of
PCSK9. A previous study showed that C. militaris polysaccharide
CM3-SII (∼25.2 kDa), whose backbone was composed of →4)-
β-D-Manp(1→6)-β-D-Manp(1→6)-α-D-Manp(1→ glycosyls,
can inhibit PCSK9 secretion in vitro (Wang et al., 2021).
Therefore, the lipid-lowering effect of CM1 may be partially
attributed to the elevated expression of VLDLR protein in the
liver of the LDLR(-/-) mice. Mechanistically, both SREBP-2 and
HNF1α can modulate the expression of PCSK9. This study
indicated for the first time that the polysaccharide CM1 from
C. militaris may downregulate the expression of PCSK9 through
HNF1α (Li et al., 2009).

Liver plays a key role in the assembly and secretion of apoB-
containing VLDL particles, which carry the dominant TG in
circulation. SREBP-1c regulates the expression of lipogenic genes
at a transcriptional level, thereby modulating TG metabolism
(Moslehi and Hamidi-Zad, 2018; Li et al., 2020). Our data
suggested that CM1 reduced the level of genes related to TG
synthesis, such as FAS and SCD-1. These results were consistent
with the effects of the alkaline-extracted polysaccharide (mainly
composed of glucose, galactose and mannose) from the edible
mushroom Amillariella mellea (Yang et al., 2018). Several recent
studies also demonstrated that heteropolysaccharides containing
glucose, mannose and/or galactose can modulate the SREBP-1c
pathway. For instance, the acidic heteropolysaccharide mainly
composed of D-glucose, D-xylose, D-mannose, D-galacturonic
acid and D-glucuronic acid from Artemisia sphaerocephala Krash
seed can improve liver fatty acids via modulating hepatic SREBP-
1c, SCD-1, ACC, and FAS expression (Zhang et al., 2019a). Rosa
roxburghii Tratt fruit polysaccharide potentially composed of
(1→5) linked-α-L-Araf, (1→6) linked-α-D-Galp, (1→3,4) linked-
β-L-Fucp, and (1→4) linked-β-D-Glcp, prevents hepatic steatosis
via decreasing the expression of SREBP-1c, ACC-1 and FAS
(Wang et al., 2018; Wang et al., 2020a).

PPARs are activated by a large variety of fatty acids and their
derivatives. PPARα is a major inducer of fatty acid oxidation in
liver, whereas overexpression of PPARγ in fat tissues is a major
activator of adipocyte differentiation and energy storage in the
form of TGs (Poulsen et al., 2012; Moslehi and Hamidi-Zad,
2018). In this study, CM1 administration had no effect on the
expression of PPARα in the liver and epididymal fat. In contrast,
CM1 significantly decreased the mRNA expression of PPARγ in
the liver and epididymal fat and reduced the protein expression of
PPARγ in the epididymal fat. PPARγ has been demonstrated to
regulate the gene expression of VLDLR in adipocyte (Takazawa
et al., 2009). However, the mRNA expression of PPARγ in the
liver is very low as demonstrated previously (Poulsen et al., 2012)
and the mRNA expression of VLDLR was undetectable in this
study. Furthermore, multiple factors can influence the
transcription and the post-transcription processes. Therefore,
it is hard to explain the inconsistence between the reduced
mRNA expression of PPARγ and the elevated expression of
VLDLR protein in the liver of the LDLR(-/-) mice. However,
these data suggested that CM1 can inhibit TG storage and
adipocyte differentiation. A previous study demonstrated that

MDG-1, a ß-D-fructan polysaccharide, can inhibit PPARγ and
activate PPARα in hyperlipidemic mice (Wang et al., 2017). The
rice bran soluble polysaccharide mainly composed of a-1,6-
glycosidic bonds can stimulate PPARα and inhibit PPARγ in
mice that fed a high-fat diet (Nie et al., 2017; Chen et al., 2021).
Furthermore, 1,6-α-glucans and 1,4-α-glucans also exhibited
anti-atherosclerosis effects (Jin et al., 2014; Zhang et al., 2020).
The okra polysaccharides, mainly rhamnogalacturonan, can
improve metabolic disorders via down-regulating PPARγ (Fan
et al., 2013; Liu et al., 2018). These data suggest that
polysaccharides containing both a- and ß-glycosyls may have
the capacity of inhibiting PPARγ. Furthermore, the modulation
of PPARγ by the polysaccharide may be different in distinct
animals. For example, the fucoidan from the brown seaweed
Ascophyllum nodosum increased the protein expression of
PPARγ in C57BL/6J mice and decreased its expression in
apoE(-/-) mice (Yin et al., 2019; Yang et al., 2019).

ATGL is highly expressed in white and brown adipose tissues
and plays an important role in energy homeostasis (Schreiber
et al., 2019). It initiates the hydrolysis of TGs to release fatty acids
that are crucial energy substrates and precursors for the synthesis
of membrane lipids (Ruiz-Leόn et al., 2019). Our data suggested
that CM1 administration can decrease lipolysis by down-
regulating ATGL expression. Therefore, CM1 treatment
reduced the lipogenesis via down-regulating PPARγ and
SREBP-1c and decreased lipolysis by inhibiting ATGL in
epididymal fat. It was known that, PPARγ can regulate the
expression of ATGL at the transcriptional level, and SREBP-1c
transcription is decreased in ATGL deficient adipose tissue upon
high-fat diet. These alterations may be explained as a metabolic
compensatory mechanism (Schreiber et al., 2019). These complex
mechanisms may have maintained the un-changed fat pad index
in CM1 treatment group compared to the model group. The
action of CM1 (∼700 kDa) on ATGL was different from the
previous reported heteropolysaccharides from plants. For
instance, polysaccharide (∼9.3 and 135 kDa) from Cyclocarya
paliurus leaves, mainly composed of galactose, arabinose and
rhamnose, can activate adipose ATGL in rats (Yang et al., 2016).
The polysaccharide (∼8.5 kDa) from Cichorium intybus L. roots,
mainly consisted of glucitol, fructose and glucose, improves
ATGL expression in the liver of rats (Wu et al., 2018).
Additionally, the alkaline-extracted polysaccharide (∼23.3 kDa,
composed of 58.6% glucose, 19.8% galactose, 18.1% mannose,
3.3% glucuronic acid, and 1.5% fucose) from the edible
mushroom Amillariella mellea can also activate ATGL in the
adipose tissue in type 2 diabetic rats (Yang et al., 2018). These
differences may be attributed to the different structural
characteristics (such as molecular weight, glycosyl linkage
pattern) of the polysaccharides and the distinct animal models.

LPL plays a central role in TG metabolism by hydrolysis of
TGs in TG-rich lipoproteins (Benlian et al., 1996; Basu and
Goldberg, 2020)). Our study showed that CM1 had no effect
on the protein expression of LPL in the liver and the LPL activity
in the plasma. The TG-lowering effect of CM1 was consistent
with the downregulation of apoB in the plasma and liver.
Mechanistically, the reduction of apoB may result from an
enhanced intracellular degradation, a decreased synthesis and/
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or secretion of apoB, and a low rate of TG biosynthesis (Benoist
and Grand-Perret, 1996). Our data suggested that CM1 may
reduce hepatic TG synthesis by down-regulating SREBP-1c, FAS,
SCD-1, PPARγ and ATGL, contributing to the reduced assembly
and secretion of VLDL particles and the decreased level of apoB in
the plasma. However, whether CM1 could directly reduce the
production of apoB, VLDL and TG need to be clarified in future
studies.

Based on our current and previous data, the mechanisms of
mushroom polysaccharides on modulating lipid metabolism are
very complex. The structural characteristics, including molecular
weight, monosaccharide composition, glycosyl linkage,
configuration, and physiochemical properties, and even the
animal models may have impact on their lipid-lowering
activity. This study demonstrated for the first time that the
polysaccharide CM1 from the fruiting body of C. militaris
exhibited anti-atherosclerosis effect in LDLR(-/-) mice via
modulating multiple genes and proteins. The mechanisms of
action were summarized in Figure 10. Firstly, CM1 may promote
lipid profile via increasing the plasma apoAI level and decreasing
apoB concentration. Secondly, it may decrease TG synthesis in
the liver via down-regulating the expression of the related genes
including FAS, ACC-1, and SCD-1. Thirdly, CM1may reduce the
expression of PCSK9 via decreasing HNF1α rather than SREBP-2.
Finally, CM1 may improve lipid excretion from the small
intestine via enhancing the LXRα/ABC transporter pathway.
As the lipid profile of mouse is distinct from that of human,
the effects of CM1 and the related mechanisms need to further
investigated in other animal models such as hamster and rabbit
(Gao et al., 2010). Furthermore, recent studies demonstrated that
gut microbiota may also involve in lipid metabolism and

atherosclerosis (Catry et al., 2015; Zhang et al., 2019a; Xu
et al., 2020). Given the big molecular weight of CM1, this
molecule is supposed to exert its function via modulating gut
microbiota. Our next plan is to investigate whether C. militaris
polysaccharides can regulate gut microbiota and the metabolites.
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FIGURE 10 | The proposed mechanisms of action of CM1 in mice.
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Background and Aim: It is known that hyperlipidemia and low vitamin D level are risk
factors associated with cardiovascular disease (CVD). However, the effect of vitamin D
administration on lipid profiles in postmenopausal women remains unclear. This study aims
to evaluate the effect of vitamin D on lipid profiles in postmenopausal women based on
meta-analysis and systemic review.

Methods: The literature search was performed in multiple databases (Scopus, PubMed/
Medline, Web of Science, and Embase) from 1997 to 2021. The statistical analysis was
performed using the Stata software version 14 (Stata Corp. College Station, Texas,
United States). The effects of vitamin D administration of the lipid profiles, including
Triacylglycerol (TG), LDL-Cholesterol (LDL-C), HDL-Cholesterol (HDL-C), and Total
Cholesterol (TC) were evaluated by the Der Simonian and Laird random effects model.
The weighted mean difference (WMD) and 95% confidence intervals (CI) were calculated.

Results: The level of TG changed significantly by −3.76 mg/dl (CI: −6.12 to −1.39, p �
0.004) and HDL-C by 0.48 mg/dl (CI: −0.80 to −0.15, p � 0.004) in vitamin D administration
group [11 eligible trials (placebo � 505 participants, vitamin D intervention � 604
participants)] compared to the control group in the postmenopausal women. Taking
into account this comparison between groups, in contrast, the level of LDL-Cholesterol
(LDL-C) (WMD: 0.73 mg/dl, 95% CI: −1.88, 3.36, p � 0.583) and TC (WMD: 0.689mg/dl,
CI: −3.059 to 4.438, p � 0.719) did not change significantly.

Conclusion: In conclusion, the vitamin D administration in postmenopausal women,
decreased the concentrations of TG, and HDL-C, but have no effects on LDL-C and TC.

Keywords: vitamin D, lipid profile, HDL, LDL, triglycerides
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INTRODUCTION

Cardiovascular disease (CVD) is a common disease of the
circulatory system, which is closely associated with
atherosclerosis (Centers for Disease and Prevention 2011;
Damorou et al., 2014). Vascular lesions caused by CVD are
the main causes of premature and sudden death in human
beings (Levenson et al., 2002). The incidence of CVD
increases with age, and it is estimated that by 2030, 23.6
million people will die from cardiovascular disease each year
(Damorou et al., 2014). CVD poses a huge threat to human
health. There are many causes of CVD, including hypertension
(HTN), obesity, hyperlipidemia and diabetes. Recently, vitamin D
deficiency is increasingly being recognized as a potential
cardiovascular risk factor. Low levels of vitamin D are
associated with the development of cardiovascular risk factors
such as hypertension, obesity, hyperlipidemia, and diabetes
(Forman et al., 2007; Martins et al., 2007; Knekt et al., 2008;
Jorde et al., 2010).

Vitamin D is a hormone synthesized in the skin in response to
exposure to ultraviolet B or sunlight. The vitamin D synthetic
process includes the formation of cholecalciferol of cholesterol in
the body and the formation of 25-hydroxyvitamin D 25(OH) D
by the hydroxylation in the liver. The 25(OH) D is further
hydrogenated into 1,25-dihydroxyvitamin D [1,25(OH)2 D] by
the kidneys, and the liver and kidneys play critical roles in vitamin
D synthesis (Elsori and Hammoud 2018). Vitamin D is essential
because it is synthesized in the body and binds to receptors to
perform its functions similar to other hormones. The main role of
vitamin D is to promote bone mineralization, maintain healthy
bone structure and maintain serum calcium and phosphate
concentrations in regulating the interaction between
osteoblasts and osteoclasts. In addition, vitamin D can inhibit
cell proliferation, induce terminal differentiation, inhibit
angiogenesis, induce insulin production, and inhibit renin
production (Rosen 2011). In addition, vitamin D regulates
immune function, cell growth, and neuromuscular activity and
reduces inflammation. Vitamin D deficiency has been associated
with cardiovascular disease, diabetes, cancer, and more (Pittas
et al., 2010). Several experimental studies in animals and cell
cultures have shown that vitamin D receptor activation protects
against cardiovascular disease (Pludowski et al., 2013). In 2014, a
systematic review and meta-analysis conducted by Chowdhury
et al. described similar results, suggesting that 25(OH) D was
inversely associated with the risk of death from cardiovascular
disease and other causes (Chowdhury et al., 2014). Vitamin D
deficiency was linked to a high incidence of cardiovascular events
in a prospective observational study (Zittermann and Prokop
2014).

Perimenopausal and postmenopausal women are at a risk of
VD deficiency as aging and increased fat mass lead to decreased
blood vitamin D level. In addition, appropriate physical activity
and Sun exposure are necessary for the synthesis of vitamin D in
the skin (Pludowski et al., 2013), and the amount of vitamin D in
the body decreases with age, especially at menopause (Group
2011). The presence of a range of cardiovascular risk factors such
as insulin resistance, obesity, atherosclerotic dyslipidemia, and

hypertension is known as metabolic syndrome. Metabolic
syndrome is one of the major health problems in
postmenopausal women and a major cause of cardiovascular
morbidity (CVD) and mortality in this group of women (Perk
et al., 2013; Yasein et al., 2015). Typically, the age of first onset of
atherosclerotic coronary heart disease in women is 9–10 years
later than in men due to estrogen (Anand et al., 2008), and the
ovarian hormone concentrations decline in menopausal
transition. Therefore, part of the cause of CVD in
perimenopause and menopause is related to the decline in
ovarian hormone concentrations during and after menopause
(Atsma et al., 2006). In addition, estrogen deficiency is also
associated with the risk of central obesity, which increases the
risk factors and prevalence of cardiovascular disease after
menopause (Lovejoy 2003; Lobo 2008). Previous reports
suggest that the prevalence of metabolic syndrome in
postmenopausal women may be as high as 41.5% (Chedraui
et al., 2007; Ding et al., 2007). In 2012, Wang et al. found that low
levels of vitamin D were associated with cardiovascular disease
(Wang et al., 2012). Dyslipidemia is a major risk factor for CVD
and atherosclerosis (Polkowska et al., 2015). Epidemiological
studies speculate that there may be a negative association
between vitamin D status and metabolic syndrome (Ford
et al., 2005; Reis et al., 2008; Lee et al., 2009). Vitamin D
deficiency is associated with hyperlipidemia. However, the
exact effect of vitamin D on lipid profiles in postmenopausal
women is unclear.

Rational and Limitations
In this study, we evaluate the effect of vitamin D on lipid profiles
in postmenopausal women through a meta-analysis and
systematic review. The main rational to conduct a systematic
review is the benefit of collating evidence from a variety of sources
while the limitations include the risk of bias.

METHODOLOGY

This meta-analysis was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) guidelines (Moher et al., 2009).

Search Strategy
We developed a sensitive search strategy for multiple databases
(Scopus, PubMed/Medline, Web of Science, and Embase) from
1997 to May 1, 2021 (Supplementary Table S1). We did not
apply language or time restrictions. We reviewed the reference
lists of all the included trials for potentially eligible publications.

Inclusion Criteria and Exclusion Criteria
To be included in the meta-analysis, 1) the trials had to be
conducted on postmenopausal women, to be designed as
RCTs and the intervention group had received vitamin D. 2)
the trials needed to compare supplementation with vitamin D in
postmenopausal women versus a control group and report the
mean and standard deviation (SD) for one of the following
outcomes at the end of intervention and at the beginning of
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the RCT in order to compute changes from the baseline:
Triacylglycerol (TG), HDL-Cholesterol (HDL-C), LDL-
Cholesterol (LDL-C), and Total Cholesterol (TC).

The exclusion criteria were the following: 1) editorials, non-
research letters, reviews; 2) lack of a control group; 3) the data on
the lipid profiles were not available.

Data Extraction
The data were extracted independently by two reviewers. We
extracted the publication and trial details (first author’s name,
sample size and number of participants in each study group,
mean age, treatment duration, study country, study design,
vitamin D dosage, year of publish), relevant outcome
information (mean and SD of TG, HDL-C, TC, LDL-C),
population characteristics (health status). The data were
extracted independently by two authors and any disagreements
were resolved by consensus with the senior author.

Quality Assessment
We used the Cochrane collaboration’s tool to assess the risk of
bias for each trial outcome based on the following domains: 1)
deviations from the intended interventions, 2) the randomization
process, 3) the outcome measurement, 4) missing outcome data,
5) the selection of the reported results (Higgins et al., 2011).

Statistical Analysis
The statistical analysis was performed using the Stata software
version 14 (Stata Corp. College Station, Texas, United States). The
Der Simonian and Laird random effects model was applied and
the weighted mean difference (WMD) and 95% confidence
intervals (CI) were calculated for the vitamin D administration

groups and the control groups using combined estimates (Hozo
et al., 2005; Higgins et al., 2011). When the SD of the modification
was not available, we derived it using the following formula: SD
differences � square root [(SD baseline2 + SD end2)–(2 × R × SD
baseline × SD end)]. The heterogeneity of the results of the pooled
trials was checked by the I2 test levels and a p-value of less than
0.10. We used subgroup analyses to track potential sources of
heterogeneity among the trials. The publication bias was assessed
via the Egger test and the visual inspection of the funnel plots. In
the sensitivity analyses, we excluded each study and recalculated
the combined estimates to detect studies with a high-risk of bias
(Egger, Davey Smith et al., 1997). If publication bias was detected,
we used the trim-and-fill test to estimate negative unpublished
trials and to amend the combined estimates (Duval and Tweedie
2000).

RESULTS

Study Selection and Characteristics of the
Included Studies
The database search identified 1103 potentially relevant trials.
Figure 1 illustrates the flow diagram of the literature search
process. In total, 399 articles were removed as duplicates and 704
publications were excluded based on the screening of titles and
abstracts, and the full texts of 50 trials were selected for further
examination. Finally, 7 eligible trials were included in the final
quantitative analyses based on the exclusion and inclusion
criteria. These trials consisted of 11 arms on LDL-C, 11 arms
on HDL-C, 11 arms on TC, and 11 arms on TG (Heikkinen et al.,
1997; Wood et al., 2012; Moghassemi and Marjani 2014;

FIGURE 1 | Flowchart depicting the study selection and inclusion process for the present meta-analysis.
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Munoz-Aguirre et al., 2015; Bislev, Langagergaard Rodbro et al.,
2018; Ferreira et al., 2020; Kerksick et al., 2020). Table 1 presents
the characteristics of the included articles. The articles were
published between 1997 and 2020, and were conducted in
Brazil, Finland, Mexico, Iran, the United States of America
(USA), the United Kingdom and Denmark.

In these trials, the duration of vitamin D administration ranged
from 12 weeks to 3 years. The mean age of the participants was
54.4 years. The daily recommended dosage of vitaminDwas between
300 and 4000 IU/day. The participants were premenopausal women
and postmenopausal women with diabetes.

Findings From the Meta-Analysis
Effects of Vitamin D on LDL-C Levels
The overall effect of vitamin D intervention on LDL-C level from
11 eligible trials (placebo � 505 participants, vitamin D
intervention � 604 participants) are reported in Figure 2. The
vitamin D intervention produced a non-significant reduction of
LDL-C level at 0.73 mg/dl (CI: −1.88 to 3.36, p � 0.583), with a
significant heterogeneity among the examined studies (I2 � 99%,
p � 0.000). The subgroup analyses did not identify a significant
impact of vitamin D supplementation on LDL-C concentrations
(Supplementary Figure S1).

Effects of Vitamin D on HDL-C Levels
The overall effect of vitamin D intervention on HDL-C level from
11 eligible trials (placebo � 505 participants, vitamin D
intervention � 604 participants) are reported in Figure 3. The
supplementation with vitamin D treatment produced a
significant reduction of HDL-C level at −0.48 mg/dl (CI: −0.80
to −0.15, p), with a significant heterogeneity noted among the
examined studies (I2 � 56%, p � 0.011) (Figure 3). Vitamin D
reduced HDL-C in a notable fashion when the dose was ≥400 IU/
day (WMD: −0.61 mg/dl, 95% CI: −0.95 to −0.28, p � 0.004) as
compared to ˂400 IU/day (WMD: 0.63 mg/dl, 95% CI: −1.01,
2.27, p � 0.453) (Supplementary Figure S1). Moreover, a
significant decrease was observed when the administration of
vitamin D was ≥26 weeks (WMD: −0.534 mg/dl, 95% CI: −0.84 to
−0.22, p � 0.001) versus ˂26 weeks (WMD: 2.46 mg/dl, 95% CI:
−0.19, 5.11, p � 0.069). Based on the results of the stratified
analysis, vitamin D supplementation resulted in a more
pronounced reduction in HDL-C concentrations when the
HDL-C baseline value was ≥50 mg/dl (WMD: −0.46 mg/dl,
95% CI: −0.82 to −0.11, p � 0.009) versus ˂50 mg/dl (WMD:
−0.48 mg/dl, 95% CI: −2.58 to 1.60, p � 0.64). In addition, a
notable reduction in HDL-C levels was detected in the subjects
with a BMI of 25.0–29.9 kg/m2 (WMD: −0.513 mg/dl, 95% CI:

TABLE 1 | Characteristics of the eligible studies.

Author, year Country Population Participant s
age (years)

Sample
size:

tibolone/
placebo

Duration Baseline
BMI(kg/
m2)

Outcome Vitamin D
dose

(IU/day)

Kerksick.et al. (2020) (a)
(CTL � no diet + exercise
control)

USA Healthy postmenopausal
women

56.1 11/9 14 weeks 31.8 LDL-C, TC,
HDL-C, TG

400
(calcium
with
Vitamin D)

Kerksick.et al. (2020) (b)
(LCHC � low calorie high
carbohydrate diet)

USA Healthy postmenopausal
women

54.4 15/20 14 weeks 32.6 LDL-C, TC,
HDL-C, TG

400
(calcium
with
Vitamin D)

Kerksick.et al. (2020) (c)
(LCHP � low calorie high
protein diet)

USA Healthy postmenopausal
women

52.4 16/18 14 weeks 36.4 LDL-C, TC,
HDL-C, TG

400
(calcium
with
Vitamin D)

Ferreira et al. (2020) Brazil Healthy postmenopausal
women

58.8 80/69 9 months 29.4 LDL-C, TC,
HDL-C, TG

1000

Bislev et al. (2018) Denmark Healthy postmenopausal 65 40/41 12 weeks 27 LDL-C,
HDL-C, TG

2800

Munoz-Aguirre et al.
(2015)

Mexico Healthy postmenopausal
women

43.55 52/52 6 months 30.8 LDL-C, TC,
HDL-C, TG

4000

Moghassemi and
Marjani. (2014)

Iran Healthy postmenopausal
women

52.73 38/36 12 weeks 29.98 LDL-C, TC,
HDL-C, TG

2000

Wood et al. (2012) (a) United Kingdom Healthy postmenopausal
women

63.5 97/50 1 year 26.6 LDL-C, TC,
HDL-C, TG

400

Wood et al. (2012) (b) United Kingdom Healthy postmenopausal
women

64.1 95/50 1 year 26.8 LDL-C, TC,
HDL-C, TG

1000

Heikkinen et al. (1997) (a) Finland Healthy postmenopausal
women

52.8 83/95 3 years 26.8 LDL-C, TC,
HDL-C, TG

300

Heikkinen et al. (1997) (b) Finland Healthy postmenopausal
women during
postmenopausal hormone
replacement therapy

52.4 77/65 3 years 26.4 LDL-C, TC,
HDL-C, TG

300

Note: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, serum triglycerides; mg/d, milligrams per day; USA, United States
of America.
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−0.83 to −0.19, p � 0.002) as compared to subjects with a BMI
≥30 kg/m2 (WMD: 1.39 mg/dl, 95% CI: −1.61, 4.40, p � 0.362).

Effects of Vitamin D on TG Levels
The overall effect of vitamin D intervention on TG level from
11 eligible trials (placebo � 505 participants, vitamin D
intervention � 604 participants) are reported in Figure 4.

The administration of vitamin D led to a significant decrease
of TG level at −3.76 mg/dl (CI: −6.12 to −1.39, p � 0.001), with a
significant heterogeneity noted among the examined studies
(I2 � 86%, p � 0.003). However, a notable reduction in TG
concentrations was observed when vitamin D was prescribed in a
dose of ≤400 IU/day (WMD: −2.42 mg/dl, 95% CI: −4.73 to
−0.11, p � 0.039) versus ˃400 IU/day (WMD: −8.002 mg/dl,

FIGURE 2 | Forest plot of the randomized controlled trials investigating the effects of vitamin D on LDL-C.

FIGURE 3 | Forest plot of the randomized controlled trials investigating the effects of vitamin D administration on HDL-C.
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95% CI: −17.88, 1.88, p � 0.113) (Supplementary Figure S1). In
addition, a significant reduction in TG concentrations was
detected in the participants with a BMI of 25.0–29.9 kg/m2
(WMD: −4.58 mg/dl, 95% CI: −6.66 to −2.49, p � 0.001) as
compared to the participants with a BMI ≥30 kg/m2 (WMD:
7.84 mg/dl, 95% CI: −11.35, 27.05, p � 0.423). However, a notable

decrease in TG levels was seen when vitamin D was administered
for ≥26 weeks (WMD: −4.42 mg/dl, 95% CI: −6.52 to −2.32, p �
0.001) as compared to ˂26 weeks (WMD: 5.96 mg/dl, 95% CI:
−10.07, 22.01, p � 0.464). Based on the results of the stratified
analysis, there was a significant reduction of TG levels in the
subjects with baseline TG concentrations ≥150 mg/dl (WMD:

FIGURE 4 | Forest plot of the randomized controlled trials investigating the effects of vitamin D on TG.

FIGURE 5 | Forest plot of the randomized controlled trials investigating the effects of vitamin D.
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−15.95 mg/dl, 95% CI: −30.47 to −1.44, p � 0.031) versus ˂150 mg/
dl (WMD: −2.59 mg/dl, 95% CI: −4.76to −0.42, p � 0.019).

Effects of Vitamin D on TC Levels
The overall effect of vitamin D intervention on TC level from
11 eligible trials (placebo � 505 participants, vitamin D
intervention � 604 participants) are reported in Figure 5.
Vitamin D supplementation did not result in significant
changes of TC concentrations (WMD: 0.689 mg/dl, CI: −3.059
to 4.438, p � 0.719), with a significant heterogeneity noted among
the examined studies (I2 � 98%, p � 0.004). The results of the
subgroup analyses did not reveal a significant impact of vitamin D
administration on TC concentrations (Supplementary Figure S1).

SENSITIVITY ANALYSES AND
PUBLICATION BIAS

The sensitivity analyses were accomplished by sequentially
eliminating each trial to evaluate the robustness of the overall
results. The results of the present study were stable when a trial
was eliminated and a significant change of the results did not happen
(Supplementary Figure S2). No publication bias was found in the
pooled effect sizes of LDL-C or TG levels in the funnel plots, as
confirmed by Egger’s tests (Supplementary Figure S3). However,
there was a significance publication bias for HDL-C and TC
concentrations (Egger’s test: p � 0.042). The trim-and-fill
sensitivity method was used to estimate the negative effect of
unpublished studies and correct the effect of vitamin D
intervention on HDL-C (−0.58mg/dl, −0.99 to −0.17; p � 0.005,
n � 16) and TC (−35.47mg/dl, −43.29 to −27.65; p � 0.004, n � 36).

DISCUSSION

Our systematic review and meta-analysis demonstrate that the
administration of vitamin D in postmenopausal women might
lead to alterations of the lipid profiles, particularly in terms of TG
and HDL-C reduction. However, based on our findings, the
administration of vitamin D does not change TC or LDL-C levels
in a significant manner. Moreover, it seems that the dose of vitamin
D, the length of the intervention, the BMI of the participants and the
baseline values for HDL-C and TG affected the effect of vitaminD on
these parameters. To the best of our knowledge, this is the first
systematic review andmeta-analysis of RCTs that assessed the impact
of vitamin D administration on serum lipids in postmenopausal
women. A meta-analysis by Wang et al., in 2012 showed that the
prescription of vitamin D led to an elevation in LDL-C
concentrations in adults, but had no impact on HDL-C, TC or
TG. In particular, LDL-C levels increased in the subjects who were
diagnosed with obesity and when the intervention lasted for less than
12months, whereas a statistically significant decrease in HDL-C was
reported when the administration of vitamin D lasted for more than
12months (Wang et al., 2012). However, Dibaba. (2019) revealed, in
a recent meta-analysis based on data derived from 41 RCTs, that the
administration of vitamin D decreased TG, TC and LDL-C, but had
no impact on HDL-C. These results were found in the RCTs which

lasted for less than 6months and, for TG and LDL-C, in the subjects
with a confirmed vitamin D deficiency (Dibaba 2019).

The post-menopausal period is associated with increased risks of
cardiovascular disease, as the cardio-protective effect of estrogens is
lost. Servadei et al. (2021) demonstrated that, in post-menopausal
women, a tighter control of TG concentrations might prevent the
development of atherosclerosis-related complications (Servadei et al.,
2021). Thus, in this subgroup of patients, and in particular in post-
menopausal females diagnosed with hypertriglyceridemia, the
administration of vitamin D might provide significant benefits in
terms of cardiovascular health, as our results demonstrate that the
intervention was more effective in the subjects with baseline TG
concentrations >150mg/dl and when the administration of vitamin
D exceeded 26 weeks. Interestingly, lower doses of vitaminD, namely
less or equal to 400 UI/day, as well as the administration of vitaminD
in overweight females, resulted in a more notable reduction of TG
values. Jeenduang et al. (2019) reported that, during the post-
menopause, vitamin D deficiency is associated with elevated TG
levels, central obesity and the presence of the metabolic syndrome,
and that females who suffer from vitamin D deficiency have elevated
TG andTC concentrations, as well as an elevated waist circumference
(Jeenduang et al., 2020). Thus, the decrease in TG values might have
been related to the improvement in vitamin D serum status in the
females with a possible undetermined vitamin D deficiency. In
addition, there are studies that suggest that elevated TG
concentrations are linked to several polymorphisms in the vitamin
D receptor gene which may also explain why vitamin D was more
effective in reducing TG in postmenopausal women at lower doses
(Jin et al., 2021). On the other hand, we must take into consideration
that the decrease of TG values was rathermodest (−3.76mg/dl) and it
is unclear if it provides any benefits in terms of cardiovascular health.
Thus, further validation of this finding in future RCTs/cohort studies
is warranted.

The administration of vitamin D also impacted on HDL-C
concentrations, i.e., vitamin D reduced HDL-C in postmenopausal
females, particularly in overweight women, inwomenwho hadHDL-
C levels within the normal range, when the vitamin D administration
lasted for more than 26 weeks and when the vitamin D dosage
exceeded 400 UI/day. AlthoughHDL-Chas been regarded as a divine
messenger in reducing cardiovascular risk, recent studies show that
cardiovascular events occur at a higher incidence in subjects with
both low and high HDL-C concentrations. Thus, maintaining HDL-
C levels within the normal range might be a better option in
preventing the development of cardiovascular disorders during
post-menopause (Barter and Genest 2019; Yu et al., 2020).
However, Mirhosseini et al. (2018) et al., in their meta-analysis,
concluded that vitamin D administration increases HDL-C and
reduces LDL-C, TC and TG, and thus further research on this
topic is needed (Mirhosseini et al., 2018). Moreover, it is
noteworthy that the measurement of serum HDL-C might be
inferior in terms of cardiovascular risk estimation to the
assessment of HDL-C composition or function (Ben-Aicha et al.,
2020).

It is important to take into consideration that, in the analyzed
RCTs, vitaminD supplementationwas prescribed to postmenopausal
women with a normal status of health. Several other meta-analyses,
conducted in subjects diagnosed with other illnesses, have provided
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promising results in terms of improvement of the lipid profiles
following vitamin D administration. For example,
Ostadmohammadi et al. (2019) highlighted in their meta-analysis
of RCTs that vitamin D increased HDL-C concentrations in subjects
with cardiovascular disorders (Ostadmohammadi et al., 2019). In
addition, Miao et al. (2020), Jin et al. (2020) detected significant
reductions in TC and LDL-C in females with polycystic ovary
syndrome who were administered with vitamin D supplements
(Jin et al., 2020; Miao et al., 2020). We suggested that
postmenopausal women with an apparently normal status of
health might not need to be adherent to vitamin D prescription
regimen, as patients tend to prefer monthly to weekly or to daily
administrations of vitamin D supplements (Rothen et al., 2020).

Our systematic review andmeta-analysis has several strengths,
but also some limitations. To our knowledge, this is the first
systematic review and meta-analysis to analyze the impact of
vitamin D supplementation on serum lipids in postmenopausal
women. Moreover, since we only evaluated data derived from
RCTs, the risk of bias was low. In addition, we conducted the
systematic review and meta-analysis based on the PRISMA
guidelines. Thus, the robustness of our results cannot be
denied, particularly because we explored the sources of
heterogeneity and we employed sensitivity analyses to clarify

our findings. However, the number of analyzed RCTs and the
study samples were low.

In conclusion, we show that vitamin D administration affects the
lipid profiles in postmenopausal women. Further research,
particularly well-designed RCTs with large number of patients will
validate the findings of our systematic review and meta-analysis.
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Secoisolariciresinol Diglucoside
Improves Ovarian Reserve in Aging
Mouse by Inhibiting Oxidative Stress
XueLai He, YongWang,MeiQiWu, JiangChunWei, XianDuo Sun, AnHuaWang, GaoShengHu
and JingMing Jia*

School of Traditional Chinese Materia Medica, Shenyang Pharmaceutical University, Shenyang, China

Ovarian reserve is a key factor in the reproductive function of the ovaries. Ovarian aging is
characterized by a gradual decline in the quantity and quality of follicles. The underlying
mechanism of ovarian aging is complex and age-related oxidative stress is considered one
of the most likely factors. Secoisolariciresinol diglucoside (SDG) has been shown to have
good scavenging ability against reactive oxygen species (ROS) which slowly accumulates
in ovarian tissues. However, it is unknown whether SDG had beneficial effects on aging
ovaries. In this study, we used 37-week-old female C57BL/6J mouse as a natural
reproductive aging model to evaluate the role of SDG in ovarian aging. SDG (7 and
70mg/kg) intragastric administration was performed in the mice daily. After 8 weeks, the
effects of SDG on aging ovaries were evaluated by counting the number of follicles and the
expression of follicle-stimulating hormone receptors (FSHR) in the ovary. The mechanism
of SDG on the aging ovaries was further explored through ovarian metabolomics. It was
found that SDG can effectively increase the number of growing follicles and increase the
expression of the FSHR protein. The metabolomics results showed that the ovaries in the
SDG intervention group achieved better uptake and transport of nutrients, including amino
acids and glucose that are necessary for the development of oocytes. At the same time,
the ovaries of the SDG intervention group showed that the drug reduced ROS generation.
Additionally, we found that ovarian telomere length and ovarian mitochondrial DNA copy
number that are highly susceptible to ROS damage and are also related to aging. The
results showed that SDG can significantly increase mitochondrial DNA copy number and
slow down the process of telomere shortening. These data indicate that SDG improves
ovarian reserve by inhibiting oxidative stress.

Keywords: ovarian metabolomics, ovarian reserve, ovary aging, reproductive aging, oxidative stress, reactive
oxygen species, secoisolariciresinol diglucoside

INTRODUCTION

Delayed childbearing age is an important social change. The fertility of women is adversely affected
by aging which reduced ovarian reserve. Ovarian reserve can bemeasured by the quantity and quality
of follicles (Gosden et al., 1983; Tatone et al., 2008). Although the molecular mechanism of ovarian
aging is not fully understood, the negative effect of oxidative stress such as the accumulation of
reactive oxygen species (ROS), is considered one of the most likely factors (Tarín, 1996; Grøndahl
et al., 2010). Telomere length is an important factor in aging. There is a positive association among
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the telomere length of cumulus cells and the quality of oocytes
and embryos (Cheng et al., 2013). Telomere shortening impairs
meiosis and embryonic development (Keefe and Liu, 2009).
Telomeres are highly sensitive to ROS. Mitochondria are
closely related to ROS dynamics. They are essential for
generating energy in newly fertilized oocytes and early
embryonic development. Moreover, mitochondria are closely
associated with the age-related decline in oocyte quality in
both mouse models and human (Santos et al., 2006; Kushnir
et al., 2012; Murakoshi et al., 2013).

An important sign of reproductive aging is an increased level
of follicle-stimulating hormone (FSH) (Velde et al., 1997). FSH
interacts with follicle-stimulating hormone receptors (FSHR) to
ensure the development and maturation of granulosa cells and
oocytes (Dias et al., 2002). FSH affects the quantity and quality of
follicles. The level of FSHR in granulosa cells is critical for the
development of oocytes (Cai et al., 2007).

Flaxseed has a long history of human consumption and can be
added to bread, pasta, muffins, and cookies (Mercier et al., 2014).
Secoisolariciresinol diglucoside (SDG) is the most important
component of flaxseed in addition to flax oil. Flaxseed is a
good natural antioxidant (Kitts et al., 1999; Hu et al., 2007),
and regulates a variety of cell signaling pathways that affect the
development of various diseases, such as menopausal discomfort,
cardiovascular disease, and diabetes (Imran et al., 2015). Previous
studies showed that SDG can be metabolized in mammals to
enterodiol and enterolactone, and exert estrogen-like effects
(Setchell et al., 2014). In addition, SDG can penetrate the
blood-brain barrier and accumulate in reproductive tissues,
such as the ovaries, uterus, and breasts (Saarinen and
Thompson, 2010).

However, little is known on whether SDG has beneficial effects
on aging ovaries. In this study, we used 37-week-old C57BL/6J
mice as a natural reproductive aging model and 6-week-old mice
as the controls to explore the effect of SDG on aging ovaries.

MATERIALS AND METHODS

Animals
Female C57BL/6J mice, aged 6 and 37 weeks, were purchased
from GemPharmatech Co. Ltd. and housed at Shenyang
Pharmaceutical University in a specific pathogen-free
experimental animal center. All procedures were performed in
accordance with the guidelines of the National Institutes of
Health. Mice were kept in a 12:12 h light: dark cycle with
standard temperature and humidity, and free access to food
and water.

The 37-week-old mice were randomly divided into 3 groups.
The first group of mice, together with 6-week-old mice, were
given saline. These two groups were designated as the old control
group (Old) and the young control group (Young). The second
and third groups received, respectively, 7 and 70 mg/kg of SDG in
saline. These two groups were designated as the low-dose SDG
group (SDG-L) and the high-dose SDG group (SDG-H). A
solution of SDG (Chengdu Biopurify Phytochemicals Ltd.,
CAS NO.158932-33-3, Purity 98%) in saline was freshly

prepared daily before intragastric administration in mice. The
chemical structure of SDG is shown in Figure 1. The SDG and
saline were administered at the same administration time point,
with the same researcher and in the same operating room. The
mice were sacrificed after daily treatment for 8 weeks. The ovaries
were dissected and immediately fixed in 4% tissue cell fixation
solution (Beijing Dingguo Changsheng Biotechnology Co. Ltd.).
Parts of the ovaries were rinsed in saline, rapidly frozen in liquid
nitrogen, and stored at −72°C until processing.

There was no exclusion during the experiment and statistical
analysis. The follicle counting and evaluation of the ovary
immunofluorescence were blinded. Throughout the
experiment, animal care staff were unaware of allocation
groups to ensure that all animals in the experiment were
handled, monitored, and treated in the same way (Percie du
Sert et al., 2020).

Serial Sectioning of the Ovary and Counting
of the Follicles
After immersion in 4% tissue cell fixation solution for over 24 h,
tissues from 5 randomly selectedmice were embedded in paraffin.
According to previous methods (Bolon et al., 1997), serial
sections (5 µm) were cut from each ovary and were then
aligned in order on glass microscopic slides. Each fifth section
was stained with hematoxylin and eosin. All stained sections were
analyzed after scanning with a Pannoramic DESK (3D HISTECH
Ltd.) following the manufacturer’s instructions. The total number
of follicles per whole ovary was calculated by combining all the
counts.

The follicles were classified as primordial and primary (an
oocyte surrounded by a single layer of squamous or cuboidal
granulosa cells), secondary (having more than one layer of
surrounding granulosa cells and with no visible antrum), or
antral (possessing an area of follicular fluid or antral space)
follicles according to a previous study (Myers et al., 2004).
Based on the different sizes of the follicles, every 5th section
was analyzed for primordial and primary follicles, every 20th
section was analyzed for secondary follicles, and every 40th
section was analyzed for antral follicles (Tamura et al., 2017).

FIGURE 1 | The chemical structure of SDG.

Frontiers in Molecular Biosciences | www.frontiersin.org January 2022 | Volume 8 | Article 8064122

He et al. Secoisolariciresinol Diglucoside Benefits Aging Ovaries

238

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Ovary Immunofluorescence Staining
Three paraffin sections in the middle part of ovaries per mouse
and 3 mice each group were dewaxed, and the antigens were heat-
recovered in EDTA antigen retrieval buffer (pH 8.0, Wuhan
Servicebio Technology Co. Ltd.). Sections were blocked with BSA
(Wuhan Servicebio Technology Co. Ltd.) for 30 min, then
incubated with rabbit anti-FSHR antibody (1:200) (Wuhan
Servicebio Technology Co. Ltd.) at 4°C overnight, followed by
biotinylated Cy3 goat anti-rabbit secondary antibody (Wuhan
Servicebio Technology Co. Ltd.) for 50 min at room temperature
in the dark. DAPI dye (Wuhan Servicebio Technology Co. Ltd.)
was added and incubated for another 10 min to stain the nuclei.
The sections were then incubated in autofluorescence quencher
for 5 min. Slice observation and image capture were performed
with a fluorescence microscope (NIKON ECLIPSE C1.) and an
imaging system (NIKON DS-U3). Intensity analysis was applied
to measure the expression of FSHR protein.

Ovarian Metabolomics Analysis
At the end of the 8-weeks SDG intervention, ovarian samples
from 36mice each group were collected for metabolomic analysis.
A combination of an UPLC-MS/MS detection platform and
multivariate statistical analysis was used to study the
metabolome differences between samples (Chen et al., 2013).
The identification and quantification of the metabolites were
performed at Wuhan MetWare Biotechnology Co. Ltd. Methods
of sample preparation and extraction, and UPLC-MS/MS
conditions are described in the Supplementary Material. A
VIP (variable importance in projection) value of not less than
1.0 and a fold change of not less than 1.4 for each metabolite were
used as combined cut-off points for statistical significance. The
differential metabolites were annotated and further analyzed by
Ingenuity Pathway Analysis (IPA) (Krämer et al., 2014). Disease
or Functions Analysis was performed to predict related functions
among the differential metabolites by IPA.

Measurement of Telomere Length by
Quantitative Real-Time PCR
The average telomere length was measured using a real-time PCR
assay as previously described (Gil and Coetzer, 2004). Briefly,
telomere length was quantified by the ratio of the amount of the
telomere amplification product (T) to the amount of product
from a single-copy gene (S). The single-copy gene 36B4 was used
as the control. The PCR reaction was performed on a CFX96 real-

time PCR system (Bio-Rad). The genomic template DNA was
extracted using a Total DNA Extraction Kit (Tiangen Biotech Co.
Ltd.). The primers used to amplify the telomere DNA and the
control gene 36B4 were designed using Primer Premier software
(Premier Biosoft Inc., CA) and are shown in Table1. The
conditions for the PCR reaction were 95°C for 5 min and 40
cycles of 95°C for 10 s, 60°C for 30 s. The telomere DNA was
normalized to that of 36B4 to generate a T/S ratio which indicates
the relative length of the telomere.

Mitochondrial DNA Copy Number
Quantification
The ratio of the levels of the single-copy mitochondrial gene Cox1
(cytochrome c oxidase) to the single-copy nuclear geneNthl1 (nth
endonuclease III-like 1) was used to determine the mitochondrial
DNA copy number as described in a previous study (Aiken et al.,
2016). Real-time PCR was performed to obtain the average copy
number of mitochondrial DNA/nuclear DNA. Total DNA was
extracted using a Total DNA Extraction Kit (Tiangen Biotech Co.
Ltd.), from 9 mice per group. Primer design and PCR conditions
were the same as those used for telomere length measurement.
The method for calculating the average mitochondrial DNA copy
number followed that described in a previous study (Nicklas et al.,
2004).

Statistical Analysis
All experimental data were expressed as mean ± SEM, and
subjected to one-way analysis of variance with the Tukey test
or Dunnett’s T3 test where appropriate. The nonparametric
Kruskal-Wallis test was performed when normality or equality
of variances were not met. Statistical analysis was performed with
GraphPad Prism 8.0 (GraphPad software) and a P value less than
0.05 was considered significant.

RESULTS

SDG Increased the Number of Growing
Follicles
As expected, many follicles, including primordial, primary,
secondary, and antral follicles, located in the ovarian cortex in
young control mice (Figure 2A). In old control mice, the ovaries
exhibited a markedly reduced number of follicles at all stages
(Figure 2B). The old mice treated with SDG had significantly
more secondary and antral follicles than the old controls (Figures
2F,G). However, both low and high doses of SDG did not
improve the number of primordial and primary follicles
(Figure 2E, P � 0.947 and P � 0.513 respectively). The
morphology of different types of follicles are shown in Figure 2H.

SDG Increased FSHR Protein Expression
The location of FSHR protein in granulosa cells is shown in
Figures 3A–D. FSHR was detected by a fluorescein-tagged
antibody, and appears red. DAPI-stained nuclei appear blue.
The fluorescence intensity analysis showed that the
expression of FSHR in the old control group was

TABLE 1 | Primer sequences used in this research.

Genes Primers

TELO F 5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′
R 5′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3′

36B4 F 5′-ACACTCCATCATCAATGGGTACAA-3′
R 5′-TCAGTAAGTGGGAAGGTGTACTCAG-3′

Cox1 F 5′-CAGGAGCAGGAACAGGATGA-3′
R 5′-GCACCTAAAATAGACGACACCC-3′

Nthl1 F 5′-GGGAATACTGAGGCAGAGGAC-3′
R 5′-AGGTGAAGAAGGCAGCAAAG-3′
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significantly reduced compared to the young control group
(Figure 3E). Marked red fluorescence enhancement was
observed in the SDG-H group compared to the old control
group. This result indicated that high-dose SDG induced the
expression of FSHR. However, the effect of low-dose SDG was
not significant (Figure 3E, P � 0.379).

Ovary Metabolomics Analysis
A total of 567 metabolites were detected by the widely targeted
metabolomics analysis. Limiting the VIP value to not less than 1.0
and the fold change between different groups to not less than 1.4,
we obtained 142 metabolites from the comparison of the old
control group and the young control group. 122 and 132
metabolites were obtained from comparisons between the old
control group and the SDG-L group and the SDG-H group,
respectively. These filtered differential metabolites are shown in
the volcano plot (Figure 4).

Ingenuity Pathway Analysis
Ingenuity Pathway Analysis (IPA) uses the activation z-score
algorithm to make predictions. A positive value indicates an
increase, a negative number represents a decrease, and a higher
absolute value of the z-score indicates a greater degree of change
between groups. We used Disease or Function analysis to
associate molecules to known disease states and biological
functions. As shown in Table 2, the differential metabolites in
the old controls and young controls are related to an increased
generation of reactive oxygen species (ROS) with a positive value
of the z-score, and the decreased transport of amino acids and
uptake of amino acids with negative values of the z-score. These
scores were reversed by SDG intervention. In addition, we found
that SDG participates in carbohydrate metabolism and improves
glucose uptake. The related differential metabolites in each
Disease or Functions Annotation in different comparison
groups are shown in Figure 5.

FIGURE 2 | Ovary morphology and follicle counting in mice after intragastric administration of SDG. (A–D)Morphology of ovaries from each group of mice. Scale
bar, 200 µm. Representative samples from Young (A) and the Old (B)mice treated with saline, SDG-L (C) and SDG-H (D) with a concentration of 7 and 70 mg/kg daily
for 8 weeks (E–G) The number of primordial and primary (E), secondary (F), and antral (G) follicles. The serial sections from each ovary were stained with hematoxylin and
eosin. The total number of follicles per whole ovary was calculated by combining the counts. The morphology of different types of follicles are shown in (H).
Primordial and primary follicles, scale bar, 20 μm; secondary follicles, scale bar, 20 μm; antral follicles, scale bar, 50 µm. The data are expressed as mean ± SEM. *P <
0.05, **P < 0.01, ***P < 0.001. The P value is labeled if P > 0.05.
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SDG Prevents Telomere Shortening and
Reduction of Mitochondrial DNA Copy
Number
Telomere length, estimated by the T/S ratio, showed a significant
reduction in old control mice compared with young controls
(Figure 6A). The old mice treated with high-dose SDG had
significantly longer telomere length than the old controls.
However, the effect of low-dose SDG was not significant, P

� 0.261.
Similar to the telomere length, the mitochondrial DNA copy

number in the old controls was markedly decreased compared to
young controls. Both the high-dose and low-dose SDG-treated
groups showed a significant increase in mitochondrial DNA copy
number compared to the old control group (Figure 6B).

DISCUSSION

Aging has an immeasurable impact on female reproductive
function (Broekmans et al., 2009; Nelson et al., 2013).
Postponement of parenthood and increased maternal age have
led more people to seek healthy nutritional supplements or anti-
aging foods (Moslehi et al., 2017) in the hope of improving
ovarian function and delaying aging. These foods/supplements
include soy products (Cederroth et al., 2012), resveratrol (Cabello
et al., 2015), melatonin (Song et al., 2016), and SDG. There are

growing evidence showing that SDG-enriched flaxseed products
offer health benefits. But the dosage of SDG associated with the
outcomes of studies were complicated. Brevail of Barlean’s
company, contains 50 mg SDG and is used daily for relieving
symptoms of menopause, maintaining healthy breast tissue and
estrogen balance. However, Adolphe et al. suggested that a dose of
at least 500 mg SDG per day is needed to have significant benefits
and that this dosage is safe for most people (Adolphe et al., 2010).
Here, we used both doses in the study. The results showed that
there was little difference between the two dosages, and the low
dosage of SDG cannot improve the relative FSHR expression level
and prevent telomere shortening effectively, but it can improve
the ovarian reserve and decrease the oxidative stress as the high
dosage of SDG.

FSHR is located exclusively in granulosa cells. This can be
clearly seen in the images of the immunofluorescence staining
of FSHR in the ovaries. Our results showed that the
expression of the FSHR protein, as well as in the number
of secondary and antral follicles, was significantly higher in
the mice of young control group than in the old control
group. SDG administration improved both the expression of
FSHR and the number of growing follicles. These data were in
consistent with previous studies, the ovarian response to FSH
affects follicle development and estrogen secretion (Simoni
et al., 1997). The improved expression of FSHR contributed to
the hormonal balance and counteracted the discomforts of
menopause resulting from the elevated levels of FSH in the

FIGURE 3 | Immunofluorescence staining of FSHR protein in the ovaries of mice after intragastric administration of SDG. (A–D) Images of immunofluorescence
staining of FSHR protein in the ovaries of each group of mice, the Young (A), the Old (B), the SDG-L (C), and the SDG-H (D). Scale bar, 200 and 20 µm respectively.
FSHR protein was detected by a fluorescein-tagged antibody (Red), and nuclei were stained by DAPI dye (Blue). (E) The comparison of fluorescence intensity of FSHR
protein in ovary sections in different groups. The data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. The P value is labeled if P > 0.05.
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blood, such as flushing (Mitchell and Woods, 2015). A high
dose of SDG could be used to prevent or treat some
menopausal discomforts.

It was known that, the body’s metabolic capacity and level
slowly decline with age, and so will those of the ovaries. The
nutritional uptake and metabolism affect ovarian function
(Seli et al., 2014). In the ovaries, the significance of amino acid
uptake, transport, and metabolism for oocyte development is
extraordinary (Hemmings et al., 2012). In addition to the

amino acids, glucose also plays an important role during
follicle development (Sutton-McDowall et al., 2010). The
results of Disease or Functions Annotation by IPA analysis
revealed the biological functions of Transport of amino acids
and Uptake of amino acids were decreased with aging
(i.e., comparing old controls to young controls) and
increased by SDG treatment. These data provide additional
evidence supporting the beneficial role of SDG for aging
ovaries and improving the follicle development.

FIGURE 4 | Filtered differential metabolites in the ovaries of mice in different groups. The comparisons of the Young and the Old (A), the Old and the SDG-L (B) and
the Old and the SDG-H (C)were analyzed. Each point in the volcano map represents a metabolite, the abscissa represents the logarithm of the quantitative difference of
a certain metabolite in the two samples; the ordinate represents the VIP value. The larger the absolute value of the abscissa, the greater the difference between the two
samples; the larger the ordinate value, the more significant and the more reliable the differential levels of metabolites. The blue dots in the figure represent
downregulated differential metabolites, the magenta dots represent upregulated differential metabolites, and the gray dots represent the metabolites that are detected
but not significantly different.

TABLE 2 | Four major disease or functions annotation identified by IPA.

Disease or functions annotation Young vs. old Old vs. SDG-L Old vs. SDG-H

Activation z-score P-value Activation z-score P-value Activation z-score p-value

Generation of reactive oxygen species 2.254 5.03E-09 −2.352 2.08E-07 −2.352 5.63E-07
Transport of amino acids −3.075 8.44E-10 2.577 9.63E-07 2.577 1.77E-07
Uptake of amino acids −2.765 4.71E-08 2.2 0.000102 2.433 7.5E-07
Uptake of D-glucose — — 2.2 0.0044 2.2 0.00682
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The oxidative free radical theory of aging has been around
since the 1960s (Harman, 1956). We now know that oxidative
damage accumulates with aging (Davalli et al., 2016). Previous
studies have reported that age-related oxidative damage occurs in
interstitial cells and ovarian tissues and increases with aging (Lim
and Luderer, 2011). ROS plays a vital role in aging (Harman,
1956; Harman, 1972). The main source of ROS in cells is the
mitochondria. The paradox is that mitochondrial DNA lacks
protection from histones or DNA binding proteins and is
particularly vulnerable to ROS-mediated damage (Caston and
Demple, 2017). Thus, a vicious cycle arises between
mitochondrial dysfunction and ROS production, at the same
time, the oxidative stress caused by the increased production of
ROS due to mitochondrial respiratory dysfunction also has a
significant impact on follicle formation and development (Miquel
et al., 1980). We found increased level of ROS and, to some extent,
dysfunctional mitochondria in the aging ovaries. In our results of
Disease or Functions Annotation for the differential metabolites,
the mice in the old control group showed an increase in the

generation of ROS and a decrease of mitochondrial DNA copy
number compared to that of the young control group. We found
that SDG reduced ROS generation and increased mitochondrial
DNA copy number. These data are consistent with the effects of
SDG and its strong antioxidant activity (Rajesha et al., 2006;
Soleymani et al., 2020). Therefore, we believe that SDG acts as an
antioxidant to protect the aging ovaries.

Telomere is closely associated with aging which has been
verified by previous studies. Telomere shortening is associated
with reproductive senescence in mouse oocytes (Yamada-
Fukunaga et al., 2013), and they are also vulnerable to
oxidative damage (Smith, 2018; Coluzzi et al., 2019).
Furthermore, oxidative stress and telomere shortening are
exponentially related to somatic cell aging (Richter and
Zglinicki, 2007). Our results showed a shorter telomere length
in aging ovaries and an increased generation of ROS levels in the
metabolism analysis results, suggesting there may be a
relationship between these effects. We show that SDG
(70 mg/kg) can prevent telomere shortening.

FIGURE 5 | The related differential metabolites in each Disease or Functions Annotation by IPA in different groups. The comparisons of the Young and the Old (A),
the Old and the SDG-L (B), and the Old and the SDG-H (C) are shown. The disease states and biological functions are in the center; blue represents a decrease and
orange represents an increase. The metabolites in light green represent a quantitative decrease, while in pink represent an increase. The lines between the annotation
and the metabolites represent the predicted relationship. The line in blue leads to inhibition, the line in orange leads to activation, the line in yellow represents the
findings is inconsistent with the state of downstream molecule, and the line in grey represents the effect not predicted.
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In this study, we report that SDG can improve ovarian reserve
in the aging mouse model and is associated with oxidative stress.
After 8 weeks of SDG intervention, the number of secondary and
antral follicles increased, the expression level of FSHR improved,
and the nutrition and energy metabolism increased in the ovaries
of old mice compared to untreated old controls. In addition, SDG
prevents telomere shortening and reduction in mitochondrial
DNA copy number, and it decreased the generation of ROS, as
evidenced from the metabolism results. Our findings contribute
to the understanding that compounds with good free radical
scavenging ability accumulate in the ovarian tissue, and may have
the potential to benefit the ovary reserve. These findings will
provide new insight and stimulate further research into additional
candidate agents to combat ovarian aging.
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Low back pain, a common medical condition, could result in severe disability and inflict
huge economical and public health burden. Its pathogenesis is attributed to multiple
etiological factors, including intervertebral disc degeneration (IDD). Emerging evidence
suggests that circular RNAs (circRNAs), a major type of regulatory non-coding RNA, play
critical roles in cellular processes that are pertinent to IDD development, including nucleus
pulposus cell proliferation and apoptosis as well as extracellular matrix deposition.
Increasing number of translational studies also indicated that circRNAs could serve as
novel biomarkers for the diagnosis of IDD and/or predicting its clinical outcomes. Our
review aims to discuss the recent progress in the functions and mechanisms of newly
discovered IDD-related circRNAs.

Keywords: CircRNAs, lower back pain, ncRNAs, intervertebral disc degeneration, CircITCH

1 INTRODUCTION

Low back pain (LBP) is one of the most commonmedical conditions. It can cause severe incapacity at
the individual level and impact the workforce and the health care system at the societal level (Abbasi
et al., 2021; Aransay et al., 2020;Martín-Corrales et al., 2020). Much effort has been taken to study the
mechanism underlying the pathogenesis of LBP and to improve its treatment (Shi et al., 2020; Mera
et al., 2021; Umimura et al., 2021). The etiology of LBP involves multiple factors, among which
intervertebral disc degeneration (IDD) is a widely known cause (Abdollah et al., 2020; Ishitani et al.,
2020; Shi et al., 2020; Huang et al., 2021a; Zhang et al., 2021a; Liu et al., 2021). IDD is a chronic
process resulting in structural failure of the intervertebral disc, with accelerated or advanced signs of
aging. Etiologically, IDD may be hastened by co-morbidities (e.g., diabetes and obesity), certain
lifestyles (e.g., smoking, occupation, alcohol consumption), aging, and genetic predisposition (Tang
et al., 2020; Tsingas et al., 2020; Yang et al., 2021a; Baldia et al., 2021; Shao et al., 2021; Zhao et al.,
2021). The mainstay of treatment for IDD-related diseases is surgical intervention. Nucleus pulposus
(NP), which is a core structural component of the intervertebral disc, is consisted of extracellular
matrix (ECM) and NP cells (Jiang et al., 2019a; Bach et al., 2019; Kang et al., 2019; Ohnishi et al.,
2019; Hanaei et al., 2020). Deregulated functions of NP cells, such as aberrant cell apoptosis,
proliferation, and ECM degradation/synthesis, have been demonstrated to contribute to IDD
development (Li et al., 2020a; Li et al., 2020b; Gao et al., 2020; He et al., 2020; Zhao et al., 2021).

Circular RNAs (circRNAs) are a major type of non-coding regulatory RNAs that are produced by
non-canonical back-splicing events (Li et al., 2019a; Liu et al., 2020; Ma et al., 2020; Li et al., 2021a; Li
et al., 2021b). CircRNAs are known to modulate gene expression principally via sponging
microRNAs (miRNAs) (Li et al., 2020c; Pan et al., 2020; Ni et al., 2021). In addition, some
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circRNAs could mediate their biological functions through direct
interactions with proteins or inhibiting mature mRNA formation
(Tian et al., 2019; Tu et al., 2020; Li et al., 2021c). A minor subset
of circRNAs also harbor coding potential for translation into
protein through rolling circle amplification (Jiang et al., 2019b; Jin
et al., 2019; Long et al., 2020). Growing evidence suggests that
circRNAs play critical roles in different cellular processes
including cell proliferation, apoptosis, differentiation,
migration, and metabolism (Cai et al., 2018; Zhang et al.,
2018; Liang et al., 2019; Yu et al., 2019; Guo et al., 2020a; Li
et al., 2020d). A myriad of circRNAs have also been identified to
be deregulated in human diseases, such as cancers, cardiovascular
diseases, congenital diseases, and IDD (Chen et al., 2019; Pan
et al., 2019; Li et al., 2020c). Translational studies also indicate
that circRNAs could act as novel diagnostic and prognostic
biomarkers for early disease detection and predicting the
clinical outcomes of some diseases, including IDD (Liu et al.,
2019; Li et al., 2020e; Yang et al., 2021b; Guo et al., 2021).

We previously reviewed the involvement of circRNAs in NP cell
biology and IDD pathogenesis (Li et al., 2019b). Since then, more
than a dozen of circRNAs had been identified to be associated with
IDD. In the present work, we would like to summarize the functions
and mechanisms of these newly discovered IDD-related circRNAs
that have not been covered by our previous review. The potential
prognostic and therapeutic utilities of these newly identified
circRNAs in IDD will also been discussed.

2 COMMON APPROACHES FOR THE
IDENTIFICATION AND FUNCTIONAL
CHARACTERIZATION OF IDD-RELATED
CIRCRNAS

Transcriptome sequencing is the most widely used method for the
identification of disease-related circRNAs. Nevertheless, due to the
overlap with sequence of the linear RNA transcribed from the same
gene, additional processing workflows (e.g., linear RNA removal
through exonuclease digestion) and specific computational
algorithms (e.g., CIRI2, DCC, Sailfish-cir, CIRIquant) are
required to such back-spliced reads (Cheng et al., 2016; Li et al.,
2017; Gao et al., 2018; Zhang et al., 2020). Microarrays with probes
specifically targeting the back-splice sites have also been developed
for circRNA profiling (Li et al., 2019c) (29415187). Following the
initial discovery, the differential expression of circRNAs can be
confirmed by reverse transcription-quantitative PCR (RT-qPCR)
using divergent primers spanning the back-splice junction sequence
(Panda and Gorospe, 2018). In IDD studies, most commonly used
samples for differentially expressed circRNA discovery are
degenerative discs from IDD patients with normal discs from
cadaveric donors or those from patients suffering from vertebral
fracture as controls. Some investigators also profiled circRNAs in the
cartilage endplates. For functional characterization of the identified
circRNAs, gain-of-function (i.e., overexpression) and loss-of-
function (i.e., silencing with small interfering RNA) approaches
have been done in cultured NP cells or chondrocytes with or
without further validation in animal models of IDD.

3 FUNCTIONS AND MECHANISMS OF
ACTION OF NEWLY DISCOVERED
CIRCRNAS IN IDD
3.1 CircSNHG5
Like theNP cells, dysfunction of chondrocytes in the cartilage endplates
has been implicated in IDD. Zhang et al. (2021b) studied the functional
role of circSNHG5 in IDD-associated cartilage endplates. The authors
showed that circSNHG5 was downregulated in the degenerative
cartilage endplates as compared with healthy cartilage endplates.
Functionally, knockdown of circSNHG5 inhibited chondrocyte
proliferation and drove the degradation of collagen II and aggrecan.
Moreover, they showed that circSNHG5 sponged miR-495-3p
expression to derepress the downstream gene CITED2. Their data
suggested that deregulation of the circSNHG5/miR-495-3p/CITED2
axis contributes to IDD development.

3.2 CircARL15
The loss of balance between proliferation and apoptosis of NP cells
could contribute to NP cell loss during IDD. Wang et al. (2021)
showed that circARL15 was one of the most downregulated
circRNAs within the competing endogenous RNA (ceRNA)
network in IDD. CircARL15 level was decreased whereas miR-
431-5p level was increased in IDD samples, in which their expression
showed significant negative correlation with each other. Ectopic
expression of circARL15 enhanced NP cell proliferation and
suppressed NP cell apoptosis. Mechanistically, circARL15 was
shown to sponge miR-431-5p to disinhibit DISC1 to mediate its
protective effects on NP cells. These data suggested that the aberrant
downregulation of circARL15 contributes to IDD through
promoting NP cell death via the miR-431-5p/DISC1 pathway.

3.3 CircITCH
Aberrant degradation of disc ECM components, such as aggrecan
and type II collagen, is a hallmark of IDD. Zhang et al. (2021c)
studied the role of circITCH in the degradation of ECMduring IDD.
They found that circITCHwas overexpressed in the NP tissues from
IDD patients compared to the control NP samples. Overexpression
of circITCH suppressed NP cell proliferation and induced NP cell
apoptosis. Enforced expression of circITCH also shifted the balance
from ECM production to ECM degradation, characterized by
decreased aggrecan and collagen II expression and increased
MMP13 and ADAMTS4 expression. Mechanistically, circITCH
sponged miR-17-5p to derepress SOX4 that promoted the Wnt/
β-catenin signaling to accelerate ECM degradation in NP cells.
Accordingly, miR-17-5p inhibitor, SOX4 overexpression and LiCl
(a β-catenin/Wnt signaling activator) reversed ECM degradation
and apoptosis induced by circITCH knockdown. These data
suggested that circITCH induced ECM degradation through
inducing the Wnt/β-catenin pathway via the miR-17-5p/SOX4 axis.

3.4 circPKNOX1
Similar to SOX4, SOX9 plays a key role in regulating NP cell
function. Huang et al. (2021b) demonstrated that circPKNOX1
was downregulated in IDD cells as compared with control NP
cells. Importantly, enforced expression of circPKNOX1 increased the
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levels of SOX9, aggrecan and collagen II and suppressed the
expression of ECM-degrading enzymes, namely MMP13, MMP3,
ADAMTS-5, and ADAMTS4. Furthermore, circPKNOX1 sponged
miR-370-3p to restore the expression of KIAA0355. Their data
suggested that reduced expression of circPKNOX1 promotes IDD
development via promoting ECM degradation through the miR-
370-3p/KIAA0355 axis. Thus, these data demonstrated that miR-
370-3p may serve as a therapeutic target for IDD treatment.

3.5 Circ-FAM169A
The nuclear factor (NF)-κB-mediated signaling is an important pro-
inflammatory pathway. Li et al. (2021d) showed that circ-FAM169A
was overexpressed in degenerative NP samples compared to control
NP tissues. Overexpression of circ-FAM169A significantly increased
ECM degradation and inhibited ECM synthesis in NP cells.
Moreover, they found that circ-FAM169A sequestered miR-583
to restore BTRC expression, which is an inducer of the NF-κB
pathway. These data suggested that circ-FAM169Amay induce IDD
progression through miR-583/BTRC signaling. Concordantly, Li
et al. (2021d) found that circ-FAM169A was overexpressed
whereas miR-583 was downregulated in the degenerative NP
tissues, in which their expression showed significant negative
correlation with each other. They then reconstructed the circ-
FAM169A/miR-583/mRNA ceRNA network and suggested that
the circ-FAM169A/miR-583 pathway may play important roles
in regulating apoptosis and ECM metabolism of NP cells.
Furthermore, they showed that circ-FAM169A directly sponged
miR-583 to derepress SOX9. These two studies suggested that the
circ-FAM169A-miR-583 axis is involved in IDD pathogenesis.

3.6 CircGLCE
Chen et al. (2020) showed that circGLCE was localized in the
cytoplasm of NP cells and it was decreased in the IDD tissues.
Functionally, silencing of circGLCE was found to promote the
expression of ECM-degrading enzymes and induce apoptosis of
NP cells. Mechanistically, circGLCE sponged miR-587 expression
in NP cells to derepress STAP1. The protective effect of circGLCE

was also confirmed in vivo. Collectively, these data showed that
circGLCE could suppress IDD development through inhibiting
NP cell apoptosis and ECM degradation via targeting the miR-
587/STAP1 axis.

3.7 Circ_0059955
Like circITCH, circ_0059955 is another circRNA transcribed from
the host gene ITCH (Itchy E3 ubiquitin protein ligase). Kong et al.
(2020) demonstrated that circ_0059955 was significantly
downregulated in IDD samples. Knockdown of circ_0059955
suppressed ITCH expression and inhibited proliferation, induced
cell cycle arrest and promoted apoptosis of NP cells. Furthermore,
they demonstrated that enforced expression of circ_0059955
ameliorated IDD development in a rat model. These data
suggested that circ_0059955 could protect against IDD.

3.8 CircRNA_0000253
Exosomes are a major means for intercellular transfer of non-
coding RNAs. Song et al. (2020) identified circRNA_0000253 as
one of the most upregulated circRNAs in the exosomes released
from the degenerative NP cells. Functionally, circRNA_0000253
could promote IDD development via downregulating SIRT1 and
sponging miRNA-141-5p in vitro and in vivo. Their data
suggested that the aberrant upregulation of exosomal
circRNA_0000253 may contribute to IDD.

3.9 CircVMA21
XIAP (X linked inhibitor-of-apoptosis protein) is a potent inhibitor
of apoptosis by binding to caspases 3, 7, and 9. Cheng et al. (2018)
found that XIAPwas downregulated in the degenerative NP samples
and inflammatory cytokine-induced NP cells, where XIAP
downregulation was correlated with the deregulated balance
between ECM synthesis and degradation as well as excessive
apoptosis. miR-200c could undermine NP cell viability via
suppressing XIAP expression. circVMA21 was identified to
sponge miR-200c to promote NP cell function via derepressing
XIAP.Moreover, they demonstrated that circVMA21 alleviated IDD

FIGURE 1 | Newly identified differentially expressed circRNAs in IDD, including 10 downregulated and 11 upregulated circRNAs.
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in the rat model. Their data suggested that circVMA21 may
counteract inflammatory cytokine-induced imbalance between the
catabolism and anabolism of ECM and NP cell apoptosis via
regulating the miR-200c-XIAP axis.

3.10 Circ-GRB10
ERBB2 is a member of the human epidermal growth factor
receptor family that transduces mitogenic and pro-survival
signal. Guo et al. (2018) showed that circ-GRB10 was
decreased in NP samples from IDD patients as compared to
normal NP samples. Enforced expression of circ-GRB10
suppressed NP cell apoptosis. Mechanistically, circ-GRB10
targeted miR-328-5p to derepress ERBB2 to positively regulate
cell proliferation. Circ-GRB10 suppressed IDD development in
the rat model. Moreover, the upstream mechanism underlying
circ-GRB10 dysregulation was elucidated. Guo et al. (2020b)
found that FUS could promote circ-GBR10 biosynthesis in the
NP cells in which FUS expression was regulated by miR-141-3p.
Downregulation of ERBB2 was also found to suppress Erk1/2
phosphorylation that regulated miR-141-3p expression in NP
cells, highlighting FUS and miR-141-3p as important modulators
of circ-GRB10 synthesis. Their data suggested that circ-GRB10
could protect against IDD development and the downstream
miR-328-5p might serve as a potential therapeutic target for IDD.

3.11 Circ-TIMP2
The gene TIMP2 (Tissue Inhibitor Of Metalloproteinases 2)
encodes a protein that serves as a natural inhibitor of the
matrix metalloproteinases. Guo et al. (2020c) showed that circ-
TIMP2, also transcribed from TIMP2, was overexpressed in IDD
samples as compared to normal NP samples. Upregulation of
circ-TIMP2 inhibited ECM synthesis and induced ECM

degradation. In contrast, miR-185-5p suppressed ECM
degradation induced by interleukin (IL)-1β and tumor necrosis
factor (TNF)-α. Bioinformatic analysis showed that MMP2 was a
potential target of miR-185-5p. Consistently, MMP2 was
upregulated after exposure to IL-1β and TNF-α in NP cells,
which could be rescued by transfecting with miR-185-5p
mimic. Importantly, they demonstrated that circ-TIMP2
sponged miR-185-5p to induce ECM degradation. These data
suggested that circ-TIMP2 could promote ECM degradation
through the miR-185-5p/MMP2 signaling in NP cells.

3.12 circ_001653
Cui and Zhang (2020) showed that circ_001653 was upregulated
in the degenerative NP cells and samples compared to control
groups and was closely related to IDD severity. Overexpression of
circ_001653 promoted NP cell apoptosis and resulted in an
imbalance between catabolic and anabolic factors of ECM
whereas miR-486-3p enhanced NP cell viability by suppressing
CEMIP. Circ_001653 was found to sponge miR-486-3p to induce
CEMIP to contribute to NP cell death. In mice, knockdown of
circ_001653 alleviated IDD development. Their data suggested
that targeting circ_001653 may be a novel therapeutic strategy the
delay IDD development.

3.13 Circ-CIDN
Excessive mechanical loading can be transduced by NP cells.
Xiang et al. (2020) showed that circ-CIDN was decreased in the
compressed NP cells compared to control NP cells. Functionally,
enforced expression of circRNA-CIDN rescued compression-
induced NP cell apoptosis and ECM degradation. CircRNA-
CIDN was found to sponge miR-34a-5p that could promote
compression-induced damage via inhibiting SIRT1 expression.

FIGURE 2 | CircRNAs as regulators of NP cell proliferation through sponging microRNAs to derepress the downstream target genes.
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The protective effect of circ-CIDN against IDD was also
confirmed in the IDD model. Their data suggested that circ-
CIDN played an important role in mitigating mechanical
loading-induced NP cell damage through regulating the miR-
34a-5p/SIRT1 axis.

3.14 CircERCC2
Removal of damaged mitochondria through the autophagy
(i.e., mitophagy) is key to cell survival. Xie et al. (2019)
demonstrated that circERCC2 was one of the most
downregulated circRNAs in IDD. Knockdown of circERCC2
promoted miR-182-5p expression and suppressed SIRT1
expression in the degenerative NP samples and tert-Butyl
hydroperoxide (TBHP; oxidative stress inducer)-exposed NP cells,
in which knockdown of SIRT1 inhibited mitophagy and promoted
apoptosis. Moreover, miR-182-5p was found to regulate the
mitophagy and NP cell apoptosis by targeting SIRT1. The

protective effects of circERCC2 on NP cells and IDD rat model
were mediated by the miR-182-5p/SIRT1 axis. This study indicated
circERCC2 could ameliorate IDDvia spongingmiR-182 to derepress
SIRT1 for activating mitophagy and inhibiting NP cell apoptosis.
Restoring circERCC2 expression might be a potential therapeutic
approach for IDD.

3.15 CircSEMA4B
Aberrant Wnt signaling is linked to IDD. Wang et al. (2018a)
showed that circSEMA4B was decreased in the IDD samples
compared to control tissues. Overexpression of circSEMA4B
attenuated the effect of IL-1β on NP cell senescence,
proliferation, and aggrecan degradation through the Wnt
signaling in IDD. CircSEMA4B was found to sponge miR-431
to disinhibit GSK-3β and SFRP1. The effect of circSEMA4B
inhibition on NP cells was partially rescued by the inhibition
of miR-431. These findings suggested that circSEMA4B could

FIGURE 3 | CircRNAs as regulators of ECM remodelling in the NP cells via sponging microRNAs to derepress the downstream target genes.

Frontiers in Molecular Biosciences | www.frontiersin.org January 2022 | Volume 8 | Article 7814245

Xu et al. CircularRNAs in Intervertebral Disc Degeneration

251

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


suppressing IL-1β-induced degeneration via Wnt signaling in
NP cells.

3.16 CircRNA_104670
Increased MMP2 activity has been reported in IDD (Rutges et al.,
2008). Song et al. (2018) demonstrated that circRNA_104670 was
upregulated in IDD NP tissues compared to normal tissues.
circRNA_104670 and its downstream target could distinguish
IDD from healthy NP with an area under the receiver-operating
characteristic curve of 0.96 and 0.91, respectively. In additional, there
are significant positive and negative correlation of Pfirrmann disc
grade with the expression of circRNA_104670 and miR-17-3p,
respectively. Functionally, knockdown of circRNA_104670

inhibited NP cell apoptosis and reduced MMP2 expression
accompanied by enhanced ECM formation. CircRNA_104670
inhibition in mice also resulted in lower IDD grade, whereas
miRNA-17-3p inhibition or circRNA_104670 overexpression in
mice led to higher IDD grade. These data suggested that
circRNA_104670 could serve as a prognostic marker and a
therapeutic target in IDD.

3.17 Circ-4099
Aside from functioning as pathogenic mediators, differential
expression of circRNAs could serve as an autoprotective
mechanism. Wang et al. (2018b) demonstrated that circ-4099 was
upregulated in the degenerated NP samples. Interestingly, enforced

FIGURE 4 | Crucial roles of circRNAs in IDD development.
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expression of circ-4099 induced aggrecan and collagen II expression
and suppressed the release of pro-inflammatory factors, including
prostaglandin E2, TNF-α and IL-1β. Upstream, TNF-α increased the
level of circ-4099 in NP cells via upregulating GRP78, in which
MAPK/NF-κB shRNAs or inhibitors abolished the induction of circ-
4099 by TNF-α. Downstream, circ-4099 sponged miR-616-5p to
derepress SOX9. These results suggested that circ-4099 acted as an
autoprotective circRNA in IDD development.

3.18 circ_0075062
Insufficient supply of nutrition to NP cells has been implicated in
IDD pathogenesis (De Geer, 2018). Chang et al. (2021) showed
that circ_0075062 was overexpressed in the IDD NP samples and
glucose-deprived NP cells. Using RNase tolerance assay coupled
with sequencing, they found that circ_0075062 was confirmed to
be a circular transcript. Knockdown of circ_0075062 alleviated
ECM degradation in glucose-deprived NP cells. These results
suggested that circ_0075062 may be a target for IDD.

4 CONCLUSION

IDD is contributed by deregulated NP cell functions, including
aberrant apoptosis, proliferation, and ECM degradation/

synthesis. Emerging studies have pointed to the involvement
of non-coding RNAs, including miRNAs, long non-coding
RNAs and circRNAs (Figures 1, 2, 3 and 4; Table 1), in IDD
through their extensive crosstalk with NP cell function-related
signaling pathways, such as Wnt and NF-κB signaling.
Transcription regulators/factors, such as CITED2, SIRT1, and
SOX4/9, also appeared to be heavily deregulated by circRNA-
miRNA networks in IDD. To date, the upstream mechanism
mediating the deregulation of most circRNAs in NP cells and
their relationship with IDD risk factors, including mechanical
loading, aging, smoking and genetic predisposition, remain
largely unknown. Moreover, reports on deregulated circRNAs
in other cell types pertinent to IDD, such as cartilage endplate
chondrocytes, are scarce. For clinical translation, although some
tissue circRNAs were shown to be able to discriminate IDD
samples from healthy tissues, the use of circulating circRNAs as
diagnostic markers have not been reported. Future research
efforts should therefore be put forward to large-scale screening
and validation of diagnosis/prognosis-related circulating IDD-
related circRNAs. As therapeutic targets, upregulated circRNAs
of pathogenic significance might be inhibited by RNA
interference or antisense oligos. Disinhibited miRNAs
downstream to downregulated circRNAs might also be
targeted to achieve therapeutic effect. Nevertheless, tissue- or

TABLE 1 | Dysregulated circRNAs in intervertebral disc degeneration

Name Dysregulation Sponge target Function Related gene Role Reference

CircSNHG5 Downregulated miR-495-3p Proliferation CITED2 Protective Zhang et al. (2021b)
ECM

circARL15 Downregulated miR-431-5p Proliferation apoptosis DISC1 Protective Wang et al. (2021)
circITCH Upregulated miR-17-5p Apoptosis SOX4 Harmfulness Zhang et al. (2021c)

ECM Wnt/β-catenin
Proliferation

circPKNOX1 Downregulated miR-370-3p ECM KIAA0355 Protective Huang et al. (2021b)
circ-FAM169A Upregulated miR-583 ECM BTRC Harmfulness Li et al. (2021d)

NF-κB
CircGLCE Downregulated miR-587 ECM apoptosis STAP1 Protective Chen et al. (2020)
circ_0059955 Downregulated Cycle apoptosis ITCH Protective Kong et al. (2020)

ECM
circRNA_0000253 Upregulated miRNA-141-5p Proliferation SIRT1 Harmfulness Song et al. (2020)
circVMA21 Downregulated miR-200c Proliferation XIAP Protective Cheng et al. (2018)

Apoptosis
ECM

circ-GRB10 Downregulated miR-328-5p Apoptosis ERBB2 Protective Guo et al. (2018)
Proliferation ErbB

circ-GRB10 Downregulated miR-141-3p Apoptosis Erk1/2 Protective Guo et al. (2020b)
circ-TIMP2 Upregulated miR-185-5p ECM MMP2 Harmfulness Guo et al. (2020c)
circ-FAM169A Upregulated miR-583 ECM BTRC Harmfulness Guo et al. (2020d)
circ_001653 Upregulated miR-486-3p ECM CEMIP Harmfulness Cui and Zhang (2020)

Proliferation
Migration apoptosis

circRNA-CIDN Downregulated miR-34a-5p Apoptosis ECM SIRT1 Protective Xiang et al. (2020)
circERCC2 Upregulated miR-182-5p Apoptosis mitophagy SIRT1 Harmfulness Xie et al. (2019)
circSEMA4B Downregulated miR-431 Senescence proliferation SFRP1 Protective Wang et al. (2018a)

ECM GSK-3β
Wnt

circRNA_104670 Downregulated miR-17-3p ECM MMP-2 Protective Rutges et al. (2008)
circ-4099 Upregulated miR-616-5p Inflammatory factors secretion MAPK/NF-κB Harmfulness Song et al. (2018)

ECM
circ_0075062 Upregulated ECM Harmfulness Wang et al. (2018b)
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cell type-specific delivery of RNA-targeting agents remains
technically challenging. In this connection, NP cell-targeting
approaches, for instance with nanoparticles, are urgently
needed. With these, it is hopeful that novel circRNA-based
therapeutics and biomarkers will emerge to improve the
clinical management of IDD.
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Objective: Aging is the major risk factor for human cancers, including rectal cancer.
Targeting the aging process provides broad-spectrum protection against cancers. Here,
we investigate the clinical implications of aging-related genes in rectal cancer.

Methods: Dysregulated aging-related genes were screened in rectal cancer from TCGA
project. A LASSO prognostic model was conducted, and the predictive performance was
evaluated and externally verified in the GEO data set. Associations of themodel with tumor-
infiltrating immune cells, immune and stromal score, HLA and immune checkpoints, and
response to chemotherapeutic agents were analyzed across rectal cancer. Biological
processes underlying the model were investigated through GSVA and GSEA methods.
Doxorubicin (DOX)-induced or replicative senescent stromal cells were constructed, and
AGTR1 was silenced in HUVECs. After coculture with conditioned medium of HUVECs,
rectal cancer cell growth and invasion were investigated.

Results: An aging-related model was established, consisting of KL, BRCA1, CLU, and
AGTR1, which can stratify high- and low-risk patients in terms of overall survival, disease-
free survival, and progression-free interval. ROC and Cox regression analyses confirmed
that the model was a robust and independent predictor. Furthermore, it was in relation to
tumor immunity and stromal activation as well as predicted the responses to gemcitabine
and sunitinib. AGTR1 knockdown ameliorated stromal cell senescence and suppressed
senescent stromal cell-triggered rectal cancer progression.
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Conclusion: Our findings suggest that the aging-related gene signature was in relation to
tumor immunity and stromal activation in rectal cancer, which might predict survival
outcomes and immuno- and chemotherapy benefits.

Keywords: aging, rectal cancer, prognosis, immunotherapy, tumor microenvironment, chemotherapy

INTRODUCTION

Rectal cancer represents a common malignancy of the
gastrointestinal tract that occurs in the lower part of the
colon (Zhang et al., 2014). Approximately 15%–20% of
patients with locally advanced rectal cancer have distant
relapse despite all the therapeutic advances (Meng et al.,
2020). Whether diagnosed as locally advanced or lymph
node positive at any stage, the standard-of-care treatment
is neoadjuvant chemotherapy as well as concomitant
radiotherapy, followed by an operation (Tato-Costa et al.,
2016). About 9%–20% of patients with locally advanced rectal
cancer exhibit a pathological complete response to
neoadjuvant radiochemotherapy, but 20%–40% of patients
have almost no response (Kamran et al., 2019). Rectal cancer
has the features of heterogeneous molecular subtypes and a
variable clinical course as well as clinical outcomes
(Sirinukunwattana et al., 2021). Molecular stratification is
critical for forming homogeneous subgroups for personalized
therapy and prognosis.

Aging presents the characteristics of gradual loss of physiological
integrity, inducing damaged functions as well as increased risk of
death (López-Otín et al., 2013). The deterioration acts as themain risk
factor for human diseases, especially cancer (Calcinotto et al., 2019).
Aging hallmarks are primarily classified into three types: 1) primary or
the causes of aging-related injury, 2) antagonistic or the response to
the injury, and 3) integrative or the results of the response as well as
culprits of the aging phenotypes (McHugh and Gil, 2018). Identifying
aging hallmarks may assist in conceptualizing aging studies as well as
hinting at the tantalizing prospect for delaying aging-relevant
malignancies through targeting the aging processes. It is of
importance to identify pharmaceutical targets against cancer
during aging with minimal side effects. Aging-related genes exert
important roles in modulating cellular senescence, not only inhibiting
tumors through regulating tumor cell senescence, but also promoting
progression and undesirable prognosis of tumors (Yang et al., 2020).
Nevertheless, there is a lack of evidence about the relationships of
aging-related genes with the prognosis and immunity of rectal cancer.
The Human Ageing Genomic Resources (HAGR) project provides
the robust set of aging-specific genes through integrated analyses of
the biology and genetics of aging process (Tacutu et al., 2018). This
study evaluated the prognostic implication of aging-related genes and
their associations with the tumor microenvironment in rectal cancer.

MATERIALS AND METHODS

Data Acquisition and Preprocessing
Public gene-expression data as well as complete clinical
annotation were searched from the Cancer Genome Atlas

(TCGA; https://tcga-data.nci.nih.gov/tcga) and the Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/
gds/) repository. Inclusion criteria were as follows: 1)
histologically diagnosed with rectal cancer, 2) available RNA
expression profiles, 3) complete follow-up information. Patients
who had inactive follow-up were excluded. RNA sequencing
(FPKM value) and survival data of 160 rectal cancer patients
were curated from TCGA with the Genomic Data Commons
website (https://portal.gdc.cancer.gov/repository) utilizing the
TCGAbiolinks package on July 29, 2021 (Colaprico et al., 2016),
as the discovery set. FPKM value was transformed into TPM
format. Meanwhile, 342 rectal cancer patients were included
from the GSE87211 data set (Hu et al., 2018) as the testing set.
For the microarray profiling on the Agilent platform, the
normalized matrix file was downloaded from the GEO
repository, which was compatible with the TCGA data set.
To ensure the two data sets as normal a distribution as
possible as well as the compatibility of the data, the TPM-
converted RNA-seq data and the microarray data that were
preprocessed by RMA were both converted by log2 and then
normalized using the scale method in the limma package. The
clinical characteristics of rectal cancer patients in the TCGA and
GSE87211 data sets are separately listed in Supplementary
Tables S1, S2. In total, 307 aging-related genes were
retrieved from the HAGR (https://genomics.senescence.info/),
listed in Supplementary Table S3.

Differential Expression Analysis and
Functional Enrichment Analysis
Differential expression analysis of aging-related genes was
conducted through comparison of normal and rectal cancer
specimens utilizing the limma package (version 3.44.1)
(Ritchie et al., 2015). The cutoff values of differentially
expressed genes (DEGs) were as follows: |fold change (FC)|
>1.5 and false discovery rate (FDR) <0.01. P-value was
corrected with the Benjamini & Hochberg (BH) method. A
heat map was depicted with the pheatmap package (version
1.12.0). Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis of DEGs
was carried out for revealing the biological functions and
pathways utilizing clusterProfiler (version 3.17.0) and
enrichplot packages (version 1.8.1) (Yu et al., 2012).

Establishment of a Least Absolute
Shrinkage and Selection Operator (LASSO)
Cox Regression Model
For minimizing the risk of overfitting, the LASSO Cox regression
model was employed for constructing a prognostic model based
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on dysregulated aging-related genes. The LASSO algorithm was
utilized for variable selection as well as shrinkage via the glmnet
package (Engebretsen and Bohlin, 2019). The penalty parameter
(λ) that corresponds to the minimum partial likelihood deviance
was identified through tenfold cross-verification in line with the
minimum criteria. The risk score of each patient was calculated
on the basis of the normalized expression of variables and their
regression coefficients. The optimal cutoff value was determined
utilizing survminer and survival packages as well as patients being
separated into high- and low-risk groups. Kaplan–Meier curves of

overall survival (OS), disease-free survival (DFS), and
progression-free interval (PFI) analyses were presented
between two groups in the discovery set, which were
compared via log-rank tests. Time-dependent receiver operator
characteristic (ROC) curves were conducted for evaluating
predictive power of the prognostic model utilizing the
survivalROC package (version 1.0.3). The testing set was
employed for externally verifying the performance of the
model in prediction of survival outcomes. The C-index of the
aging-related gene model was calculated and compared with the

TABLE 1 | Differentially expressed aging-related genes in rectal cancer.

Gene Normal mean Tumor mean logFC P-value FDR

SST 5.291386 0.611638 −3.1129 1.21E-07 8.55E-06
GHR 2.261302 0.529536 −2.09435 2.89E-07 8.55E-06
ADCY5 2.28577 0.583306 −1.97036 4.93E-07 8.55E-06
NR3C1 2.92778 1.17025 −1.32299 3.66E-07 8.55E-06
BCL2 2.18458 0.913904 −1.25724 3.91E-07 8.55E-06
CDKN2B 4.346567 2.027179 −1.1004 3.09E-07 8.55E-06
FAS 3.744046 2.046475 −0.87146 4.77E-07 8.55E-06
MT1E 7.348482 4.050582 −0.85932 2.70E-07 8.55E-06
RAE1 2.431015 3.743455 0.622812 1.46E-07 8.55E-06
PYCR1 3.510742 5.467207 0.639028 2.89E-07 8.55E-06
VEGFA 2.217516 3.777256 0.768394 4.04E-07 8.55E-06
E2F1 2.285757 3.923648 0.779524 3.31E-07 8.55E-06
RECQL4 1.624488 3.596862 1.146754 4.18E-07 8.55E-06
SOCS2 2.275753 1.251213 −0.86302 5.82E-07 8.90E-06
PPARGC1A 2.189429 0.87022 −1.3311 1.27E-06 1.57E-05
SNCG 2.906813 1.168448 −1.31484 1.49E-06 1.76E-05
AGTR1 1.907258 0.272117 −2.8092 2.11E-06 1.96E-05
KCNA3 0.85956 0.25018 −1.78063 1.80E-06 1.96E-05
CLU 5.685867 2.911547 −0.96559 2.11E-06 1.96E-05
BRCA2 0.428297 1.205366 1.492786 2.11E-06 1.96E-05
PLAU 2.648905 4.337372 0.711425 2.88E-06 2.49E-05
MXD1 4.794588 3.154305 −0.60408 3.80E-06 3.08E-05
UCHL1 3.310661 1.250929 −1.40412 5.81E-06 4.08E-05
LEPR 1.517166 0.624065 −1.28161 6.17E-06 4.22E-05
PCK1 5.397511 2.627154 −1.03879 6.75E-06 4.38E-05
KL 1.060475 0.356252 −1.57374 7.60E-06 4.71E-05
EFEMP1 4.677153 2.769171 −0.75618 7.83E-06 4.73E-05
S100B 3.526386 1.280192 −1.46183 9.35E-06 5.40E-05
CDKN2A 0.372944 1.381823 1.889541 1.08E-05 6.12E-05
PDGFRA 3.155919 1.946584 −0.69712 1.77E-05 9.21E-05
FOXM1 2.499946 3.763778 0.590,285 1.82E-05 9.29E-05
PLCG2 1.558625 0.708668 −1.13709 2.22E-05 0.000107
HELLS 0.935051 1.710483 0.871287 2.16E-05 0.000107
NGFR 1.641489 0.619482 −1.40587 4.11E-05 0.000175
TERT 0.17766 0.63769 1.843736 7.85E-05 0.000305
BRCA1 1.308927 1.99851 0.61054 8.50E-05 0.000325
RET 1.060753 0.450442 −1.23567 9.20E-05 0.000337
TP73 0.229904 0.676393 1.556833 0.000215 0.000665
BLM 0.995986 1.584562 0.669886 0.000256 0.000747
FGFR1 2.800322 1.673316 −0.74288 0.000296 0.000811
NRG1 0.699304 0.326287 −1.09978 0.000458 0.001204
EGF 0.626976 0.343338 −0.86878 0.000637 0.001609
SERPINE1 1.801445 3.299017 0.872881 0.001207 0.002828
DLL3 0.052596 0.32155 2.61203 0.00229 0.005133
NGF 0.769865 0.353042 −1.12477 0.002414 0.005365
TFAP2A 0.152011 0.511589 1.750806 0.003165 0.006745
CTF1 1.599103 0.895457 −0.83657 0.00323 0.006774
RGN 0.861205 0.552279 −0.64096 0.004647 0.009223
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FIGURE 1 | Expression pattern and biological function of aging-related genes in rectal cancer. Differentially expressed aging-related genes were identified between
rectal cancer and normal specimens in the TCGA cohort with the cutoff values of |FC| > 1.5 and FDR <0.01. (A, B) Volcano and heat map visualized upregulated and
downregulated aging-related genes in rectal cancer (T) than normal (N) specimens. Red means upregulated genes, blue means downregulated genes, and gray means
nonsignificant genes. (C–E) Biological processes, molecular functions, and cellular components of dysregulated aging-related genes. (F) KEGG pathways
enriched by dysregulated aging-related genes.
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existing gen models including Chen et al. signature (Chen et al.,
2021) and Huang et al. signature (Huang et al., 2021).

Uni- and Multivariate Cox Regression
Analysis
Through univariate Cox regression analysis, the associations of age,
gender, stage, T, N, M, and risk score with rectal cancer prognosis
were analyzed in the discovery set. The predictive independency of

these variables was estimated with multivariate Cox regression
analysis. Forest plots were conducted for showing hazard ratio
(HR), 95% confidence interval (CI), and p-value utilizing
forestplot package (version 2.0.0).

Nomogram Construction
Independent prognostic factors were included for building
nomograms using the rms package (version 6.2–0) in the

FIGURE 2 | Establishment and external verification of an aging-related gene model for rectal cancer prognosis. (A) Partial likelihood deviance corresponding to
different lambda values. (B) LASSO coefficient profiles. (C) ROC curves at 5-year survival in the discovery set. (D–F) Kaplan–Meier curves of OS, DSS, and PFI in high-
and low-risk patients in the discovery set. (G, H) ROC curves at 5-year survival as well as OS analysis for rectal cancer patients in the testing set. (I) Comparison of the
C-index among the aging-related gene model and existing gene models (Chen et al. signature and Huang et al. signature).
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FIGURE 3 | Aging-related gene model as an independent risk factor of rectal cancer in the discovery set. (A, B) Uni- and multivariate Cox regression models for
investigating the associations of the aging-related gene model and conventional clinical factors with rectal cancer prognosis. (C) The prognostic nomogram containing
KL, BRCA1, CLU, and AGTR1. (D) The prognostic nomogram that includes independent risk factors. (E–G) Calibration curves for the associations between actual and
nomogram-estimated probabilities of 1-, 3- and 5-year survival. (H) The C-index values of the aging-related gene model and the prognostic nomogram.
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discovery set. Calibration curves were built for comparison of
the actual with the nomogram-predicted 1-, 3-, and 5-year
survival. Additionally, the C-index of the prognostic
nomogram was calculated for evaluating the predictive
efficacy.

Estimation of Tumor Microenvironment Cell
Infiltration
The single-sample gene-set enrichment analysis (ssGSEA)
algorithm was applied for quantifying the abundance of
immune cells across rectal cancer specimens (Hänzelmann
et al., 2013). The gene set for marker genes was curated from a
study of Charoentong et al. (Barbie et al., 2009; Charoentong
et al., 2017). The enrichment score was calculated for
representing the relative abundance of each tumor-
infiltrating cell.

Quantification of Immune Response
Predictors
Utilizing the Estimation of Stromal and Immune Cells in
Malignant Tumors using Expression Data (ESTIMATE)
algorithm (Yoshihara et al., 2013), immune and stromal
scores were calculated for predicting the infiltration levels

of immune and stromal cells as well as tumor purity. The
expression of human leukocyte antigen (HLA) and immune
checkpoints were determined in each specimen.

Estimation of Known Biological Processes
The gene sets of CD8 T effector, DNA damage repair, Pan-F-
TBRS, antigen processing machinery, immune checkpoint,
epithelial-mesenchymal transition (EMT) 1-3, FGFR3-
related genes, KEGG discovered histones, angiogenesis,
Fanconi anemia, cell cycle, DNA replication, nucleotide
excision repair, homologous recombination, mismatch
repair, WNT target, and cell cycle regulators were curated
from previous studies (Rosenberg et al., 2016; Şenbabaoğlu
et al., 2016; Mariathasan et al., 2018). The enrichment score
of the above biological processes was estimated with ssGSEA
method.

Gene Set Enrichment Analysis
GSEA was presented through comparison of high- and low-
risk samples (Subramanian et al., 2005). C2: curated gene sets,
CP: canonical pathways and KEGG: KEGG gene sets were
collected from the Molecular Signatures Database (version
7.4) as the reference set (Liberzon et al., 2015). The cutoff
values were as follows: |nominal enrichment score (NES)| > 2
and FDR <0.05.

FIGURE 4 | Association of aging-related gene signature with the tumor immune microenvironment of rectal cancer in the discovery set. (A) Comparison of the
abundance of tumor-infiltrating lymphocytes in high- and low-risk subgroups. (B) Comparison of stromal score, immune score, and tumor purity in high- and low-risk
subgroups. (C) Distribution of HLA gene expression in high- and low-risk specimens. (D) Distribution of immune checkpoint expression in high- and low-risk specimens.
Ns: not significant; *p < .05; **p < .01; ***p < .001.
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Genetic Mutation and Methylation Analysis
Somatic copy-number alterations (CNAs) and methylation levels
of BRCA1, CLU, and AGTR1 were retrieved from the cBioPortal
(https://www.cbioportal.org/) (Gao et al., 2013). Associations of
BRCA1, CLU, and AGTR1 expression with CNA values or
methylation levels were estimated in rectal cancer with
Spearman correlation analysis.

Estimation of Chemotherapy Drug
Response
By the Genomics of Drug Sensitivity in Cancer (GDSC) project
(www.cancerRxgene.org) (Yang et al., 2013), the IC50 values of

chemotherapy drugs (gemcitabine and sunitinib) were collected
and determined with the pRRophetic package (Geeleher et al.,
2014).

Screening Small Molecule Drugs
DEGs between high- and low-risk groups were screened
under the cutoff values of |FC| > 1.5 and FDR <0.05. The
gene sets of upregulated and downregulated tags were
separately uploaded onto the Connectivity map (CMap;
http://portals.broadinstitute.org/cmap/) project (Lamb
et al., 2006). Candidate small molecular agents were
screened in line with |enrichment| >0.8 as well as
permutation p < 0.05. CMap mode-of-action (MoA)

FIGURE 5 | Association of aging-related gene signature with stromal activation in the discovery set. (A) Comparisons of the activation of known biological
processes in high- and low-risk patients. (B) GSEA results for KEGG pathways associated with aging-related gene signature. Ns: not significant; *p < .05; **p < .01;
***p < .001.
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FIGURE 6 | Prediction of chemotherapy benefit and small molecular agents based on the aging-related gene model. (A, B) Comparison of IC50 value of
gemcitabine and sunitinib in high- and low-risk subgroups. (C) Shared molecular mechanisms among small molecular agents via MoA.
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analysis was utilized for exploring shared mechanisms of
action among small molecular agents.

Cell Culture
Human umbilical vein endothelial cells (HUVECs; American
Type Culture Collection) were grown in RPMI 1640 medium
(Gibco, United States) containing 10% fetal bovine serum (FBS;
Gibco, United States) as well as antibiotics (1%
penicillin–streptomycin). Human rectal cancer cell lines
SW837 and SW1463 (American Type Culture Collection,
United States) were maintained in Dulbecco’s modified Eagle
medium (DMEM) plus 10% FBS as well as 1%
penicillin–streptomycin. All cells were cultured at 37°C in an
incubator with 5% CO2.

Inducing Cell Senescence
For inducing replicative senescence, HUVECs were passaged
when morphological signs of senescence appeared as growth
stopped. For doxorubicin (DOX; Sigma, United States)-
induced senescence, HUVECs were maintained with 50 nM
DOX in RPMI 1640 medium lasting 72 h. Afterward,
HUVECs were washed by PBS as well as left lasting 3 days
before usage. Parental HUVECs with population doubling

levels (PDL) 40–50 <20% senescent cells were utilized as a no-
senescent control.

Transfection and Conditioned Medium
Collection
AGTR1 small interfering (siAGTR1) was transfected into
HUVECs utilizing Lipofectamine® 2000 transfection
reagent (Invitrogen, United States). HUVECs were seeded
onto a six-well plate (1×105 cells/well) as well as maintained
at 37°C lasting 24 h. Afterward, 1.5 ml medium that did not
contain serum was added to each well with a mixture of
100 pmol siAGTR1 and Lipofectamine® 2000 to incubate
lasting 4 h at 37°C. The siRNA sequence is as follows:
siAGTR1#1: 5′-GCAGTAGCCAGCAATTTGA-3′,
siAGTR1#2: 5′-ATAAGAAGGTTCAGATCCA-3’.
Following 48 h of transfection, HUVECs were harvested.
For preparing the conditioned medium, senescent cells,
nonsenescent cells, or cells with siAGTR1 pretransfection
were incubated with medium lasting 72 h. The culture
medium was collected as well as centrifuged, lasting 5 min.
The supernatant was obtained and stored at −80°C prior to
usage. SW837 and SW1463 cells were seeded onto a 96-well

TABLE 2 | Potential small molecular agents against rectal cancer by CMap analysis.

CMap name Mean n Enrichment P-value Specificity Percent non-null

menadione 0.897 2 0.992 0.00004 0.0089 100
GW-8510 0.842 4 0.954 0 0.0663 100
MS-275 0.783 2 0.939 0.00718 0.0996 100
quinostatin 0.778 2 0.922 0.01217 0.1437 100
8-azaguanine 0.841 4 0.92 0.00004 0.0118 100
trazodone 0.756 3 0.919 0.00112 0.0149 100
irinotecan 0.777 3 0.916 0.00118 0.1409 100
sanguinarine 0.825 2 0.914 0.01481 0.125 100
chrysin 0.775 3 0.904 0.00182 0.0088 100
0175029-0000 0.796 6 0.902 0 0.0177 100
piperlongumine 0.768 2 0.898 0.02163 0.1234 100
camptothecin 0.851 3 0.893 0.00238 0.183 100
rottlerin 0.719 3 0.887 0.00292 0.0933 100
5248896 0.727 2 0.883 0.02801 0.0375 100
DL-thiorphan 0.74 2 0.876 0.03074 0.1103 100
thioguanosine 0.835 4 0.865 0.00044 0.0177 100
phenoxybenzamine 0.777 4 0.863 0.00046 0.2277 100
apigenin 0.799 4 0.823 0.00167 0.0703 100
bepridil 0.692 4 0.816 0.00217 0.0389 100
alsterpaullone 0.759 3 0.814 0.01288 0.1337 100
azacitidine 0.739 3 0.811 0.01366 0.1058 100
isoflupredone −0.787 3 −0.898 0.002 0.0833 100
Nadolol −0.668 4 −0.877 0.00052 0 100
vigabatrin −0.651 3 −0.877 0.00379 0.007 100
viomycin −0.672 4 −0.876 0.00052 0.0432 100
adiphenine −0.763 5 −0.867 0.00008 0.0323 100
Prestwick-1082 −0.652 3 −0.851 0.00655 0.0902 100
heptaminol −0.666 5 −0.842 0.00026 0.0137 100
3-acetamidocoumarin −0.678 4 −0.84 0.00117 0.0195 100
Prestwick-983 −0.626 3 −0.839 0.00837 0.0206 100
cinchonine −0.596 4 −0.832 0.00145 0.0185 100
chenodeoxycholic acid −0.638 4 −0.826 0.00177 0.0385 100
podophyllotoxin −0.687 4 −0.822 0.00189 0.0588 100
trihexyphenidyl −0.643 3 −0.807 0.0144 0.0376 100
atractyloside −0.665 5 −0.806 0.00064 0.0076 100
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plate (3 × 103 cells/well). Afterward, the cells were treated
with conditioned medium lasting 48 h.

Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR)
Total RNA was extracted from HUVECs with TRIzol® reagent
(Invitrogen, United States), followed by being reverse transcribed

into cDNA. Afterward, qPCR was carried out utilizing SYBR-
Green Master Mix (Invitrogen, United States) as well as 7500 Fast
RT-PCR system (Invitrogen, United States). The following
primers were used for qPCR: AGTR1: 5′-ATTTAGCACTGG
CTGACTTATGC-3′, 5′-CAGCGGTATTCCATAGCTGTG-3’;
p53: 5′-CAGCACATGACGGAGGTTGT-3′, 5′-TCATCCAAA
TACTCCACACGC-3’; p21: 5′-TGTCCGTCAGAACCCATGC-
3′, 5′-AAAGTCGAAGTTCCATCGCTC-3’; GAPDH: 5′-ACA

FIGURE 7 | Analysis of CNAs and methylation levels of BRCA1, CLU, AGTR1, and KL across rectal cancer through cBioPortal. (A) Landscape of mutation types in
BRCA1, CLU, AGTR1, and KL across rectal cancer. (B–E) Spearman correlation of BRCA1, CLU, AGTR1, and KL expression with their corresponding CNA values in
rectal cancer. (F–I) Spearman correlation of BRCA1, CLU, AGTR1, and KL expression with their corresponding methylation levels in rectal cancer.
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ACTTTGGTATCGTGGAAGG-3′, 5′-GCCATCACGCCACAG
TTTC-3’. The mRNA expression was quantified with 2−ΔΔCq

method as well as normalized by an internal reference gene
GAPDH.

Western Blot
Total protein was extracted from HUVECs with RIPA lysis
buffer (Thermo Fisher Scientific, United States), which was
quantified utilizing a BCA kit. Then, 40 µg protein was loaded
and separated through 12% SDS-PAGE as well as transferred
onto PVDF membrane (Millipore, United States). The
membrane was blocked by 5% bovine serum albumin
lasting 1 h at room temperature. Afterward, the membrane
was incubated by AGTR1 (1/2000; ab124734; Abcam,
United States), p53 (1/10,000; ab32389; Abcam,
United States), p21 (1/1,000; ab188224; Abcam,
United States) and GAPDH (1/2000; ab8245; Abcam,
United States) overnight at 4°C as well as horseradish
peroxide-conjugated secondary antibody (1/2000; ab7090;
Abcam, United States) lasting 2 h at room temperature. A
protein band was visualized with enhanced
chemiluminescence reagent (Beyotime, China). Protein
expression was quantified with ImageJ software with
GAPDH as a loading control.

Colony Formation Assay
SW837 and SW1463 cells were seeded in a six-well plate
(1,000 cells/well). Under incubation at 37°C lasting 2 weeks,

cells were fixed by 4% paraformaldehyde at room temperature
lasting 15 min as well as stained by 0.5% crystal violet at room
temperature lasting 10 min. Colonies with >50 cells were
calculated utilizing a light microscope.

Wound-Healing Assay
SW837 and SW1463 cells were seeded in a six-well plate (1×105/
well). When cells were confluent, a monolayer was scraped off
utilizing a sterile pipette tip.Wound distance was investigated at 0
and 48 h with a light microscope (magnification, ×200).

Transwell Assay
Transwell chambers (8 µM) coated with Matrigel (BD,
United States) were applied for invasion detection. SW837 and
SW1463 cells were seeded onto the upper chamber with serum-
free medium (1×104/well). Meanwhile, DMEM plus 10% FBS was
added to the bottom chamber. After culturing lasting 24 h,
invaded cells were fixed by 95% ethanol lasting 15 min at
room temperature. Crystal violet solution was added to each
chamber lasting 10 min at room temperature. The cells were
counted under five random fields utilizing a light microscope
(magnification, ×200).

Statistical Analysis
All statistical analysis was achieved with R language (version
3.6.2) and SPSS software (version 23.0). Data are expressed as the
mean ± standard deviation. Two-tailed Student’s t-test was
utilized for evaluating the difference between two groups.

FIGURE 8 | Association of BRCA1, CLU, AGTR1, and KL with tumor-infiltrating immune cells and known biological processes. (A) Spearman correlations of
BRCA1, CLU, AGTR1, and KL with tumor-infiltrating immune cells across rectal cancer. (B) Spearman correlations of BRCA1, CLU, AGTR1, and KL with known
biological processes across rectal cancer. The bigger the bubble, the stronger the correlation. Red means positive correlation, and blue means negative
correlation.
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One-way ANOVA followed by Dunnett’s test was applied for
evaluating the difference between multiple groups. p < .05 was
regarded as statistical significance.

RESULTS

Expression Pattern and Biological Function
of Aging-Related Genes in Rectal Cancer
Under the cutoff values of |FC| > 1.5 and FDR <0.01, our
study identified that 17 aging-related genes displayed
markedly high expression and 31 displayed markedly lower
expression in rectal cancer than normal tissues in the TCGA
cohort (Table 1 and Figures 1A,B). Functional enrichment
analysis was conducted to uncover the biological functions
and pathways involving the dysregulated aging-related genes.

In Figure 1C, aging-related genes were prominently enriched
in biological processes of aging, cell aging, kidney
development, and renal system development. Cellular
components of lateral element, platelet alpha granule,
platelet alpha granule lumen, and synaptonemal complex
were markedly modulated by these aging-related genes
(Figure 1D). The above genes possess the molecular
functions of growth factor binding, growth factor receptor
binding, receptor ligand activity, and transmembrane
receptor protein tyrosine kinase activity (Figure 1E). In
Figure 1F, carcinogenic pathways, including calcium
signaling pathway, EGFR tyrosine kinase inhibitor
resistance, glioma, JAK-STAT signaling pathway,
melanoma, non-small cell lung cancer, p53 signaling
pathway, pancreatic cancer, the PI3K-Akt signaling
pathway, and prostate cancer were markedly enriched by

FIGURE 9 | Silencing AGTR1 ameliorates stromal cell senescence. (A–C) RT-qPCR and Western blotting detected AGTR1 expression in HUVECs transfected by
siAGTR1. (D–F) RT-qPCR and (G–J) Western blotting were utilized for examining AGTR1, p53, and p21 expression in four groups: control, replicative senescence,
DOX-induced senescence, and DOX-induced senescence + siAGTR1 groups. Compared with control, ****p < .0001. Compared with DOX-induced senescence,
###p < .001; ####p < .0001.
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the above genes. Collectively, these abnormally expressed
aging-related genes may exert critical roles in aging and
carcinogenesis.

Establishment and External Verification of
an Aging-Related Gene Model for Rectal
Cancer Prognosis
Through the LASSO Cox regression method, we developed a
prognostic model on the basis of the expression profiling of

aging-related genes in the discovery set. This model contained
KL, BRCA1, CLU, and AGTR1 (Figures 2A,B). The risk score
was determined in line with the formula: risk score � BRCA1
expression * (-0.230004762718913) + CLU expression *
0.0820122510344611 + AGTR1 expression *
0.0991120882567845. The ROC curve was conducted for
investigating the predictive efficacy of the model. In
Figure 2C, the area under the curve (AUC) of 5-year survival
was 0.863, indicative of the excellent performance in prediction of
prognosis. In line with the optimal value, rectal cancer patients

FIGURE 10 | Silencing AGTR1 suppresses senescent stromal cell-triggered rectal cancer progression. (A–C) Colony formation assay was presented for
investigating proliferation of SW837 and SW1483 rectal cancer cells co-cultured with the conditioned medium of senescent HUVECs with AGTR1 knockdown. (D–F)
Wound healing assay was utilized for examining migration of SW837 and SW1483 cells co-cultured with the conditioned medium of senescent HUVECs with AGTR1
knockdown. (G–I) Transwell assay was presented for examining invasion of SW837 and SW1483 cells cocultured with the conditioned medium of senescent
HUVECs with AGTR1 knockdown. Compared with control, **p < .01; ***p < .001; ****p < .0001. Compared with DOX-induced senescence, ##p < .01; ###p < .001;
####p < .0001.
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were stratified into high- and low-risk subgroups. Survival
analysis uncovered high-risk patients presented poorer OS,
DSS, and PFI than low-risk patients (Figures 2D–F). We
further externally validated the gene model in the testing set.
The AUC at 5 years was 0.631, confirming the favorable
predictive performance (Figure 2G). Consistently, high-risk
patients were indicative of worse OS (Figure 2H). Compared
with existing gene models (Chen et al. signature and Huang et al.
signature), the aging-related gene model had higher C-index,
indicating that this model presented higher efficacy in predicting
rectal cancer prognosis (Figure 2I).

Aging-Related Gene Model as an
Independent Risk Factor of Rectal Cancer
Through the univariate Cox regression model, age, stage, T,
N, M, and aging-related gene model were markedly correlated
to rectal cancer prognosis (Figure 3A). Following
multivariate Cox regression, age, N, and aging-related gene
model acted as independent risk factors of rectal cancer
(Figure 3B). The nomogram containing KL, BRCA1, CLU,
and AGTR1 was conducted for prediction of 1-, 3-, and 5-year
survival (Figure 3C). Moreover, the prognostic nomogram
was developed through incorporating independent risk
factors (age, N, and aging-related gene model) in
Figure 3D. Calibration curves confirmed the high
consistency between actual and the nomogram-estimated
probabilities of 1-, 3-, and 5-year survival (Figures 3E–G).
Additionally, the C-index values of the aging-related gene
model and the prognostic nomogram were separately 0.69
and 0.78, indicating the good predictive potency in rectal
cancer prognosis (Figure 3H).

Association of Aging-Related Gene
Signature With the Tumor Immune
Microenvironment
Through the ssGSEA method, we estimated the abundance of
tumor-infiltrating lymphocytes. High-risk patients were
characterized by increased infiltration of central memory
CD4+ T cell, central memory CD8+ T cell, gamma delta
T cell, immature B cell, regulatory T cell, T follicular
helper cell, type 1 T helper cell, CD56bright natural killer
cell, CD56dim natural killer cell, macrophage, mast cell,
MDSC, monocyte, natural killer cell, natural killer T cell
and plasmacytoid dendritic cell in the discovery set
(Figure 4A). In Figure 4B, higher immune and stromal
scores as well as reduced tumor purity were found in high-
risk patients. Similar consequences were found in the testing
set (Supplementary Figures S1A,B). Moreover, we observed
that most of the HLA genes and immune checkpoints
presented increased expression in high-risk patients
(Figures 4C,D). The above findings indicate that the
aging-related gene signature was in relation to tumor
immunity.

Association of Aging-Related Gene
Signature With Stromal Activation
As depicted in Figure 5A, high-risk patients presented the
activation of pan-F-TBRS, EMT1-3, and angiogenesis.
Meanwhile, low-risk patients displayed the activation of DNA
damage repair, antigen processing machinery, Fanconi anemia,
cell cycle, DNA replication, nucleotide excision repair, mismatch
repair, and cell cycle regulators in the discovery set. This indicates
that the aging-related gene signature was positively associated
with stromal activation. Similar results were found in the testing
set (Supplementary Figure S1C). GSEA results also confirmed
that this gene signature was positively correlated to neuroactive
ligand receptor interaction as well as negatively correlated to cell
cycle, RNA degradation, mismatch repair, homologous
recombination, spliceosome, DNA replication, and pyrimidine
metabolism (Figure 5B).

Aging-Related Gene Signature
Chemotherapy Predicts Chemotherapy
Benefit in Rectal Cancer
We estimated the IC50 value of gemcitabine and sunitinib in each
rectal cancer. In comparison to the high-risk subgroup, there was
a prominently reduced IC50 value of gemcitabine (p < .024) in the
low-risk subgroup (Figure 6A). This indicates that low-risk
patients displayed more benefit to gemcitabine. In contrast, a
markedly lower IC50 value of sunitinib (p < 0.017) was found in
the high-risk subgroup than the low-risk subgroup (Figure 6B),
indicating that high-risk patients were more likely to benefit from
sunitinib.

Prediction of Small Molecular Agents
Against Rectal Cancer
We identified 218 DEGs between the high- and low-risk
subgroups (Supplementary Table S4). In total, 35 small
molecular agents were identified against rectal cancer based on
the above DEGs by CMap analysis with the cutoff values of |
enrichment| > 0.8 and p < .05 (Table 2). Shared molecular
mechanisms were predicted via MoA. As depicted in
Figure 6C, nadolol, pindolol, terazosin, and timolol share an
adrenergic receptor antagonist; doxylamine, thioperamide, and
trimethobenzamide share a histamine receptor antagonist;
biperiden and dicycloverine share an acetylcholine receptor
antagonist; midodrine and rilmenidine share an adrenergic
receptor agonist; indoprofen and isoxicam share a
cyclooxygenase inhibitor; and fludrocortisone and
isoflupredone share a glucocorticoid receptor agonist.

CNAs and Methylation Levels of BRCA1,
CLU, AGTR1, and KL Across Rectal Cancer
Through the cBioPortal tool, we evaluated CNAs of BRCA1,
CLU, AGTR1, and KL across rectal cancer. As depicted in
Figure 7A, CLU had widespread CNA deletion as well as
BRCA1, AGTR1, and KL displaying the widespread CNA
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amplification. Through Spearman correlation analysis, the
association of BRCA1, CLU, AGTR1, and KL expression with
the CNA value was estimated across rectal cancer. As a result,
AGTR1 expression was negatively correlated to its CNA
(Figure 7B), whereas BRCA1, CLU, and KL expression was
positively associated with CNAs (Figures 7C–E). This study
also evaluated the correlation of BRCA1, CLU, AGTR1, and
KL expression with methylation levels in rectal cancer. Our
results demonstrate that AGTR1, BRCA1, and CLU expression
possess the negative correlations to methylation (Figures 7F–H),
whereas KL exhibits the positive correlation to methylation
(Figure 7I).

Association of BRCA1, CLU, AGTR1, and KL
With Tumor-Infiltrating Immune Cells and
Known Biological Processes
In Figure 8A, KL displays positive correlations to central memory
CD4+ T cell, effector memory CD4+ T cell, natural killer cell,
natural killer T cell, and plasmacytoid dendritic cell while
displaying a negative correlation to activated CD8+ T cell.
BRCA1 possessed positive correlations to activated CD4+

T cell, effector memory CD4+ T cell, memory B cell, and type
2 T helper cell as well as having negative correlations to central
memory CD4+ T cell, effector memory CD8+ T cell, T follicular
helper cell, type 1 T helper cell, type 17 T helper cell, CD56bright
natural killer cell, CD56dim natural killer cell, macrophage,
MDSC, monocyte, and natural killer T cell. CLU was
positively associated with activated B cell, central memory
CD4+ T cell, central memory CD8+ T cell, effector memory
CD4+ T cell, effector memory CD8+ T cell, gamma delta
T cell, immature B cell, regulatory T cell, T follicular helper
cell, type 1 T helper cell, CD56bright natural killer cell,
eosinophil, immature dendritic cell, macrophage, mast cell,
MDSC, natural killer cell, natural killer T cell, and
plasmacytoid dendritic cell. Moreover, we observed that
AGTR1 displayed positive correlations to central memory
CD4+ T cell, central memory CD8+ T cell, effector memory
CD4+ T cell, effector memory CD8+ T cell, gamma delta
T cell, immature B cell, regulatory T cell, T follicular helper
cell, type 1 T helper cell, CD56bright natural killer cell, immature
dendritic cell, macrophage, mast cell, MDSC, natural killer cell,
natural killer T cell and plasmacytoid dendritic cell. We also
evaluated the correlations of BRCA1, CLU, and AGTR1 with
known biological processes. As depicted in Figure 8B, KL was
positively associated with pan-F-TBRS, EMT1-3, and
angiogenesis but was negatively correlated to DNA damage
repair, DNA replication, and homologous recombination.
BRCA1 exhibited positive associations with DNA damage
repair, antigen processing machinery, Fanconi anemia, cell
cycle, DNA replication, nucleotide excision repair, homologous
recombination, mismatch repair, WNT target and cell cycle
regulators while exhibiting negative associations with pan-F-
TBRS, angiogenesis, EMT2, and EMT3. CLU displayed
positive correlations to CD8+T cell, pan-F-TBRS, EMT1-3,
and angiogenesis. In contrast, CLU possessed negative
associations with DNA damage repair, antigen-processing

machinery, KEGG discovered histones, Fanconi anemia, cell
cycle, DNA replication, nucleotide excision repair, homologous
recombination, mismatch repair, and cell cycle regulators.
AGTR1 had positive correlations to pan-F-TBRS, EMT1-3,
and angiogenesis, whereas it had negative associations with
DNA damage repair, KEGG-discovered histones, Fanconi
anemia, cell cycle, DNA replication, nucleotide excision repair,
homologous recombination, and mismatch repair.

Silencing AGTR1 ameliorates Stromal Cell
Senescence
We further focus on the role of AGTR1 on cellular senescence.
AGTR1 expression was successfully silenced by its siRNAs in
stromal cells HUVECs (Figures 9A–C). DOX-induced and
replicative senescent HUVECs were conducted. We observed
the increase in AGTR1 as well as cellular senescence markers
p53 and p21 expression in senescent HUVECs (Figures 9D–J). In
contrast, AGTR1 knockdown reduced p53 and p21 expression in
senescent HUVECs.

Silencing AGTR1 Suppresses Senescent
Stromal Cell–Triggered Rectal Cancer
Progression
For observing the effect of AGTR1 on senescent stromal
cell–triggered rectal cancer progression, SW837 and SW1483
rectal cancer cells were cocultured with the conditioned
medium of senescent HUVECs with AGTR1 knockdown. Our
results show that replicative and DOX-induced senescent stromal
cells prominently induced proliferation (Figures 10A–C),
migration (Figures 10D–F) as well as invasion (Figures
10G–I) of SW837 and SW1483 cells, which were weakened by
AGTR1 knockdown.

DISCUSSION

Aging acts as a dominant risk factor for cancer. This study
conducted an aging-related genetic signature for rectal cancer,
which might improve individualized therapy as well as offer
promising novel molecular markers and predictors against
immune- and chemotherapy.

Though the local relapse as well as OS duration has
improved, distant relapse rates have not markedly reduced.
Approximately 30% of patients receiving curative treatment
ultimately experience distant metastasis (Serna et al., 2020).
Herein, the aging-related gene model can accurately estimate
high-risk rectal cancer patients for OS, DSS, and PFI.
Different from conventional clinicopathological
characteristics, this model acts as an independent risk
factor of rectal cancer prognosis. Our univariate Cox
regression analysis results show that T, N, and M stages
were all risk factors of rectal cancer prognosis. However,
after including other prognostic variables, only the N stage
could independently predict patients’ prognosis, consistent
with previous studies (Di et al., 2020; Zhu et al., 2021). Our
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data indicate that more reliable prognostic markers should be
included in the clinic.

It is suggested that preoperative neoadjuvant chemotherapy is
of considerable importance upon rectal cancer therapy, which
improves the rate of curative resection as well as prominently
decreases local relapse (Ji et al., 2018). Nevertheless, adjuvant
chemotherapy against patients who receive preoperative
chemoradiotherapy and operation remains controversial. This
study indicates that the aging-related gene model might be
utilized for prediction of the response to chemotherapeutic
agents (gemcitabine and sunitinib). High-risk patients are
more likely to benefit from sunitinib. In contrast, low-risk
patients exhibit higher sensitivity to gemcitabine. Rectal cancer
displays high infiltration levels of tumor-infiltrating lymphocytes,
particularly CD8+ T cells that are in relation to favorable survival
outcomes (Otegbeye et al., 2021). This suggests that cytotoxic
antitumor immune responses participate in modulating tumor
development. Checkpoint blockade immunotherapy utilizes
monoclonal antibodies to rescue suppressive T cells via
activating as well as restoring the antitumor activity. Our
results demonstrate the aging-related gene model in relation to
tumor immunity of rectal cancer.

The tumor microenvironment contains tumor cells,
stromal cells, and immune cells as well as extracellular
matrix, influencing cancer growth and progression. Aging-
related tumor associated fibroblast changes may
deteriorate the prognosis of glioblastoma multiforme
(Song et al., 2020). Cellular senescence is a critical
contributor to the aging process. Here, our data
demonstrate that aging HUVECs enhanced proliferation
and migration as well as invasion of rectal cancer cells. But
AGTR1 knockdown weakened cell senescence and the
carcinogenic effect of aging HUVECs. Nevertheless,

more experiments will be conducted for verifying the
biological implications of aging-related genes in rectal
cancer.

CONCLUSION

Collectively, this study demonstrates that the aging-related gene
signature is in relation to tumor immunity and stromal activation
in rectal cancer, which might possess the potential in predicting
survival outcomes and immuno- and chemotherapy benefits.
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Single-Cell Profiles of Age-Related
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Heterogeneity Associated With
Disease Progression
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Objective: Osteoarthritis (OA) is the most common chronic degenerative joint disease,
which represents the leading cause of age-related disability. Here, this study aimed to
depict the intercellular heterogeneity of OA synovial tissues.

Methods: Single-cell RNA sequencing (scRNA-seq) data were preprocessed and quality
controlled by the Seurat package. Cell cluster was presented and cell types were
annotated based on the mRNA expression of corresponding marker genes by the
SingleR package. Cell-cell communication was assessed among different cell types.
After integrating the GSE55235 and GSE55457 datasets, differentially expressed
genes were identified between OA and normal synovial tissues. Then, differentially
expressed marker genes were overlapped and their biological functions were analyzed.

Results: Totally, five immune cell subpopulations were annotated in OA synovial tissues
including macrophages, dendritic cells, T cells, monocytes and B cells. Pseudo-time
analysis revealed the underlying evolution process in the inflammatory microenvironment of
OA synovial tissue. There was close crosstalk between five cell types according to the
ligand-receptor network. The genetic heterogeneity was investigated between OA and
normal synovial tissues. Furthermore, functional annotation analysis showed the
intercellular heterogeneity across immune cells in OA synovial tissues.

Conclusion: This study offered insights into the heterogeneity of OA, which provided in-
depth understanding of the transcriptomic diversities within synovial tissue. This
transcriptional heterogeneity may improve our understanding on OA pathogenesis and
provide potential molecular therapeutic targets for OA.
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INTRODUCTION

Osteoarthritis (OA) represents the most frequent age-
associated chronic degenerative joint disease (Maumus
et al., 2020). Aging is the key driving force in OA (Deng
et al., 2019). The incidence of OA in the middle-aged
population is 40–80%, and the disability rate is >50%
(Zhang et al., 2020b). The diverse aetiology of OA is usually
the result of many overlapping factors. The pathogenesis of
OA involves the entire joint, composed of articular cartilage,
synovial membrane as well as subchondral bone (Griffin and
Scanzello, 2019). Traditional therapeutic strategies such as
non-steroidal anti-inflammatory drugs only ease pain
symptoms. Joint replacement may effectively treat OA
patients at the end stage, with relatively high surgery risk
and economic cost (Zhou et al., 2020). At current, there is still a
lack of FDA-approved disease-modifying OA drugs that may
remiss the pain and restrain joint degradation (Grandi and
Bhutani, 2020).

Synovitis is common in OA and may augment cartilage
damage, which has been a therapeutic target of OA (Labinsky
et al., 2020). Synovitis is characterized by synovial tissue
hyperplasia, inner macrophage aggregation as well as cell
secretion disfunction (Li and Zheng, 2020). The immune
system that is involved in the initiation and progression of
OA is a key element in the pathogenesis of this disease (Zhang
et al., 2019). The inflammatory microenvironment of OA
synovial tissues consists of immune cells and inflammatory
mediators such as inflammatory cytokines (IL-1β, TNFα, IL-6,
IL-15, IL-17, and IL-18) and anti-inflammatory cytokines (IL-
4, IL-10, and IL-13) (Wojdasiewicz et al., 2014). The
pathophysiological processes that occur in the OA joint are
mostly mediated by inflammatory mediators secreted from
immune cells. Determining the characteristics of immune cells
and mediators in OA synovium may reveal critical features of
OA pathogenesis (Zheng et al., 2021). So far, it remains
indistinct on the roles of inflammatory mediators in the
context of OA synovium.

Single-cell RNA sequencing (scRNA-seq) has been applied
for uncovering molecular programs and lineage progression of
OA (Zhang et al., 2020c). For instance, Zhang et al. (2020c)
identified the biomarkers and differentiation of chondrocytes
in human OA using scRNA-seq analyses. Moreover, Ji et al.
(2019) adopted scRNA-seq analyses to reveal chondrocyte
taxonomy and mechanisms of human OA cartilage
regeneration. Despite this, in-depth exploration should be
conducted for clarifying the pathogenesis of OA. In this
study, we identified differentially expressed genes (DEGs) in
OA synovium and found that these DEGs mainly participated
in inflammatory pathways based on transcriptome data.
Moreover, we revealed immune cell subpopulations and
their intercellular heterogeneity in OA synovial tissues by
single-cell RNA sequencing (scRNA-seq) profiles. These
findings might deepen our understanding on the
transcriptomic diversities within synovial tissue.

MATERIALS AND METHODS

OA Expression Profiles
Gene expression profiles of GSE55235 and GSE55457 were
retrieved from the Gene Expression Omnibus (GEO)
repository (https://www.ncbi.nlm.nih.gov/gds/) using the
GEOquery package (version 3.6.1; https://www.r-project.org/).
The GSE55235 dataset contained microarray expression profiling
of 10 synovial tissues from healthy joints and 10 synovial tissues
from osteoarthritic joints (Woetzel et al., 2014). The GSE55457
dataset contained expression profiling of 10 synovial tissue
specimens from normal joints and 10 synovial tissue
specimens from osteoarthritic joints (Woetzel et al., 2014).
Above datasets were based on GPL96 platform, [HG-U133A]
Affymetrix Human Genome U133A Array.

Differential Expression Analyses
Raw CEL files were read by affy package (version 1.0) (Gautier
et al., 2004). Microarray expression profiling was normalized
with Robust MultiChip Analysis (RMA) method (Irizarry
et al., 2003) and standardized by quantile. The expression
value was then log2 converted. The Linear Models for
Microarray Data (limma; version 1.0) package was applied
for screening DEGs between OA and healthy synovial tissues
with student’s t-test in the GSE55235 and GSE55457 datasets
(Ritchie et al., 2015). False discovery rate (FDR) was
determined for multiple comparisons with Benjamini and
Hochberg method. Genes with FDR<0.05 and |fold-change|
>1.5 were defined as DEGs. Hierarchical clustering analyses of
DEGs were presented with the gplots package. DEGs in the
two datasets were intersected to obtain common DEGs
for OA.

Functional Annotation Analysis
The biological functions and pathways of common DEGs were
interpreted via the clusterProfiler package (version 1.0; http://
bioconductor.org/packages/release/bioc/html/clusterProfiler.
html) (Yu et al., 2012). Biological processes of gene ontology
(GO) were functionally annotated for these DEGs. For
understanding signaling pathways enriched by these DEGs,
Kyoto encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis was employed. Terms with FDR<0.05
were considered significant enrichment. The top ten biological
processes and the top 30 KEGG pathways were visualized.

CIBERSORT Analysis
The gene expression profiles of the two datasets were integrated
into one dataset. The CIBERSORT algorithm (version 1.0; http://
cibersort.stanford.edu/) was applied to characterize immune cell
compositions in each specimen based on normalized gene
expression profiling (Newman et al., 2015). The specimens
with p < 0.05 were screened and the proportions of 22 kinds
of immune cells were determined, including B cells naïve, B cells
memory, plasma cells, T cells CD8, T cells CD4 naïve, T cells CD4
memory resting, T cells CD4 memory activated, T cells follicular
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helper, T cells regulatory (Tregs), T cells gamma delta, NK cells
resting, NK cells activated, monocytes, macrophages M0,
macrophages M1, macrophages M2, dendritic cells resting,
dendritic cells activated, mast cells resting, mast cells activated,
eosinophils and neutrophils. Principal component analysis
(PCA) was presented for determining the differences in the
proportions of immune cells between OA and healthy synovial
tissue specimens. The infiltration levels of immune cells between
groups were compared using the vioplot package.

ScRNA-Seq and Preprocessing
Single-cell transcriptomic data of 10,640 synoviocytes from 3
osteoarthritic synovial membrane samples were obtained from
the GSE152805 dataset on the GPL20301 Illumina HiSeq 4000
(Homo sapiens) (Chou et al., 2020). The Seurat package (version
3.0; http://satijalab.org/seurat/) was employed for quality control
(Butler et al., 2018). Cells with 200–5000 feature genes and the
percent of transcripts of mitochondrial genes <10% were retained
for further analysis. Expression data were normalized with the
LogNormalize method. Briefly, based on the total expression
levels, the gene expression value in each cell was normalized
and then multiplied by a scale factor � 10,000, followed by log2
conversion. Gene variances were calculated via the
FindVariableFeatures function. Each dataset returned the top
2000 highly variable genes, which were used for downstream
analysis. Meanwhile, the top 10 genes with the highest variances
were selected and visualized. Then, the data were scaled utilizing
the ScaleData function, as follows: the expression of each gene
was shifted so that the average expression between cells was 0 and
the expression of each gene was scaled so that the difference
between cells was 1. After scaling the data, PCA was presented for
the 2000 highly variable genes with the VizDimReduction and
DimPlot functions. The number of principal components (PCs)
was determined with the elbow plot method.

Cell Cluster
In PCA, a KNN graph was constructed based on Euclidean
distance. The FindNeighbors function was applied to find their
edge weights between any 2 cells. Cell cluster was analyzed based
on the FindClusters function. Non-linear dimensionality
reduction technology t-distributed statistical neighbor
embedding (tSNE) was employed to cluster similar cells
together in a low-dimensional space. Markers were identified
for each cluster using the FindAllMarkers function, which were
visualized with the DoHetmap, VlinPlot and FeaturePlot
functions. Based on the markers of each cluster, cell type was
annotated via the Cell Type Annotation of Single Cells (SingleR;
version 1.0) (Aran et al., 2019).

Pseudo-Time Analysis
Monocle algorithm (version 2.0) was applied for pseudo-time
analysis (Qiu et al., 2017). Genes that were expressed in >5%
of the cells were selected. The t-SNE was presented with
reduce Dimension function and cells were clustered with
cluster Cells function. Genes that were differentially
expressed (p-value < 0.05) between clusters were selected
as candidate genes with differential Gene Test function.

Through the reduce Dimension function, based on the
above candidate genes, dimensionality reduction analysis of
the cells was caried out with DDRTree method. Then, cells
were sorted and visualized according to single-cell trajectories
using order Cells function.

Ligand-Receptor Network Analysis
By CellPhoneDB (version 2.0) project (Efremova et al., 2020), the
cell-cell communication was estimated based on the expression of
receptors and ligands corresponding to each cell type. Ligand-
receptor relationships between cells were then identified. Finally,
ligand-receptor network was conducted via Cytoscape software
(version 3.7.1) (Shannon et al., 2003).

Identification of Differentially Expressed
Marker Genes
The GSE55235 and GSE55457 datasets were integrated and batch
effects were corrected. Differential expression analysis was carried
out between OA and normal synovial tissues. Genes with adjusted
p < 0.05 and |fold-change|>1.5 were considered differentially
expressed. By overlapping marker genes in each cell type,
differentially expressed marker genes were identified. Functional
annotation analysis of above marker genes was performed.

Cell Culture and Establishment of OA
Cellular Models
Human chondrocytes C28/I2 (ATCC, United States) were grown
in DMEM (Sigma, United States) as well as were incubated in a
humidified environment with 10% fetal bovine serum containing
5% CO2 at 37°C. Chondrocytes were planted into a six-well plate
and exposed to 10 ng/ml IL-1β (Sigma, United States) lasting 24 h
to establish OA cellular models.

Western Blotting
Chondrocytes were lysed with RIPA buffer (pH 8.0) and extracted
protein was quantified with BCA Protein Quantitation Kit.
Thereafter, protein was isolated on SDS-PAGE gels as well as
transferred onto PVDF membrane. The membrane was sealed
lasting 1 h utilizing PBST plus 5% BSA and incubated by specific
primary antibodies at 4°C overnight, containing NR4A1 (1:500;
#25851-1-AP; Proteintech, Wuhan, China), NR4A2 (1:500;
#66878-1-Ig; Proteintech), GAPDH (1:1000; #60004-1-Ig;
Proteintech), MMP3 (1:500; #17873-1-AP; Proteintech),
MMP13 (1:1000; #18165-1-AP; Proteintech) and Collagen II
(1:800; #28459-1-AP; Proteintech). Afterwards, the membrane
was incubated by HRP-conjugated goat anti-rabbit secondary
antibody (1:2000; #SA00001-2; Proteintech) lasting 1 h. Protein
bands were visualized utilizing ECL kits.

Transfection
Small interfering RNAs (siRNAs) of NR4A1 (si-NR4A1) and
NR4A2 (si-NR4A2) were synthesized by GenePharma (Shanghai,
China). IL-1β-induced chondrocytes were seeded onto a six-well
plate (1×106/well). When cell confluence reached 80–90%. In line
with the manufacturer’s protocol, cell transfection was presented
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utilizing Lipofectamine 2000 Reagent (Invitrogen, United States).
After 48 h, NR4A1 and NR4A2 expressions were verified with
western blotting.

Flow Cytometry
Chondrocyte apoptosis was determined utilizing Annexin
V-FITC Apoptosis Detection kits (BD, United States) in
accordance with the manufacturer’s protocol. Chondrocytes
were collected and washed twice by PBS. Thereafter,
chondrocytes were suspended through adding Annexin V,

followed by incubation at 4°C lasting 15 min in the dark.
Chondrocytes were incubated by propidium iodide lasting
5 min in the dark. Stained chondrocytes were tested utilizing
flow cytometer (FACSCalibur; BD, United States).

5-Ethynyl-29-Deoxyuridine (EdU) Staining
EdU cellular proliferation experiment was conducted. In brief,
pre-warmed 2× EdU working solution (RiboBio, China) was
added to the cell plate to make EdU 10Μm concentration,
followed by incubation lasting 2 h. Thereafter, chondrocytes

FIGURE 1 | Identification of DEGs for OA synovial tissues. (A) Volcano diagram of DEGs in OA compared to healthy synovial tissues in the GSE55235 dataset. Red:
up-regulation and green: down-regulation. X-axis: −log10(adjusted p-value) and y-axis: log[fold-change (FC)]. (B) Heatmap of DEGs in OA (red) than healthy (blue)
synovial samples in the GSE55235 dataset. N: normal and O: osteoarthritis. (C,D) Volcano and heatmap plots of DEGs in OA than healthy synovial tissue specimens in
the GSE55457 dataset. (E) Venn diagram of common DEGs in the GSE55235 and GSE55457 datasets.
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TABLE 1 | 57 common DEGs for OA in the GSE55235 and GSE55457 datasets.

Genes GSE55235 GSE55457

logFC Average expression FDR logFC Average expression FDR

EMP1 −1.53804 7.887924 0.000374 −0.78463 8.94808 0.03614
PTN 1.693315 7.277286 0.005267 1.893238 8.970194 0.00875
ITGA5 −0.97312 9.63615 0.002258 −0.6721 9.928528 0.034423
IL10RA 0.818728 8.861961 0.011105 0.608606 10.18945 0.035901
FOSL2 −1.8408 7.840627 3.05E-09 −0.89903 8.173713 0.01102
EPHA3 1.206541 7.104439 0.000115 0.59649 7.47898 0.034815
ZFP36 −0.95171 11.72249 0.004728 −1.21946 11.63389 0.011941
STC1 −1.08969 7.041035 0.001088 −0.78669 7.371746 0.010717
TRIL 0.86547 7.001597 0.000209 1.074511 8.095606 0.018674
CHD1 −1.18988 7.337441 0.002073 −0.76874 8.492246 0.037772
HTR2B 0.812313 6.223356 0.002623 1.409481 7.419398 0.016303
ACOT13 0.707303 8.165143 0.032222 0.731063 9.539617 0.007443
SFPQ −0.72694 8.819669 0.011862 −0.7211 9.029602 0.018476
CCNL1 −1.86073 9.960175 1.21E-05 −1.37882 10.10339 0.008427
NAP1L3 1.262345 6.776525 0.000698 1.536417 7.96821 0.00423
B3GALNT1 0.58516 5.584658 8.12E-05 0.896323 6.929353 0.005763
GLT8D2 1.1194 9.138441 0.000145 0.81933 10.14097 0.008812
CASP1 0.763415 8.585085 0.00281 0.601182 9.847556 0.030216
GTF2H5 0.613028 7.943939 0.00215 0.728144 9.254297 0.031534
EML1 1.036114 8.055376 0.004998 0.766664 8.773258 0.028549
PTGS2 −2.29285 6.570394 0.001299 −1.37402 6.275423 0.049855
YBX3 −1.07976 11.86993 4.57E-05 −0.58437 11.58165 0.030883
HPGDS 1.486339 7.993088 4.66E-06 0.714001 9.626692 0.049047
THBS4 1.18456 12.59617 4.03E-05 0.984282 13.37709 0.048564
SMCO4 0.891187 8.376471 0.00821 0.596613 9.972678 0.022444
NR4A1 −1.48429 9.384951 0.001946 −1.74013 9.246797 0.010422
FKBP5 −1.74073 7.799668 0.018898 −1.60501 7.744747 0.012483
TLR7 1.544719 7.293059 1.31E-05 1.425065 8.339314 0.008208
DDX3Y −1.70292 6.52741 0.021566 −1.6252 6.637424 0.035333
NFKBIA −2.21872 12.16799 3.05E-07 −0.73283 12.20779 0.007824
JUNB −1.62412 11.10396 0.000153 −1.1676 10.63951 0.020095
PTGS1 0.71453 8.367016 0.00047 0.770843 9.246738 0.00876
MYL6B 0.718007 8.68208 0.000136 0.742958 9.79811 0.041344
SLC2A3 −2.04758 8.119309 0.000281 −1.27151 7.961026 0.011104
SAMSN1 1.084399 7.039047 0.045119 0.722377 7.927955 0.049589
XIST 2.041557 7.505913 0.039329 2.121796 7.405856 0.044492
LONRF1 −0.67573 6.833971 0.000445 −0.59838 6.96574 0.011596
TBL1XR1 1.109469 6.843264 0.0022 0.70277 7.745588 0.04465
VEGFA −1.32466 7.235039 0.010343 −1.1704 8.023921 0.037619
SLC5A3 1.494343 7.703155 6.30E-05 1.027719 8.293338 0.012483
EFNB2 −0.80397 8.500263 0.024374 −0.71185 8.572233 0.048564
MYC −2.44781 9.995651 4.61E-06 −1.37812 9.492429 0.010881
JUN −2.17282 9.730232 0.000145 −1.1676 10.63951 0.020095
PNMAL1 0.781614 6.083028 0.003034 1.351997 7.56205 0.00985
PSMB10 0.857659 7.792863 0.001575 0.718192 9.405674 0.01102
KCNN4 0.649051 7.540138 0.003499 0.650437 8.451175 0.047106
PRSS23 1.511838 10.22883 3.99E-06 0.581612 11.49779 0.049969
NTAN1 0.719251 8.024924 0.017429 0.641965 9.534103 0.035368
TM6SF1 0.9808 8.36094 0.004922 1.06001 9.736704 0.001656
MAFF −1.19152 8.353055 1.31E-05 −0.72953 8.253915 0.00576
TNFAIP3 −2.4492 9.204496 4.61E-06 −0.89588 9.24711 0.018711
MCL1 −0.81764 8.435161 0.003895 −0.88168 8.653155 0.002871
TMEM230 0.950574 9.583572 0.008609 0.848139 10.62885 0.003461
HLA-DQB1 1.473171 10.44126 0.003101 1.279768 11.72487 0.017225
GADD45B −3.05288 10.60088 1.60E-07 −1.76873 10.30909 0.004456
IL11RA 1.053589 8.255707 2.72E-05 0.998688 8.779108 0.013644
RLF −0.94581 7.440511 0.000374 −0.6129 8.383559 0.002634
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were fixed by 4% paraformaldehyde as well as permeated by
0.3% Triton X-100 solution at room temperature lasting
15 min. DAPI (Sigma, United States) was then added to
each well as well as incubated lasting 10 min. Images were
captured under a Nikon A1Si Laser Scanning Confocal
Microscope (Nikon, Japan).

Statistical Analyses
Data were displayed as the mean ± SD, and statistical analyses were
carried out using Student’s t test or one-way ANOVA for multiple
comparisons. p < 0.05 was statistically significant. All statistical
analyses were implemented utilizing R software (version 3.6.1;
https://www.r-project.org) and GraphPad Prism (version 8.0.1).

RESULTS

Screening DEGs in OA Synovial Tissues
The gene expression profiles of OA and healthy synovial tissue
specimens were obtained from two microarray datasets
GSE55235 and GSE55457. With the criteria of FDR<0.05
and |fold-change|>1.5, 148 genes were up-regulated and 127
genes were down-regulated in OA compared to healthy
synovial tissues in the GSE55235 dataset (Figures 1A,B;
Supplementary Table S1). Meanwhile, there were 98 up-
and 91 down-regulated genes in OA synovial tissues in the
GSE55457 dataset (Figures 1C,D; Supplementary Table S2).
To obtain genes closely related to OA, 57 common DEGs were
taken intersection in the two datasets, as follows: EMP1, PTN,
ITGA5, IL10RA, FOSL2, EPHA3, ZFP36, STC1, TRIL, CHD1,
HTR2B, ACOT13, SFPQ, CCNL1, NAP1L3, B3GALNT1,
GLT8D2, CASP1, GTF2H5, EML1, PTGS2, YBX3, HPGDS,
THBS4, SMCO4, NR4A1, FKBP5, TLR7, DDX3Y, NFKBIA,
JUNB, PTGS1, MYL6B, SLC2A3, SAMSN1, XIST, LONRF1,
TBL1XR1, VEGFA, SLC5A3, EFNB2, MYC, JUN, PNMAL1,

PSMB10, KCNN4, PRSS23, NTAN1, TM6SF1, MAFF,
TNFAIP3, MCL1, TMEM230, HLA-DQB1, GADD45B,
IL11RA and RLF (Figure 1E; Table 1).

Functional Annotation Analysis of Common
DEGs
To uncover biological functions and pathways of these 57
common DEGs, functional enrichment analyses were carried
out. GO enrichment results showed that these DEGs were
involved in regulating epithelial cell proliferation and
response to mechanical stimulus, lipopolysaccharide and
molecule of bacterial origin (Figure 2A; Table 2).
Moreover, several key pathways were distinctly enriched by
these DEGs such as TNF, IL-17, NF-kappa B, apoptosis,
osteoclast differentiation, PI3K-Akt, JAK-STAT, Toll-like
receptor and Th17 cell differentiation pathways (Figure 2B;
Table 2).

Landscape in Immune Infiltration Between
OA and Healthy Synovial Tissues
We employed the CIBERSORT algorithm to evaluate the immune
cell infiltrations in OA and healthy synovial tissues from the
integrated GSE55235 and GSE55457 datasets. Our PCA results
demonstrated that the infiltration levels of immune cell
compositions from OA and healthy synovial tissues exhibited
significant group-bias cluster as well as personal disparity
(Figure 3A). As shown in Figure 3B, we summarized the
relative percent of different immune cells in each sample.
Heatmap depicted that the infiltration levels of macrophages
M2 were relatively high both in OA and healthy synovial
tissue samples (Figure 3C). We further found that there were
distinct correlations between immune cells (Figure 3D).

FIGURE 2 |GO and pathway enrichment analysis of DEGs. (A) The top ten biological processes of common DEGs. X-axis represents the number of enriched DEGs
and y-axis represents the biological process terms. The more the color tends to red, the smaller the adjusted p-value. (B) The top 30 KEGG pathways enriched by
common DEGs.
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Especially, T cells CD4 naïve were highly correlated to
neutrophils (r � 0.91).

Differences in Immune Infiltration Between
OA and Healthy Synovial Tissues
This study compared the differences in infiltration levels of immune
cells between OA and healthy synovial tissues from the GSE55235
and GSE55457 datasets with the CIBERSORT method (Figure 4A).
Lower infiltration levels of dendritic cells activated (p� 0.035), T cells
CD4 memory resting (p � 0.034), neutrophils (p � 0.001) and mast
cells activated (p � 1.156e-04) were found in OA synovial tissues
compared to healthy synovial tissues (Figures 4B–E). Oppositely,
there were higher levels of macrophages M0 (p � 0.015), mast cells

resting (p � 2.105e-06) and monocytes (p � 0.049) in OA than
control synovial tissue specimens (Figures 4F–H).

Quality Control of scRNA-Seq of
Osteoarthritic Synoviocytes
This study analyzed the scRNA-seq data of osteoarthritic
synoviocytes from the GSE152805 dataset. We detected the
genes in each cell and removed low-quality cells or empty
droplets with very few genes <500 and cells with doublets or
multiplets with high gene counts >2000. In addition, we filtered
out the cells with percent of the mitochondrial genome >5%.
After filtration, we visualized the number of feature genes and the
count of genes as well as the percent of mitochondrial genes in

TABLE 2 | The detailed information of GO and pathway enrichment analysis results.

Description GeneRatio pvalue p.adjust qvalue Count

Regulation of epithelial cell proliferation 10/55 1.34E-07 0.000131 9.66E-05 10
Positive regulation of epithelial cell proliferation 8/55 1.50E-07 0.000131 9.66E-05 8
Epithelial cell proliferation 10/55 4.77E-07 0.000279 0.000205 10
Decidualization 4/55 6.85E-07 0.000301 0.000221 4
Response to mechanical stimulus 7/55 2.65E-06 0.000929 0.000684 7
Maternal placenta development 4/55 3.30E-06 0.000965 0.00071 4
Cyclooxygenase pathway 3/55 3.93E-06 0.000985 0.000724 3
Response to lipopolysaccharide 8/55 5.17E-06 0.001135 0.000835 8
Response to molecule of bacterial origin 8/55 6.86E-06 0.001339 0.000985 8
Positive regulation of endothelial cell proliferation 5/55 1.95E-05 0.003416 0.002512 5
TNF signaling pathway 5/32 7.01E-05 0.006066 0.003865 5
Kaposi sarcoma-associated herpesvirus infection 6/32 9.31E-05 0.006066 0.003865 6
Epstein-Barr virus infection 6/32 0.00012 0.006066 0.003865 6
Leishmaniasis 4/32 0.000224 0.008529 0.005434 4
Small cell lung cancer 4/32 0.000445 0.012222 0.007787 4
IL-17 signaling pathway 4/32 0.000482 0.012222 0.007787 4
NF-kappa B signaling pathway 4/32 0.000708 0.013444 0.008565 4
C-type lectin receptor signaling pathway 4/32 0.000708 0.013444 0.008565 4
Osteoclast differentiation 4/32 0.001536 0.020844 0.01328 4
Human T-cell leukemia virus 1 infection 5/32 0.001552 0.020844 0.01328 5
Yersinia infection 4/32 0.001626 0.020844 0.01328 4
Human cytomegalovirus infection 5/32 0.00175 0.020844 0.01328 5
Arachidonic acid metabolism 3/32 0.00191 0.020844 0.01328 3
Apoptosis 4/32 0.00192 0.020844 0.01328 4
Measles 4/32 0.00208 0.021073 0.013426 4
PI3K-Akt signaling pathway 6/32 0.002341 0.022239 0.014169 6
Pertussis 3/32 0.003266 0.027581 0.017573 3
Chronic myeloid leukemia 3/32 0.003266 0.027581 0.017573 3
JAK-STAT signaling pathway 4/32 0.003622 0.02898 0.018464 4
Influenza A 4/32 0.004395 0.033402 0.021281 4
Colorectal cancer 3/32 0.004629 0.033506 0.021347 3
NOD-like receptor signaling pathway 4/32 0.005377 0.035025 0.022315 4
MAPK signaling pathway 5/32 0.00555 0.035025 0.022315 5
Th1 and Th2 cell differentiation 3/32 0.00559 0.035025 0.022315 3
Rheumatoid arthritis 3/32 0.005761 0.035025 0.022315 3
Hematopoietic cell lineage 3/32 0.006852 0.039008 0.024853 3
MicroRNAs in cancer 5/32 0.006929 0.039008 0.024853 5
Focal adhesion 4/32 0.007763 0.041143 0.026213 4
Toll-like receptor signaling pathway 3/32 0.00785 0.041143 0.026213 3
Th17 cell differentiation 3/32 0.008487 0.043003 0.027398 3
Thyroid cancer 2/32 0.009294 0.045569 0.029033 2
Toxoplasmosis 3/32 0.009617 0.04568 0.029103 3
Serotonergic synapse 3/32 0.010335 0.047602 0.030328 3
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OA synoviocytes (Figure 5A). Also, there was very low
correlation between the count of genes and the percent of
mitochondrial genes (Figure 5B). The count of genes was
highly positively correlated to the number of feature genes.
After filtration, the data were normalized with the
LogNormalize method and the top 2000 highly variable genes
were identified in OA synoviocytes for downstream analysis
(Figure 5C). The top ten genes were as follows: TPSAB1,
PENK, AMTN, IL1B, CCL4, CCL20, SELE, CXCL14, CCL3,
and CSN1S1. After dimensionality reduction analysis, we
visualized the highly variable genes and OA synoviocytes in
the top two PCs (Figures 5D,E). With the elbow plot method,
the top 30 PCs were determined for further analysis (Figure 5F).

scRNA-Seq Uncovers Six Cell Types for OA
Synoviocytes
Totally, 10,154 OA synoviocytes were clustered into 14 cell
populations via the t-SNE method (Figure 6A). As shown in
Figure 6B, we visualized the top 10 differentially expressed
marker genes for each cell cluster. With the SingleR package,

five cell types were annotated, as follows (from most to least):
chondrocytes, macrophages, monocytes, fibroblasts, adipocytes
and T cells (Figure 6C). Also, the cell cycle distribution of each
cell cluster was shown (Figure 6D). Secreted inflammatory
cytokines and their receptors are considered as key mediators
for OA progression (Kapoor et al., 2011). Here, we analyzed the
expression distribution of cytokine receptors in cell types. As a
result, TGFBR1 was mainly expressed in macrophages and
TNFRSF11B was mainly expressed in chondrocytes (Figures
6E–G). Meanwhile, TNFRSF1B was primarily distributed in
monocytes, followed by T cells and macrophages. IL1R1 was
mainly expressed in fibroblasts and chondrocytes, while IL10RA
was primarily distributed in T cells, followed by monocytes and
macrophages. Also, TNFRSF1A was expressed in fibroblasts,
adipocytes, chondrocytes, macrophages and monocytes. This
study further visualized the distribution of secreted
inflammatory cytokines in each cell type (Figures 6H–J). TNF
and IL-18 were expressed in macrophages and monocytes as well
as IL1A and IL10 were only expressed in monocytes. IL-6 was
primarily expressed in fibroblasts and IL1B was mainly
distributed in monocytes, followed by macrophages. TGFB1

FIGURE 3 | Landscape in immune infiltration between OA and healthy synovial tissue specimens from the GSE55235 and GSE55457 datasets. (A) PCA of synovial
tissues based on immune cell infiltration levels. The first two principal components which decipher the most of the data variation. (B) The relative percent of 22 kinds of
immune cells in each specimen. (C) Heatmap of the infiltration levels of immune cells in OA (red) and normal (blue) synovial tissues. (D) Positive (red) and negative
correlations between different immune cells in synovial specimens. Correlation coefficient is marked in each box.
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was mainly expressed in T cells, followed by monocytes,
macrophages, adipocytes, fibroblasts and chondrocytes.
Meanwhile, IL8 was primarily distributed in macrophages,
followed by monocytes, fibroblasts, T cells, adipocytes and
chondrocytes.

Identification of Five Immune Cell
Subpopulations and Associated Marker
Genes for OA Synoviocytes
Next, we further annotated the immune cell subpopulations of
macrophages, monocytes and T cells across 1353 OA
synoviocytes via the SingleR package. As a result, five cell
subpopulations were obtained, including macrophages,
dendritic cells, T cells, monocytes and B cells (from most to

least; Figure 7A). The top 20 marker genes for each cell
subpopulation were visualized, as shown in Figure 7B. The
expression distributions of cytokine receptors were detected in
each cell subpopulation, as follows: TGFBR1 (monocytes),
TNFRSF11B (monocytes and B cells), TNFRSF1B (dendritic
cells, T cells, monocytes and macrophages), IL1R1
(monocytes), IL10RA (T cells, monocytes, dendritic cells,
macrophages, B cells and monocytes) and TNFRSF1A
(monocytes, macrophages and dendritic cells; Figures 7C,D).
The expression of inflammatory cytokines was shown in each cell
subpopulation, as follows: TNF (dendritic cells, monocytes and
macrophages), IL1A (dendritic cells and monocytes), IL6
(monocytes and dendritic cells), IL1B (dendritic cells,
monocytes, macrophages and B cells), IL18 (macrophages,
dendritic cells and monocytes), TGFB1 (T cells, dendritic cells,

FIGURE 4 | Comparisons of immune infiltration between OA and healthy synovial tissues. (A) Violin plots of the infiltration levels of immune cells in OA (red) and
healthy (blue) synovial tissue specimens. Scatter plots for the significant differences in infiltration levels of (B) dendritic cells activated, (C) T cells CD4memory resting, (D)
neutrophils, (E) mast cells activated, (F) macrophages M0, (G) mast cells resting and (H) monocytes in OA and healthy synovial tissues.
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monocytes, macrophages and B cells), IL10 (dendritic cells and
monocytes) and IL8 (macrophages, dendritic cells, monocytes,
B cells and T cells; Figures 7E,F). Also, we found that CD79A was
mainly expressed in B cells, CD3E was mainly expressed in T cells
and ITGAX was mainly expressed in dendritic cells (Figure 7G).
Meanwhile, ITGAM was mainly expressed in macrophages,
dendritic cells and monocytes.

Pseudo-Time Analysis of Osteoarthritic
Synoviocytes
Monocle 2 algorithm was used to reshape the change process of
cells over time by constructing the trajectory of changes
between cells. Figure 8A showed the distribution of
osteoarthritic synoviocytes in 7 different states. As shown in
Figure 8B, we observed the heterogeneity in the mRNA
expression of inflammatory cytokines (IFNG, IL10, IL18,

IL1A, IL1B, IL6, IL8, and TNF) and cytokine receptor
(TNFRSF1A) among states. The distribution of
osteoarthritic synoviocytes according to pseudo-time value
was shown in Figure 8C. The scatter plot demonstrated the
dynamic expression of above genes over the pseudo-time value
(Figure 8D). As the pseudo-time value increased, the mRNA
expression of IFNG gradually decreased while the expression
of IL10, IL18, IL1A, IL1B, IL6, IL8, TNF, and TNFRSF1A
gradually increased. Above findings revealed the
developmental characteristics of osteoarthritic synoviocytes.

Ligand-Receptor Network
By CellPhoneDB v2.0, this study identified receptor-ligand
relationships between five cell types. Figure 9 showed that the
close interactions between cell types according to receptor-ligand
interactions. The arrow pointed to the recipient cell. The width of
the line represented the number of ligand-receptor relationships.

FIGURE 5 |Quality control of scRNA-seq of osteoarthritic synoviocytes in the GSE152805 dataset. (A) Violin plots of the number of feature genes, the count of total
genes and the percent of mitochondrial genes after filtration. (B) Scatter plots of correlations of the count of total genes with the percent of mitochondrial genes and the
number of feature genes. (C) The top 2000 highly variable genes and visualization of the top ten genes. (D,E) Visualization of dimensionality reduction results of the
scaling data. (F) Elbow plot for identifying the optimal number of PCs.
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FIGURE 6 | Identification of cell clusters and marker genes in OA synoviocytes. (A) Visualization of cell clusters marked by different colors for OA synoviocytes by
t-SNE method. (B)Heat map of the scaled expressions of the top ten marker-genes for each cell cluster. (C) Annotation of t-SNE cell types for OA synoviocytes. (D) Cell
cycle (G1, G2M, S) of OA synoviocytes on the t-SNE map. (E–G) Visualization of the expression levels of cytokine receptor marker genes for each cluster. (H–J)
Visualization of the expression levels of inflammatory cytokine marker genes for each cluster.
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FIGURE 7 | Identification of five immune cell subpopulations and associated marker genes for OA synoviocytes. (A) Visualization of five cell subpopulations with
unique colors. (B) Heatmap for the scaled expression of the top 20 marker genes for each cell subpopulation. (C,D) Visualization of the expression levels of cytokine
receptor marker genes for each cell subpopulation. (E,F) Visualization of the expression levels of inflammatory cytokine marker genes for each subpopulation. (G)
Visualization of the expression levels of surface markers for each subpopulation.
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FIGURE 8 | Pseudo-time analysis of osteoarthritic synoviocytes by Monocle 2 algorithm. (A) Distribution of osteoarthritic synoviocytes in 7 different states. (B) The
mRNA expression of inflammatory cytokines and cytokine receptor in each state. (C) Distribution of osteoarthritic synoviocytes according to pseudo-time value. The
darker the color, the larger the pseudo-time value. (D) Genes that dynamically change with pseudo-time value.
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Biological Functions of Differentially
Expressed Marker Genes
We integrated the GSE55235 and GSE55457 datasets and
removed batch effects (Figures 10A,B). With the criteria of
FDR<0.05 and |fold-change|>1.5, we identified 121 up-
regulated genes and 91 down-regulated genes in OA compared
with normal synovial tissues (Figure 10C). After overlapping
marker genes of each cell type, we finally identified 6 differentially
expressed marker genes in B cells (ASNS, NDUFA3, SPARC,
GCHFR, BHLHE41, and BGN), 22 differentially expressed
marker genes in dendritic cells (CXCL3, FOSL2, MAP3K8,
FCER1A, PTGS2, OLR1, KDM6B, PFKFB3, NFKBIA, GCH1,
SAMSN1, HLA-DPB1, VEGFA, NR4A3, KCNN4, PMAIP1,
MAFF, TNFAIP3, FOSL1, HLA-DQB1, CD58, and GLRX), 27
differentially expressed marker genes in macrophages (VAMP8,
NR4A2, DNAJB1, HNMT, TREM2, NR4A1, NTAN1, GRN,
TMEM230, MNDA, KLF4, EMP1, CRIP1, SLC7A7, CEBPD,
GDE1, NCF1, HPGDS, CD83, FKBP5, KLF10, FOLR2,
SGMS1, JUN, TMEM176B, GADD45B, and FRMD4B), 35
differentially expressed marker genes in monocytes (FERMT2,
DPT, FAP, PCOLCE, PTGDS, GLT8D2, ANKH, TMCO3,
THBS4, DDX3Y, JUNB, TNFRSF11B, PTPRG, PRSS23, IFI27,
VCAN, GSN, TGFBR3, ANGPTL2, SSPN, THY1, PPIC, SPARC,
TPPP3, FZD1, MYL6B, MYC, MT1X, CRISPLD2, BGN,
COL1A2, IL1R1, LTBP3, APOC1, and GADD45B), and 9
differentially expressed marker genes in T cells (CD37,
SLC2A3, SAMSN1, CD52, ZFP36, ELF1, PRRC2C, MT1X, and
SCAF11). Functional annotation analysis was used for
investigating their biological functions. We observed that
differentially expressed marker genes in B cells were mainly

involved in modulating the molecular functions of
extracellular matrix (Figure 10D). Differentially expressed
marker genes in dendritic cells markedly participated in
immune-related processes and pathways (Figures 10E,F). In
Figure 10G, differentially expressed marker genes in
macrophages were mainly involved in modulating
inflammatory response and leukocyte differentiation.
Differentially expressed marker genes in monocytes primarily
participated in osteoclast differentiation (Figures 10H,I). In
Figure 10J, differentially expressed marker genes in T cells
were mainly involved in regulating cytoplasmic stress granule.

Silencing NR4A1 and NR4A2 Relieves
IL-1β-Induced Chondrocyte Damage
We further verified the biological functions of differentially
expressed marker genes NR4A1 and NR4A2 in OA
progression. IL-1β-induced OA chondrocyte models were
constructed and our results confirmed the remarkable up-
regulations of NR4A1 and NR4A2 in IL-1β-induced
chondrocytes (Figures 11A–C). The expressions of NR4A1
and NR4A2 were then silenced by specific siRNAs in IL-1β-
induced chondrocytes (Figures 11D–F). Flow cytometric
analyses demonstrated that knockdown of NR4A1 and NR4A2
relieved IL-1β-induced chondrocyte apoptosis (Figures 11G–I).
Additionally, silencing NR4A1 and NR4A2 enhanced
proliferative capacity of IL-1β-induced chondrocyte apoptosis
(Figures 11J–L). We also investigated that knockdown of NR4A1
and NR4A2 reduced the expressions of MMP3 andMMP3 as well
as increased the expression of Collagen II in IL-1β-induced
chondrocyte apoptosis (Figures 11M–T). Overall, silencing
NR4A1 and NR4A2 relieved IL-1β-induced chondrocyte damage.

DISCUSSION

OA represents an age-related arthritis and the major chronic
disability-related cause among elderly populations (Zhang et al.,
2020a). OA is characterized by synovial inflammation, confirmed
by magnetic resonance imaging and ultrasound (Conaghan et al.,
2019). Here, based on microarray and scRNA-seq profiles, we
comprehensively expounded immune cells and inflammatory
mediators in OA synovium, which characterized the key
features of OA pathogenesis. More importantly, our study
depicted the intercellular heterogeneity of OA synovial tissues.

With the advance in RNA-seq and microarray techniques,
more and more studies have revealed the molecular features of
OA. Previous findings on gene expression profiles of OA synovial
tissues have proposed several key genes as well as their enriched
signaling pathways (Wang et al., 2020). Herein, this study
identified 57 DEGs in OA compared to healthy synovial
tissues. These genes were involved in several inflammatory
pathways such as TNF, IL-17, NF-κB, Toll-like receptor and
Th17 cell differentiation, indicating that they might be related to
OA progression. Especially, as reported in a previous study, OA-
related DEGs were also distinctly enriched in TNF pathway (Li
et al., 2019). IL-17 regulates response to damage in OA by

FIGURE 9 | Ligand-receptor network based on B cells, dendritic cells,
macrophages, monocytes, and T cells.
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immunologically inducing senescence (Faust et al., 2020). NF-κB
pathway affects synovial inflammation, which leads to the
damage of joint cartilage (Choi et al., 2019). Moreover, Toll-
like receptor may contribute to pathological alterations in OA
joint tissue specimens (Miller et al., 2019). IL-17 mediates
apoptosis in rheumatoid arthritis synoviocytes by activating
autophagy (Kim et al., 2017). Therefore, alterations in gene
expression may participate in inflammatory pathways of OA.

The inflammatory microenvironment of the OA synovium
consists of immune cells and various inflammatory cytokines.
The CIBERSORT algorithm confirmed that there were relatively
high infiltration levels of macrophages in OA synovial tissues.
Consistently, lower infiltration levels of dendritic cells activated,

T cells CD4 memory resting, neutrophils and mast cells activated
were detected in OA than healthy synovial tissues (Cai et al., 2020;
Chen et al., 2020). On the contrary, there were higher infiltration
levels of macrophages M0, mast cells resting and monocytes in
OA compared to control synovial tissue specimens. These data
were indicative that dysregulated immune cells in synovium
might play key roles in OA pathogenesis. To further
understand the roles of immune cells in the progression of
OA, our scRNA-seq data demonstrated that OA may involve
five immune cells including macrophages, dendritic cells, T cells,
monocytes and B cells as well as associated effector cytokines and
cytokine receptors in synoviocytes. The ligand-receptor network
revealed the close crosstalk between cells. Among them,

FIGURE 10 |Biological functions of differentially expressed marker genes in five immune cells. (A,B)Before and after batch effects of the integrated GSE55235 and
GSE55457 datasets. (C) Volcano plots of differentially expressed genes between OA and normal synovial tissues. (D–J) Functional annotation analysis of differentially
expressed marker genes in (D) B cells, (E,F) dendritic cells, (G) macrophages, (H,I) monocytes, and (J) T cells.
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FIGURE 11 | Silencing NR4A1 and NR4A2 relieves IL-1β-induced chondrocyte damage. (A–C)Western blotting of the expressions of NR4A1 and NR4A2 in IL-1β-
induced chondrocytes. (D–F) Western blotting of the expressions of NR4A1 and NR4A2 in IL-1β-induced chondrocytes after silencing NR4A1 or NR4A2. (G–I) Flow
cytometry detecting the apoptosis of IL-1β-induced chondrocytes with knockdown of NR4A1 and NR4A2. (J–L) EdU assay measuring the proliferation of IL-1β-induced
chondrocytes with knockdown of NR4A1 and NR4A2. (M–T)Western blotting of the expressions of MMP3, MMP3 and Collagen II in IL-1β-induced chondrocytes
under knockdown of NR4A1 and NR4A2. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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macrophages were most abundant immune cells. Consistently,
Hsueh et al. (2021) found that macrophages were predominant in
the OA synovial tissues, occupying 53% of total synoviocytes.
Macrophages could product inflammatory cytokines including
TNF, IL1B, IL18, TGFB1, and IL8. It has been confirmed that
macrophages and macrophage-secreted mediators force the
inflammatory and destructive responses in the OA synovial
tissues (Bondeson et al., 2006). Therefore, macrophages may
participate in the pathogenesis of OA. Inflammatory cytokines
in the synovial membrane are also involved in the initiation and
progression of OA (Li et al., 2020). For example, TNF-α induces
the production of matrix metalloproteinases like MMP-13,
ADAMTS-5 and ADAMTS-7 and activates the NF-κB
pathway that can facilitate the proinflammatory functions of
TNF-α (Zhao et al., 2019). Above data demonstrated that the
immune cells, cytokines and receptors in synovial tissues might
play critical roles in OA progression. Our in vitro experiments
confirmed that silencing differentially expressed marker genes
NR4A1 and NR4A2 relieved IL-1β-induced chondrocyte damage
in vitro experiments. However, a few limitations should be
pointed out. First, more scRNA-seq data should be verified for
the intercellular heterogeneity of OA synovial tissues. Second, in
vivo experiments should be carried out to verify the biological
functions of NR4A1 and NR4A2 in OA progression.

CONCLUSION

This study uncovered the transcriptomic diversities within OA
synovial tissue. Our findings could deepen the understanding on
the pathophysiology of OA and facilitate the progression of novel
drugs against therapeutic targets.
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Characterization of an Aging-Based
Diagnostic Gene Signature and
Molecular Subtypes With Diverse
Immune Infiltrations in
Atherosclerosis
Lei Zhao*, Fengfeng Lv, Ye Zheng, Liqiu Yan and Xufen Cao

Department of Cardiology, Cangzhou Central Hospital, Cangzhou, China

Objective: Advancing age is a major risk factor of atherosclerosis (AS). Nevertheless, the
mechanism underlying this phenomenon remains indistinct. Herein, this study conducted a
comprehensive analysis of the biological implications of aging-related genes in AS.

Methods: Gene expression profiles of AS and non-AS samples were curated from the
GEO project. Differential expression analysis was adopted for screening AS-specific aging-
related genes. LASSO regression analysis was presented for constructing a diagnostic
model, and the discriminatory capacity was evaluated with ROC curves. Through
consensus clustering analysis, aging-based molecular subtypes were conducted.
Immune levels were estimated based on the expression of HLAs, immune
checkpoints, and immune cell infiltrations. Key genes were then identified via WGCNA.
The effects of CEBPB knockdown on macrophage polarization were examined with
western blotting and ELISA. Furthermore, macrophages were exposed to 100mg/L
ox-LDL for 48 h to induce macrophage foam cells. After silencing CEBPB, markers of
cholesterol uptake, esterification and hydrolysis, and efflux were detected with western
blotting.

Results: This study identified 28 AS-specific aging-related genes. The aging-related gene
signature was developed, which could accurately diagnose AS in both the GSE20129
(AUC � 0.898) and GSE43292 (AUC � 0.685) datasets. Based on the expression profiling
of AS-specific aging-related genes, two molecular subtypes were clustered, and with
diverse immune infiltration features. The molecular subtype–relevant genes were obtained
with WGCNA, which were markedly associated with immune activation. Silencing CEBPB
triggered anti-inflammatory M2-like polarization and suppressed foam cell formation.
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Conclusion: Our findings suggest the critical implications of aging-related genes in
diagnosing AS and modulating immune infiltrations.

Keywords: atherosclerosis, aging-related genes, immune infiltration, diagnosis, molecular subtypes, CEBPB

INTRODUCTION

The number of elderly people (aged >65 years) is increasing
globally, and cardiovascular diseases, especially atherosclerosis
(AS), act as the biggest cause of morbidity and mortality among
this population (Lorenzo et al., 2021). AS is the most common
underlying pathology of coronary artery diseases, peripheral
artery diseases, and cerebrovascular diseases (Wolf and Ley,
2019). It is an aging-related disorder that is in relation to
long-term exposure to cardiovascular risk factors. Increasing
age acts as an independent risk factor of AS progression
(Wang and Bennett, 2012). The aging of the vascular system is a
key determinant of the development of AS (de Yébenes et al., 2020).
Aging involves cell–cell communications and contributes to distinct
stages of AS development (Tyrrell and Goldstein, 2021). In AS
lesions, aging may be driven by the exhaustion of replicative
potential and a variety of cellular stressors like oxidized LDL
(Bian et al., 2020). At present, aging-based therapeutic agents are
being sought to treat and prevent AS in humans. Nevertheless, in-
depth knowledge is required to fully uncover aging-related genes, to
expound aging andAS intertwining, which allows us to developmore
effective therapeutic strategies, and to decrease the burden of AS.

AS represents a systemic chronic inflammatory disease of the
arterial wall, caused by the accumulation of lipoproteins and the
activation of various dysregulated immune cells (Liberale et al.,
2020). Aging influences the immune system in complex
mechanisms, and diverse components in the immune system
contribute to AS progression (Minhas et al., 2021). Immune cell
subpopulations of diverse lineages are involved in AS, such as
macrophages, dendritic cells, T helper 1 cells, and B cells, all of
which may be influenced by aging (Tyrrell and Goldstein, 2021).
Some adaptive and innate immune responses are protective, while
others trigger the progression of AS (Nilsson and Hansson, 2020).
Recently, clinical trials have demonstrated that immune
checkpoint inhibitors exhibit the potential of targeting the
immune system to combat AS (Ridker et al., 2017). Increasing
evidence suggests an inability to fine-control systemic
inflammatory responses, which seems to be a sign of failure in
aging (Rea et al., 2018). Nevertheless, so far, few studies have been
conducted for exploring the interactions of aging-related genes
and immune infiltrations in AS. Herein, this study conducted a
comprehensive analysis of the biological implications of aging-
related genes and their relevance to immune infiltrations in AS.

MATERIALS AND METHODS

Data Acquisition
The mRNA expression profiles of 71 non-AS and 48 AS samples
from female peripheral blood were curated from the Gene
Expression Omnibus (GEO) repository (https://www.ncbi.nlm.

nih.gov/gds/) with the accession number GSE20129, which was
used as the training set (Huang et al., 2011). Microarray
expression data of 32 pairs of atheroma plaque and control were
retrieved from the GSE43292 dataset, as the testing set (Ayari and
Bricca, 2013). Transcriptomic profiling and follow-up information
of patients who underwent endarterectomy operations were
retrieved from the GSE21545 dataset (Jiang et al., 2019; Gallina
et al., 2021). The probes were converted to gene symbols in line with
the probe annotation files. If more than one probe corresponded to
the same gene symbol, the average of these probes was calculated as
the expression level of the gene. In total, 307 aging-related genes were
downloaded from the Human Ageing Genomic Resources (HAGR;
https://genomics.senescence.info/) (Tacutu et al., 2018).

Differential Expression Analysis
Differential expression analysis of aging-related genes was presented
between AS and non-AS samples utilizing the limma package
(version 3.40.6) (Ritchie et al., 2015). The Benjamini–Hochberg
method was adopted for adjusting the original p-values. Genes with
the false discovery rate (FDR) < 0.05 were considered AS-specific
aging-related genes. The Pearson correlation test was adopted for
evaluation of the interactions between AS-specific aging-related
genes at the mRNA level.

Protein–Protein Interaction Analysis
A PPI network was established through the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING; version 11.0)
online database (https://string-db.org) (Franceschini et al., 2013).
The Molecular Complex Detection (MCODE) plug-in in the
Cytoscape software (version 3.7.2) was adopted for screening
the significant module, with degree cutoff � 2, K-core � 2, and
node score cutoff � 0.2 (Bader and Hogue, 2003).

Function Enrichment Analysis
Through the clusterProfiler package (version 3.12.0), Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses of AS-specific aging-related genes were
carried out (Yu et al., 2012). Terms with the FDR<0.05 were
significantly enriched. Gene Set Enrichment Analysis (GSEA;
version 4.1.0) was adopted for identifying the most significant
biological processes and KEGG pathways between AS and non-
AS groups (Subramanian et al., 2005). “c2.cp.kegg.v7.0.symbols.gmt”
derived from the Molecular Signatures Database (MSigDB; version
7.1) was downloaded as the reference gene set (Liberzon et al., 2015).

Development of an Aging-Related Gene
Signature for AS Diagnosis
To minimize the risk of overfitting, the logistic least absolute
shrinkage and selection operator (LASSO) regression analysis
algorithm was adopted, which used regularization to improve the
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prediction accuracy (Tibshirani, 1997). Through the glmnet
package (Engebretsen and Bohlin, 2019), the genes
significantly associated with the discrimination of AS and non-
AS specimens were identified. Ten-fold cross-verification was
presented for tuning parameter selection. Lambda was
determined as the minimum partial likelihood deviance. To
verify the predictive significance of the identified aging-related
gene signature, receiver operator characteristic (ROC) curves
were generated based on the mRNA expression profiles from
71 non-AS and 48 AS patients in the GSE20129 dataset. The area
under the ROC curve (AUC) was calculated for determining the
diagnostic effectiveness in discriminating AS from non-AS
patients and externally verified in the dataset. Moreover, the
prognostic value of feature aging-related genes was assessed in the
GSE21545 dataset. The cutoff value of each gene was determined,
and Kaplan–Meier curves of survival analysis were conducted
between groups with the survival package.

Analysis of Immune Cell Infiltrations and
Immunity
The computational single sample gene set enrichment analysis
(ssGSEA) method derived from the Gene Set Variation Analysis
(GSVA) package (version 1.32.0) was employed for analyzing the
immune cell subpopulations across samples from the GSE20129
dataset (Hänzelmann et al., 2013). The enrichment of each
immune cell type was scored according to the marker genes of
28 immune cell subpopulations (Charoentong et al., 2017). The
mRNA expression of human leukocyte antigen (HLA) molecules
and immune checkpoints was quantified in each sample.

Consensus Clustering Analysis
Consensus clustering analysis was carried out utilizing the
ConsensusClusterPlus package (version 1.48.0) on the basis of
the mRNA expression profiling of AS-specific aging-related genes
(Wilkerson and Hayes, 2010). The Euclidean distance between
specimens was determined. To classify AS specimens into diverse
subgroups, unsupervised k-means clustering analysis was
presented for consensus clustering with 1,000 repetitions based
on Euclidean distance. Through the t-distributed stochastic
neighbor embedding (t-SNE) method, the difference between
clusters was confirmed. Meanwhile, the MSigDB hallmark gene
set (h.all.v7.1.symbols.gmt) was adopted for running ssGSEA to
reveal the activities of hallmark pathways in two clusters.

Co-Expression Analysis
The co-expression network was conducted with the weighted
gene correlation network analysis (WGCNA) package to uncover
the correlation of genes and critical interacted genetic modules
based on the mRNA expression profiling of AS-specific aging-
related genes (Langfelder and Horvath, 2008). PickSoftThreshold
function was utilized for calculating the soft thresholding power β
value in line with scale independence and mean connectivity. Co-
expression modules with aging-related clusters were then
established utilizing blockwiseModules function. Each module
was assigned a unique color. The Pearson correlation of each
module’s eigengene with phenotypes was analyzed. Afterward,

gene significance and module membership indicators were
separately calculated by signedKME and cor functions for
identifying key genes with gene significance >0.5 and module
membership >0.8. Module membership represents the
relationships between gene expression profiling and module
eigengene. Meanwhile, gene significance represents the
absolute value of the associations between gene expression and
module traits.

Cell Culture and Differentiation
Humanmonocytes THP-1 weremaintained in RPMI-1640medium
(Sigma-Aldrich, United States) plus 10% fetal bovine serum (FBS).
All monocytes were grown in an environment of 5% CO2 at 37°C.
THP-1 monocytes were differentiated to macrophages through
exposure to 160 nmol/L phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich, United States) lasting 72 h. THP-1 cells were
induced to foamy macrophages by incubation with 100mg/L ox-
LDL lasting 48 h. Macrophages were polarized to M1 macrophages
via incubation with 20 ng/ml interferon-γ (IFN-γ) and 10 pg/ml
lipopolysaccharide (LPS). Moreover, macrophage M2 polarization
was induced by incubating with 20 ng/ml interleukin-4 (IL-4).

Cell Transfection
The siRNAs against CEBPB (si-CEBPB) and siRNAnegative control
(si-NC) were retrieved from GenePharma, Inc. (Shanghai, China).
Macrophages were transfected with oligonucleotides via
Lipofectamine 2000 (Invitrogen, United States) in line with the
manufacturer’s instructions. Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) was adopted for evaluating
the transfection efficiency of si-CEBPB.

RT-qPCR
Total RNA was extracted from macrophages utilizing TRIzol
reagent (Invitrogen, United States). RNA concentration was
determined with Nanodrop 2000. cDNA was synthesized with
500 ng RNA in line with the manufacturer’s instruction. RT-
qPCR was presented on a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, United States) utilizing iTaq
Universal SYBR Green (Bio-Rad, United States). The primer
sequences are listed in Table 1. With GAPDH as a reference
control, the expression of target genes was determined with the
2−ΔΔCt method.

TABLE 1 | Primer sequences of genes by RT-qPCR.

Target genes Primer sequences

CEBPB 5′-CTTCAGCCCGTACCTGGAG-3′ (forward)
5′-GGAGAGGAAGTCGTGGTGC-3′ (reverse)

iNOS 5′-TTCAGTATCACAACCTCAGCAAG-3′ (forward)
5′-TGGACCTGCAAGTTAAAATCCC-3′ (reverse)

FIZZ1 5′-CCGTCCTCTTGCCTCCTTC-3′ (forward)
5′-CTTTTGACACTAGCACACGAGA-3′ (reverse)

Ym1 5′-ATCCAGTCTGGCTATGAGATCC-3′ (forward)
5′-TCAGTCGGGTATTTGTAGAGGG-3′ (reverse)

Arg1 5′-GTGGAAACTTGCATGGACAAC-3′ (forward)
5′-AATCCTGGCACATCGGGAATC-3′ (reverse)

GAPDH 5′-CTGGGCTACACTGAGCACC-3′ (forward)
5′-AAGTGGTCGTTGAGGGCAATG-3′ (reverse)
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Western Blotting
Macrophages were plated in a six-well plate and grown to 60%
confluency. After being lysed with RIPA lysis buffer on the ice,
20 μg protein was subjected to SDS-PAGE and transferred onto
the polyvinylidene fluoride membrane. Afterward, the membrane
was blocked with Tris-buffered saline and Tween 20 (TBST) plus
5% non-fat milk powder for 2 h at room temperature. Then, the
membrane was treated with primary antibodies against CEBPB
(1:1,000; 23431-1-AP; Proteintech, Wuhan, China), iNOS (1:
1,000; 18985-1-AP; Proteintech, Wuhan, China), FIZZ1 (1:
1,000; ab271225; Abcam, United States), Ym1 (1:1,000; 21484-
1-AP; Proteintech, Wuhan, China), Arg1 (1:5,000; ab233548;
Abcam, United States), CD36 (1:1,000; 18836-1-AP;
Proteintech, Wuhan, China), LOX-1 (1:1,000; 11837-1-AP;
Proteintech, Wuhan, China), SR-A (1:1,000; ab183725; Abcam,
United States), SR-B (1:2000; ab206233; Abcam, United States),
ABCA1 (1:50,000; ab125064; Abcam, United States), ABCG1 (1:
1,000; 13578-1-AP; Proteintech, Wuhan, China), ACAT1, and
GAPDH (1:20,000; 60004-1-Ig; Proteintech, Wuhan, China) at
4°C overnight. Afterward, the membrane was washed with TBST
three times, followed by incubation with HRP-conjugated goat
anti-rabbit or anti-mouse antibody (1:10,000; ab7090 or ab47827;
Abcam, United States) at room temperature for 1 h.
Immunoreactivity was quantified with an enhanced
chemiluminescence detection system. Images were acquired
with an automatic digital gel image analysis system.

Enzyme-Linked Immunosorbent Assay
Levels of inflammatory cytokines including tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), and IL-1β in culture
medium were examined with commercially available ELISA
kits (Nanjing Jiancheng Institute of Biological Engineering,
China) in line with the manufacturer’s instructions. The
absorbance value at 405 nm was tested with a microplate reader.

Statistical Analysis
Statistical analysis was conducted with GraphPad Prism software
(version 8.0.1). All data are displayed as mean ± standard
deviation. Comparisons between two groups were evaluated
with Wilcoxon’s test or Student’s t-test. Meanwhile,
comparisons among three or more groups were carried out
with the analysis of variance followed by Tukey’s post hoc
test. p < 0.05 was set as statistical significance.

RESULTS

Expression Patterns and Biological
Significance of Aging-Related Genes in AS
This study harvested 307 aging-related genes from the HAGR
project. Expression patterns of aging-related genes were analyzed
in AS and non-AS samples from the GSE20129 dataset. Our
results showed that MAPK14, PTGS2, SP1, SOD2, BAK1, MXD1,
GSK3B, CEBPB, STAT5B, MAP3K5, FAS, LMNB1, PPP1CA,
VCP, PSEN1, ERCC1, HTRA2, PYCR1, EFEMP1, and AGTR1
expressions displayed marked up-regulation in AS than non-AS
samples (Figures 1A,B and Table 2). Meanwhile, PPARG, ABL1,

SHC1, ERCC4, ERCC3, PARP1, APEX1, and ERCC5 exhibited
more distinct down-regulation in AS than non-AS samples. The
above genes were considered AS-specific aging-related genes.
Through the Pearson correlation test, there were prominently
positive or negative correlations between the AS-specific aging-
related genes among AS samples at the mRNA levels (Figure 1C).
Moreover, the PPI network uncovered the close interactions
between proteins encoded by the AS-specific aging-related
genes (Figure 1D). KEGG enrichment results demonstrated
that AS-related (lipid and AS) and immunity-related pathways
(TNF and IL-17 signaling pathways) were significantly enriched
by the AS-specific aging-related genes (Figure 1E). As shown in
GO annotation results, the AS-specific aging-related genes were
markedly associated with oxidative stress, aging, and DNA repair
(Figure 1F).

Development of an Aging-Related Gene
Signature for AS Diagnosis
Through the GSEA method, we evaluated the differences in
activations of biological processes and pathways between AS
and non-AS samples. Our results revealed that blood
circulation, circulatory system process, embryonic
morphogenesis, regulation of hormone levels, and regulation
of system process were significantly activated in AS samples
(Figure 2A). Meanwhile, focal adhesion, HIF-1 signaling
pathway, natural killer cell–mediated cytotoxicity, PI3K–Akt
signaling pathway, and TNF signaling pathway exhibited
increased activations in AS samples (Figure 2B). This indicated
that the above biological processes and pathways could participate
in AS progression. Through the LASSO method, feature AS-
specific aging-related genes were screened. Based on them, we
developed a diagnostic model containing 18 AS-specific aging-
related genes (CEBPB, MAPK14, ERCC3, ABL1, BAK1, ERCC1,
FAS, EFEMP1, PARP1, ERCC4, SHC1, MAP3K5, ERCC5,
AGTR1, PYCR1, PPARG, VCP, and PPP1CA) for AS (Figures
2C,D). Among them, CEBPB, MAPK14, BAK1, ERCC1, FAS,
EFEMP1, MAP3K5, AGTR1, PYCR1, VCP, and PPP1CA
displayed increased expression in AS compared with non-AS
samples (Figure 2E). Meanwhile, ERCC3, ABL1, PARP1,
ERCC4, SHC1, ERCC5, and PPARG were markedly reduced in
AS than non-AS specimens. The AUC values were separately 0.898
and 0.685 in the GSE20129 and GSE43292 datasets (Figure 2F).
This confirmed the excellent diagnostic performance of this model.
In the GSE21545 dataset, survival analysis revealed the significant
prognostic significance of key AS-specific aging-related genes for
AS patients (Figures 2G–X).

Feature Aging-Related Gene Signatures
Associated With Immune Infiltrations in AS
The differences in immune infiltrations between AS and non-AS
samples were evaluated in depth. Compared with those in non-
AS samples, we found that the infiltration levels of central
memory CD8 T cells and neutrophils were markedly
increased in AS samples (Figure 3A). Meanwhile, reduced
infiltration levels of CD56bright natural killer cells were
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FIGURE 1 | Expression patterns and biological significance of aging-related genes in AS. (A) Volcano plots visualizing the expression patterns of aging-related
genes in AS and non-AS samples. Orange bubbles mean up-regulated genes, blue bubbles mean down-regulated genes, and gray bubbles mean non-significant
genes. (B) Box plots showing the differentially expressed aging-related genes in AS and non-AS samples. *p < 0.05; **p < 0.01. (C) Pearson correlation between AS-
specific aging-related genes among AS samples. Purple represents negative correlation, while green represents positive correlation. (D) PPI network of proteins
encoded by AS-specific aging-related genes through the STRING database. (E) KEGG pathways enriched by AS-specific aging-related genes. (F) Biological processes
(BPs), cellular components (CCs), and molecular functions (MFs) associated with AS-specific aging-related genes.
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observed in AS samples. As shown in Figure 3B, there
was significantly increased expression of HLA-E and HLA-
DPB1 while reduced expression of HLA-DRB5 in AS than
non-AS samples. The expression of immune checkpoints was
also compared between AS and non-AS specimens. In
comparison with those in non-AS samples, TNFSF14
displayed markedly increased expression, but ICOSLG and
TNFRSF25 exhibited prominently reduced expression in AS
samples (Figure 3C). The above data indicated the
heterogeneity in immune infiltrations between AS and
non-AS samples. We further investigated the interactions
of feature aging-related gene signatures with immune
infiltrations across AS samples. As depicted in Figure 3D,
most feature aging-related genes were in relation to immune
cell infiltrations. Feature aging-related genes were positively
correlated with HLA-A, HLA-B, HLA-DMA, HLA-DRB5,
HLA-E, and HLA-F but were negatively associated with
HLA-DQA2. Additionally, they were positively or
negatively related to the other HLA molecules (Figure 3E).
Moreover, there were prominent associations of feature
aging-related genes with HLAs and immune checkpoints
across AS specimens (Figure 3F).

Characterization of Two Aging-Related
Gene Clusters Across AS Samples
Through consensus clustering analysis, we clustered AS samples
into two molecular subtypes based on the expression profiling of

AS-specific aging-related genes, namely, cluster 1 (n � 20) and
cluster 2 (n � 28; Figures 4A–D). The t-SNE plots revealed the
prominent differences between samples from the two clusters
(Figure 4E). As shown in Figure 4F, the expression of AS-specific
aging-related genes displayed the marked heterogeneity between
subtypes. We also investigated the activities of hallmark pathways
across AS samples. In Figure 4G, reduced activations of
glycolysis, MYC targets, unfolded protein response, IL-
2–STAT5 signaling, allograft rejection, peroxisome, androgen
response, protein secretion, bile acid metabolism, and E2F
targets are found in cluster 1 compared with cluster 2.

Aging-Related Gene Clusters With Different
Immune Activations
Through the ssGSEA method, we quantified the infiltration levels
of immune cell subpopulations across AS samples from aging-
related gene clusters 1 and 2. In Figure 5A, we noticed that
compared with those in cluster 1, central memory CD4 T cells
and effector memory CD8 T cells exhibited the markedly
increased infiltration levels in cluster 2. In contrast, higher
infiltration levels of macrophages, natural killer cells, and
neutrophils were found in cluster 1 than cluster 2. HLA-DRA,
HLA-DMB, and HLA-DPA1 expressions were markedly lowered
in cluster 1 than cluster 2 (Figure 5B). Moreover, we found that
immune checkpoints including CD160, CD27, CD48, HAVCR2,
ICOS, LAIR1, TMIGD2, and TNFRSF25 expressions displayed a
marked increase in cluster 2 compared with cluster 1. However,
TNFRSF9 and TNFSF14 expressions were prominently higher in
cluster 1 than cluster 2 (Figure 5C). Thus, aging-related gene
cluster 2 exhibited high immunity activation in AS.

Establishment of a Co-Expression Network
Following the quality check of the input data, no specimen was
removed (Figure 6A). Here, two phenotypes (clusters 1 and 2)
were carried out. In Figures 6B,C, the soft thresholding power is
set at 5, while the scale-free topology fit index is up to 0.9,
indicative of an approximate scale-free topology. Co-expression
modules were established utilizing dynamic tree cut analysis. In
total, 14 modules were merged and identified by a unique color
(Figure 6D). The gray module contained genes that did not have
similar expression patterns and did not belong to any other
module. As shown in Figure 6E, the green module displayed
the most significant correlation with aging-related clusters,
indicating that the genes in the green module were in relation
to aging-related clusters.

Analysis of Genes in Aging-Related
Co-Expression Module
With module membership >0.8 and gene significance >0.5, we
identified 49 co-expressed genes highly associated with aging-
related clusters in the green module: OSBPL2, FLJ39575, LAT2,
TNFRSF10C, KIAA1754, REPS2, DGAT2, C5AR1, NADK,
CANT1, BEST1, TIMP2, KIAA0247, LPPR2, IL8RA, ACTN1,
ST6GALNAC2, SLC11A1, NCF4, MXD1, MGAM, MEFV,
DENND3, TREML2, RAB6IP1, LILRB3, TMCC3, C3orf62,

TABLE 2 | AS-specific aging-related genes.

Aging-related genes AS Non-AS LogFC p-Value

CEBPB 8.963346 9.047084 0.013416 0.003149
MAPK14 5.015483 5.102793 0.024898 0.003887
SP1 6.157043 6.238663 0.018999 0.004022
ERCC3 5.382679 5.338848 −0.0118 0.008887
ABL1 4.423791 4.404287 −0.00637 0.01016
SOD2 6.251091 6.331509 0.018441 0.012048
BAK1 5.280884 5.344529 0.017283 0.014239
ERCC1 4.56879 4.594123 0.007977 0.015811
FAS 4.642165 4.681445 0.012156 0.016653
EFEMP1 4.323343 4.340194 0.005612 0.016777
PARP1 7.161269 7.092815 −0.01386 0.018185
PTGS2 5.339084 5.418034 0.021177 0.020871
MXD1 8.03037 8.119685 0.015957 0.023058
ERCC4 4.541617 4.510499 −0.00992 0.023063
SHC1 4.41161 4.390684 −0.00686 0.024921
HTRA2 5.272931 5.298685 0.007029 0.030047
MAP3K5 6.583337 6.642216 0.012845 0.03025
ERCC5 6.423041 6.341288 −0.01848 0.030459
AGTR1 4.358364 4.374411 0.005302 0.03046
GSK3B 5.922632 5.984424 0.014974 0.033491
APEX1 6.583896 6.516471 −0.01485 0.037267
LMNB1 4.499552 4.534832 0.011268 0.040335
PYCR1 4.286578 4.305256 0.006273 0.043613
STAT5B 6.86238 6.923944 0.012885 0.044461
PSEN1 4.714857 4.74761 0.009987 0.044754
PPARG 4.289684 4.275532 −0.00477 0.04833
VCP 4.888364 4.924531 0.010635 0.048638
PPP1CA 6.696638 6.747851 0.010991 0.049572
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TSEN34, ROPN1L, XPO6, SBNO2, USP32, IL8RB, UBN1,
TNFSF14, B4GALT5, CREBBP, MANSC1, PELI2, RAF1,
IGF2R, LAMP2, DHX34, DKFZp761E198, ABHD5, RNF24,

HAL, and NDEL1 (Figure 7A). Through MCODE, LYN,
MCL1, NFKB2, CREB1, CREBBP, NOTCH1, MAPK14,
MAPK1, RAF1, CDC42, GSK3B, CXCR4, and CFLAR acted as

FIGURE 2 | Development of an aging-related gene signature for AS diagnosis. (A) GSEA results for the activation of biological processes in AS than non-AS
samples. (B) GSEA results for the activation of KEGG pathways in AS than non-AS samples. (C) Tuning feature selection in the LASSO model. (D) LASSO regression
coefficient profiles. (E) Box plots for the expression of key AS-specific aging-related genes in the LASSOmodel between AS and non-AS samples. *p < 0.05; **p < 0.01.
(F) ROC curves for evaluating the diagnostic efficacy of the LASSO model in GSE20129 (training set) and GSE43292 (testing set). (G–X) Survival analysis of AS
patients with high and low expressions of key AS-specific aging-related genes in the GSE21545 dataset.
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hub genes (Figure 7B). Function enrichment analysis was
presented for uncovering the biological significance of genes in
the green module. In Figure 7C, immune-related biological
processes are significantly enriched such as neutrophil
activation, neutrophil activation involved in immune response,
neutrophil-mediated immunity, neutrophil degranulation,
positive regulation of cytokine production, leukocyte
chemotaxis, and T cell activation. Moreover, we noticed that
AS-related (such as lipid and AS, HIF-1 signaling pathway, VEGF
signaling pathway, JAK-STAT signaling pathway, TNF signaling
pathway, and necroptosis) and immune-related (chemokine

signaling pathway, Th1 and Th2 cell differentiation, Th17 cell
differentiation, and B cell receptor signaling pathway) pathways
were prominently enriched by the genes in the green module
(Figure 7D).

CEBPB Knockdown Triggers
Anti-Inflammatory M2-Like Polarization of
Macrophages
Among AS-specific aging-related genes, CEBPB exhibited
marked associations with immune cell infiltrations in AS,

FIGURE 3 | Feature aging-related gene signatures associated with immune infiltrations in AS. (A) Box plots showing the differences in immune cell infiltrations
between AS and non-AS samples. (B,C) Box plots of the mRNA expression of HLA molecules and immune checkpoints in AS and non-AS samples. (D–F) Heatmaps
visualizing the associations of feature aging-related gene signatures with immune cell infiltrations and mRNA expression of HLA molecules and immune checkpoints
across AS samples. *p < 0.05; **p < 0.01.
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especially macrophages. To investigate the function of CEBPB on
macrophages, we successfully silenced the expression of CEBPB
in macrophages (Figure 8A). Macrophages were exposed to
20 ng/ml IFN-γ and 10 pg/ml LPS to acquire M1 macrophages
or incubated with 20 ng/ml IL-4 to acquire M2 macrophages.
Increased CEBPB expression was found in M1 macrophages, and

its expression was reduced in M2 macrophages (Figure 8B).
There were elevated expression of M1-type marker (iNOS) and
reduced expression of M2-type markers (including FIZZ1, Ym1,
and Arg1) in M1-like macrophages (Figures 8C–F). The opposite
results were investigated in M2-like macrophages. Especially,
CEBPB knockdown reduced the expression of M1-type marker

FIGURE 4 |Characterization of two aging-related gene clusters across AS samples. (A) Empirical cumulative distribution function (CDF) plots displaying consensus
distribution for each k. (B) Relative change in the area under the CDF curve. (C) Item tracking plot showing the consensus cluster of items (in column) at each k (in row).
(D) Consensus matrix plots depicting consensus values on a white to blue color scale ordered by consensus clustering when k � 2. (E) t-SNE plots confirming the
classification accuracy of two aging-related gene clusters across AS specimens. (F) Box plots showing the difference in mRNA expression of AS-specific aging-
related genes between clusters. *p < 0.05; **p < 0.01; ***p < 0.001. (G) Heatmap visualizing the activities of hallmark pathways in two aging-related gene clusters.
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(iNOS) and enhanced the expression of M2-type markers
(including FIZZ1, Ym1, and Arg1). Similar results were
observed at the protein levels (Figures 8G–L). These data
indicated that CEBPB knockdown promoted M2-like
polarization of macrophages. ELISA results demonstrated that
silencing CEBPB reduced the LPS-induced and IFN-γ–induced
increases in TNF-α, IL-6, and IL-1β in macrophages (Figures
8M–O). The above data indicated that silencing CEBPB triggered
anti-inflammatory M2-like polarization of macrophages.

CEBPB Knockdown Weakens Cholesterol
Uptake, Esterification and Hydrolysis, and
Efflux in ox-LDL–Induced Macrophages
This study constructed AS cellular models through exposure to
ox-LDL in macrophages. Western blotting confirmed the marked
up-regulation of CEBPB expression in ox-LDL–induced
macrophages (Figures 9A,B). To investigate the effects of
CEBPB on AS progression, CEBPB expression was
significantly silenced. Cholesterol uptake is a biologic process
by which ox-LDL is absorbed through macrophages with an SR-
mediated pathway (Wang et al., 2019). Macrophages primarily
express a few SR proteins, which bind, internalize, and degrade
ox-LDL including CD36, LOX-1, and SR-A. We noticed that
CEBPB knockdown weakened the expression of CD36, LOX-1,

and SR-A in ox-LDL–exposed macrophages (Figures 9C–E). To
maintain intracellular cholesterol homeostasis, excessive
cholesterol will be removed from macrophages primarily via
transporter-dependent cholesterol efflux pathways such as SR-
B, ABCA1, and ABCG1 (Wang et al., 2019). Our results showed
the marked increase in SR-B, ABCA1, and ABCG1 expressions in
ox-LDL–exposed macrophages after CEBPB was silenced
(Figures 9F–H). ACAT1 may re-esterify free cholesterol,
thereby blocking the underlying cellular toxicity caused by
excessive free cholesterol accumulation. In Figure 9I, CEBPB
knockdown reduced the expression of ACAT1 in ox-
LDL–induced macrophages. CEBPB knockdown weakened
cholesterol uptake, esterification and hydrolysis, and efflux in
ox-LDL–induced macrophages.

DISCUSSION

Aging serves as one of the strongest risk factors of AS (Tyrrell
et al., 2020). To decipher the mechanism by which aging triggers
AS is of importance for the development of novel therapeutic
strategies to decrease the burden of AS due to aging. Herein, this
study conducted a comprehensive analysis of the aging-related
genes in AS. Our findings showed an aging-related gene signature
as a diagnostic marker of AS. ROC curves confirmed the excellent

FIGURE 5 | Aging-related gene clusters with different immune activations. (A)Box plots of the differences in immune cell infiltrations in aging-related gene clusters 1
and 2. (B) Box plots of the differences in mRNA expression of HLAmolecules in aging-related gene clusters 1 and 2. (C)Box plots of the differences in mRNA expression
of immune checkpoints in aging-related gene clusters 1 and 2. *p < 0.05; **p < 0.01; ***p < 0.001.
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diagnostic capacity of AS. Moreover, we developed two aging-
based molecular subtypes across AS samples, with diverse
immune infiltrations. Through WGCNA, we identified
molecular subtype–derived key genes that were involved in
immune activation. In vitro, CEBPB knockdown triggered
anti-inflammatory M2-like polarization of macrophages as well
as weakened cholesterol uptake, esterification and hydrolysis, and
efflux in ox-LDL–induced macrophages, suggesting that CEBPB
participated in AS progression.

Through differential expression analysis, we identified AS-
specific aging-related genes. Our GO and KEGG enrichment
analyses uncovered that AS-specific aging-related genes
participated in modulating biological processes (oxidative
stress, aging, and DNA repair) AS-related (lipid and AS) and

immunity-related pathways (TNF and IL-17 signaling pathways),
indicative of the prominent biological significance of AS-specific
aging-related genes in AS pathogenesis. Through the LASSO
method, we developed an aging-based gene signature that was
capable of diagnosing AS. AS represents a systemic chronic
inflammatory disease involving activated innate immune
responses (Gencer et al., 2021). AS lesion is filled with
immune cells that may orchestrate and trigger inflammatory
response (Bonacina et al., 2021). Increasing evidence suggests
the inherent immune diversity in AS plaques (Shen et al., 2021).
Moreover, immune cell dysfunction such as aberrant distribution
of abundance and type contributes to AS progression (Wang
et al., 2021). An in-depth exploration of immune infiltrations in
AS and non-AS specimens may offer a better understanding of AS

FIGURE 6 | Establishment of a co-expression network. (A) Sample dendrogram and trait heatmap. (B,C) Scale independence and mean connectivity under
diverse soft-thresholding powers. (D) Co-expression modules for each gene under the hierarchical clustering tree are assigned diverse colors. The dynamic tree cut
corresponds to the original modules, and merged dynamic corresponds to the merged modules finally identified. (E) Heatmap of the relationships between co-
expression modules and clinical traits. The number indicates the correlation coefficients between co-expression modules and clinical traits, and the number in
parentheses indicates the corresponding p-values.
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progression. Anti-inflammatory therapy will be considered in
the context of other therapies aimed at reducing the harmful
biological effects of aging. Herein, according to immune cell
infiltrations (central memory CD8 T cells, neutrophils, and
CD56bright natural killer cells), mRNA expression of HLAs
(HLA-E, HLA-DPB1, and HLA-DRB5), and immune
checkpoints (TNFSF14, ICOSLG, and TNFRSF25), there
was the prominent heterogeneity in immune infiltrations
between AS and non-AS specimens. Moreover, two aging-
based molecular subtypes were characterized by diverse
immune infiltrations across AS specimens. Among AS-
specific aging-related genes, our results confirmed that
CEBPB knockdown triggered anti-inflammatory M2-like
polarization of macrophages.

Macrophage foam cells act as a key ingredient of
atherosclerotic lesions, which exert a critical function in AS
progression (Cao et al., 2019). In the early stage, monocytes
migrate into the intimal tissues, thereby differentiating into
macrophages (Tian et al., 2020). Macrophage phagocytosis and
metabolism of ox-LDL are enhanced, and lipid is transported
from the cell to the vessel wall. When the uptake of ox-LDL may
exceed the metabolic ability of macrophages, macrophages are
transformed into foam cells and facilitate AS progression (Peng
et al., 2020). Herein, our results showed the up-regulation of
CEBPB expression in ox-LDLmacrophages. But silencing CEBPB
weakened the expression of markers of cholesterol uptake,
esterification and hydrolysis, and efflux in ox-LDL
macrophages. Thus, CEBPB possessed the potential as a

FIGURE 7 | Analysis of genes in the aging-related co-expression module. (A) Scatter plots for the interactions between module membership and gene significance
for genes in the greenmodule. (B)Hub genes among genes in the greenmodule via theMCODEmethod. (C)Biological processes (BPs), cellular components (CCs), and
molecular functions (MFs) enriched by genes in the green module. (D) KEGG pathways enriched by genes in the green module.
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therapeutic target against AS. Nevertheless, several limitations
should be pointed out. Firstly, our results were based on analysis
of gene expression curated from microarray profiles, but gene
expression may not be directly equivalent to protein expression.
Secondly, the functions of CEBPB in AS progression will be
investigated in AS animal models.

CONCLUSION

Collectively, this study constructed an aging-based diagnostic gene
signature and two molecular subtypes with diverse immune
infiltrations in AS, which suggested the key implications of aging-
related genes in diagnosing AS and modulating immune infiltrations.

FIGURE 8 | CEBPB knockdown triggers anti-inflammatory M2-like polarization of macrophages. (A) RT-qPCR for verifying the expression of CEBPB in
macrophages transfected with siRNAs targeting CEBPB. (B–F) RT-qPCR for quantifying the expression of CEBPB, M1-type marker (iNOS), and M2-type markers
(including FIZZ1, Ym1, and Arg1) in macrophages treated with IFN-γ, and LPS, IL-4, or CEBPB knockdown. (G–L) Western blotting for evaluating the expression of
CEBPB, M1-type marker (iNOS), and M2-type markers (including FIZZ1, Ym1, and Arg1) in macrophages treated with IFN-γ, and LPS, IL-4, or CEBPB
knockdown. (M–O) ELISA detecting the levels of TNF-α, IL-6, and IL-1β in the supernatant of macrophages. Compared with control, *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. Compared with IFN-γ and LPS, ###p < 0.001; ####p < 0.0001. Compared with IL-4, @p < 0.05; @@p < 0.01; @@@p < 0.001; @@@@p < 0.0001.
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FIGURE 9 | CEBPB knockdown weakens cholesterol uptake, esterification and hydrolysis, and efflux in ox-LDL–induced macrophages. (A–I) Western
blotting was adopted for detection of the expression of CEBPB, CD36, LOX-1, SR-A, SR-B, ABCA1, ABCG1, and ACAT1 in ox-LDL–induced macrophages
with CEBPB knockdown. Compared with control, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Compared with ox-LDL + si-NC, ###p < 0.001;
####p < 0.0001.
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Rational Design and Synthesis of
3-Morpholine Linked
Aromatic-Imino-1H-Indoles as Novel
Kv1.5 Channel Inhibitors Sharing
Vasodilation Effects
Wei Qin1†, Yi-Heng Li2†, Jing Tong3†, Jie Wu3, Dong Zhao1, Hui-Jin Li 1, Lu Xing1,
Chun-Xia He1, Xin Zhou1, Peng-Quan Li 1, GeMeng3,4*, Shao-PingWu2* and Hui-Ling Cao1,2*

1Xi’an Key Laboratory of Basic and Translation of Cardiovascular Metabolic Disease, Shaanxi Key Laboratory of Ischemic
Cardiovascular Disease, Institute of Basic and Translational Medicine, Xi’an Medical University, Xi’an, China, 2College of Life
Sciences, Northwest University, Xi’an, China, 3School of Pharmacy, Health Science Center, Xi’an Jiaotong University, Xi’an,
China, 4Engineering Center of Catalysis and Synthesis for Chiral Molecules, Shanghai Engineering Center of Industrial Asymmetric
Catalysis for Chiral Drugs, Fudan University, Shanghai, China

Atrial fibrillation (AF) is the most common clinical sustained arrhythmia; clinical
therapeutic drugs have low atrial selectivity and might cause more severe ventricle
arrhythmias while stopping AF. As an anti-AF drug target with high selectivity on the
atrial muscle cells, the undetermined crystal structure of Kv1.5 potassium channel
impeded further new drug development. Herein, with the simulated 3D structure of
Kv1.5 as the drug target, a series of 3-morpholine linked aromatic amino substituted
1H-indoles as novel Kv1.5 channel inhibitors were designed and synthesized based on
target–ligand interaction analysis. The synthesis route was practical, starting from
commercially available material, and the chemical structures of target compounds were
characterized. It was indicated that compounds T16 and T5 (100 μM) exhibited
favorable inhibitory activity against the Kv1.5 channel with an inhibition rate of 70.8
and 57.5% using a patch clamp technique. All compounds did not exhibit off-target
effects against other drug targets, which denoted some selectivity on the Kv1.5
channel. Interestingly, twelve compounds exhibited favorable vasodilation activity
on pre-contracted arterial rings in vitro using KCl or phenylephrine (PE) by a
Myograph. The vasodilation rates of compounds T16 and T4 (100 μM) even
reached over 90%, which would provide potential lead compounds for both anti-AF
and anti-hypertension new drug development.

Keywords: Kv1.5 inhibitor, drug design, anti-atrial fibrillation, anti-hypertension, lead compound

HIGHLIGHTS

1. Sixteen 3-morpholine linked aromatic amino substituted 1H-indoles as novel Kv1.5 channel
inhibitors were designed and synthesized targeting the simulated 3D structure of Kv1.5.

2. Compounds T16 and T5 (100 μM) exhibited favorable inhibitory activity against the Kv1.5
channel with an inhibition rate of 70.8 and 57.5% using a patch clamp technique. The vasodilation
rates of compounds T16 and T4 (100 μM) reached over 90% by a Myograph.
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3. The novel Kv1.5 inhibitors would provide potential lead
compounds for both anti-atrial fibrillation and anti-
hypertension new drug development.

1 INTRODUCTION

As the most common clinical sustained arrhythmia, atrial
fibrillation (AF) presents with a wide spectrum of symptoms
and severity (Lau et al., 2019). There are now many
therapeutic drugs for clinically treating AF, such as
Dofetilide, Aminodarone, Sotalol, Propafenone, flecainide,
etc. These drugs have low atrial selectivity while stopping
AF, which could often cause severe adverse effects such as
ventricle arrhythmias (e.g., life-threatening TdP) (Ang et al.,
2020). Therefore, an ideal drug to treat AF should have high
selectivity on the atrial muscle cells, which could terminate or
postpone the occurrence of AF without affecting or
prolonging the Q-T interval or the negative inotropic
action to ensure the highly effective safety (Guo et al.,
2016; Zimetbaum, 2017).

The cardiac IKur (Kv1.5) potassium channel is a kind of
voltage-gated ion-channel which has been confirmed to be
expressed only in the human atrium (Wettwer and Terlau,
2014; Du et al., 2021). Therefore, Kv1.5 is currently considered
as the ideal target for designing the highly atrium-selective drugs
to treat AF (Guo et al., 2012; Zhao et al., 2019). Besides, the
clinical and animal research data showed that the Kv1.5 channel
is the base for the atrium-reconstructing electric rhythm. The
inhibitor of the Kv1.5 channel might selectively prolong the
effective refractory period (ERP) of the atrium to terminate
AF (Tamargo et al., 2009).

Multiple studies indicated that some compounds with the
skeleton of morpholine exhibited inhibitive effects against Kv1.5
(Vaccaro et al., 2008; Guo et al., 2012), such as the compound
LY294002 (Wu et al., 2009; Hong et al., 2013) (Figure 1). Some of
the chemical structures with 1H-indole (Guo et al., 2013) or
pyrimidine fused 1H-indole skeletons (Gasparoli et al., 2015) also
showed inhibitive activity on the Kv1.5 channel (Figure 1).
Sharing the common structure features, the two compounds
(CD-160130 and CD-140793) contained both morpholine and
1H-indole functional groups, which were connected by several
chemical bonds within a pyrimidine ring (Figure 1). The distance
betweenmorpholine and 1H-indole in the chemical structures are
in a certain scope. To be specific, the distance between N on
morpholine and 3-C on indole in these compounds are from 2–3
atoms to 3–4 bond length (Figure 1). The clinical drugs including
Aminodarone and Dronedarone are used as the anti-arrhythmic
drugs (Figure 1). Aminodarone might lengthen the monophasic
action potential duration to prolong the ERP (Mujović et al.,
2020). Dronedarone is a kind of multichannel-blocker with the
electronic physiological and blood dynamic features similar to
Aminodarone. Dronedarone could be used to prevent AF and
ventricular tachycadia and restore the sinus rhythm (Kaess and
Ehrlich, 2016). The common chemical structure feature of the
two drugs is the linker between nitrogen and oxygen, that is,
-N(CH2)nO- (n � 2–3). The chain-like linker is exactly alike to the
structure feature of other kinds of Kv1.5 inhibitors (Guo et al.,
2014) (Figure 1).

As an anti-AF drug target with high selectivity on the atrial
muscle cells, the undetermined crystal structure of the Kv1.5
channel impeded further new drug development. Herein, the
simulated 3D structure of the Kv1.5 channel as the drug target
was built based on the crystal structure of its homolog Kv1.2

FIGURE 1 | Design strategy of novel Kv1.5 inhibitors based on morpholine, 1H-indole, and the active linker (-N(CH2)nO-).
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channel and its amino acid sequence. Based on target–ligand
interaction and structure–activity analysis of traditional
inhibitors as well as its simulated 3D structure of target Kv1.5,
a series of compounds (T1–T16), containing both morpholine
and 1H-indole linked with a chain-like structure (-N(CH2)nO-)
in one molecule, were designed and synthesized to enhance
therapeutic effects of the antiarrhythmic drugs (Figure 1).

2 MATERIALS AND METHODS

2.1 Chemistry
2.1.1 General Procedures to Prepare
4-Substituted-N-Hydroxyimino Acetyl Aniline (2a-2d)
(Moreira et al., 2012)
Chloral hydrate (9.0 g, 55.0 mmol, 1.1 equiv) and water (240 ml)
were added to a clean 500-ml flask under stirring, to which was
added anhydrous sodium sulfate (65.0 g), substituted aniline (1a-
1d, 50.0 mmol, 1.0 equiv), hydrochloride solution (4.3 ml HCl
+30.0 ml water), and hydroxylamine hydrochloride solution
(10.8 g + 50.0 ml water), under stirring sequentially. The
reaction was heated gradually to 65°C for 2 h before heating
was stopped. The hot mixture was filtered to give a clear solution,
from which some pale yellow solids were precipitated while it was
being cooled down to room temperature. The filtration under the
reduced pressure could yield the desired product (2a-2d)
(petroleum ether/ethyl acetate, 1:2, Rf � 0.2–0.4).

2.1.2 General Procedures to Prepare
5-Substituted-isatin (3a-3d)
Concentrated sulfuric acid (24.0 ml) was added to a clean 150-ml
three-neck flask. The reaction mixture was heated to 50°C, to
which was added the intermediate 2a-2d (30.0 mmol, 1.0 equiv)
obtained from the above procedure. The color of the reaction
mixture became dark to dark-black, while the amount of the
material was added increasingly. The temperature of the reaction
mixture was adjusted to 80°C for 20 min. The crashed ice (100 g)
was added slowly to the reaction system to allow it to turn a red-
brown color. The reaction mixture was kept at room temperature
overnight before being filtrated to produce the filter cake, which
was washed to pH � 7 with water to yield a solid. The solid was
dissolved in an aqueous solution of NaOH (10.0%, 90.0 ml)
before being filtrated. The pH of the filtration was adjusted to
pH � 2 with concentrated hydrochloride until there were a large
amount of brick-red solids precipitated from the solution. The
solid was filtered to yield the red-brown solid as the desired
products (3a-3d, petroleum ether/ethyl acetate, 1:2, Rf � 0.4–0.6).

2.1.3 General Procedures for the Synthesis of Target
Compounds T1-T16
2.1.3.1 5-Fluoro-3-[(4-(2-Morpholine-4-yl-Ethoxyl)Phenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T1)
5-Fluoro-isatin (3a, 0.340 g, 2.00 mmol, 1.0 equiv) and 1-(2-(4-
aminophenyloxyl)ethyl) morpholine (4a, 0.444 g, 2.00 mmol, 1.0
equiv) were added to a 50-ml flask, to which was added absolute
ethanol (10.0 ml) and acetic acid (1–2 drops) at room
temperature under stirring. The reaction mixture was heated

to refluxing for 10 h, before being monitored by thin layer
chromatography (TLC) until the reaction was completed
before being cooled down to room temperature. A large
amount of yellow solid precipitated, which was collected by
filtering under reduced pressure to yield the yellow powder as
the desired target compound (T1, 0.442 g, 60%). m. p. 155–157 °C
(dichloromethane/methanol, 10:1, Rf � 0.4), 1H NMR (400 MHz,
DMSO-d6) δ:

1H NMR (400 MHz, DMSO-d6) δ: 10.95 (d, J � 8.4
Hz, 1H), 7.25 (t, J � 8.3 Hz, 2H), 7.08 (d, J � 8.4 Hz, 1H), 7.00 (d,
J � 8.4 Hz, 1H), 6.95–6.82 (m, 1H), 6.34 (d, J � 7.4 Hz, 1H),
4.18–4.10 (m, 2H), 3.59 (s, 4H), 2.72 (d, J � 5.0 Hz, 2H). HRMS
(ESI): m/z calculated for C20H20FN3O3 369.3895, Found
369.3895.

2.1.3.2
5-Fluoro-3-[(3-Fluoro-4-(3-Morpholine-4-yl-Propoxyl)
Phenyl)Imino]-1,3-Dihydro-1H-Indole-2-One(T2)
5-Fluoro-isatin (3a, 0.34 g, 2.0 mmol, 1.0 equiv) and 1-[2-(2-
fluoro-4-amino-phenoxy) propyl] morpholine (4b, 0.508 g,
2.00 mmol, 1.0 equiv) were added to a 50-ml flask, to which
was added absolute ethanol (10.0 ml) and acetic acid (1–2 drops)
at room temperature under stirring. The reaction mixture was
heated to refluxing for 13 h before being completed as shown by
TLC analysis to ensure the reaction completion. The reaction
mixture was cooled down to room temperature without any solid
being precipitated. A certain amount of water was added into the
reaction system to allow the large amount of red solid to be
precipitated. The solids were collected via filtration under the
reduced pressure and then dried under vacuo to yield the red
solids as the desired target compound (T2, 0.150 g, 19%). m. p.
131–133°C (dichloromethane/methanol, 10:1, Rf � 0.5), 1H NMR
(400 MHz, DMSO-d6) δ: 10.97 (d, J � 8.0 Hz, 1H), 7.28 (dd, J �
8.4, 7.5 Hz, 2H), 7.22–7.10 (m, 1H), 7.04 (dd, J � 7.0, 1.8 Hz, 1H),
6.99–6.89 (m, 1H), 6.85 (dd, J � 8.3, 6.2 Hz, 1H), 6.33–6.28 (m,
1H), 4.12 (dd, J � 5.4, 6.3 Hz, 2H), 3.58 (s, 4H), 2.48–2.36 (m, 6H),
1.92 (dd, J � 3.1, 6.6 Hz, 2H). HRMS (ESI): m/z calculated for
C21H21F2N3O3 401.4065, Found 401.4066.

2.1.3.3 5-Fluoro-3-[(4-(3-Morpholine-4-yl-Propoxyphenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T3)
5-Fluoro-isatin (3a, 0.340 g, 2.00 mmol, 1.0 equiv) and 1-[2-(4-
amino-phenyloxyl)propyl] morpholine (4c, 0.470 g, 2.00 mmol,
1.0 equiv) were added to a 50-ml flask, to which was added
absolute ethanol (10.0 ml) and acetic acid (1–2 drops) under
stirring at room temperature. The reaction mixture was heated to
reflux for 10 h, which was monitored by TLC analysis to ensure
the completed reaction. The reaction system was then allowed to
be cooled down to room temperature without the precipitated
solid. A small amount of water was then added to this system to
allow a large amount of orange-yellow solid to be precipitated.
The solid was obtained by filtration to give the orange-yellow
powder as the desired target compound (T3, 0.389 g, 51%). m. p.
163–165°C (dichloromethane/methanol, 10:1, Rf � 0.4), 1H NMR
(400 MHz, DMSO-d6) δ: 11.01 (s, 1H), 7.24 (dd, J � 8.6, 6.1,
2.7 Hz, 1H), 7.06 (d, J � 8.8 Hz, 2H), 7.00 (d, J � 8.8 Hz, 2H), 6.91
(dd, J � 8.2, 4.9 Hz, 1H), 6.34 (dd, J � 8.5, 2.3 Hz, 1H), 4.05 (dt, J �
2.1, 6.2 Hz, 2H), 3.59 (s, 4H), 2.48 (s, 1H), 2.47 (s, 1H), 2.42 (s,
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4H), 1.91 (dd, J � 3.4, 6.6 Hz, 2H). HRMS (ESI):m/z calculated for
C21H22FN3O3 383.4161, Found 383.4162.

2.1.3.4 3-[(3-Chloro-4-(3-Morpholine-4-ylPropoxy)Phenyl)
Imino]-5-Fluoro-1,3-Dihydro-1H-Indole-2-One(T4)
5-Fluoro-isatin (3a, 0.340 g, 1.00 mmol, 1.0 equiv) and 1-[2-(2-
chloro-4-aminophenoxyl) propyl] morpholine (4d, 0.540 g,
2.00 mmol, 2.0 equiv) were added to a 50-ml flask, to which
was added absolute ethanol (10.0 ml) and acetic acid (1–2 drops)
under stirring at room temperature. The reaction system was
heated to reflux for 10 h under stirring until the TLC analysis
showed the reaction completion. The reaction system was then
cooled down to room temperature, until there was a large amount
of dark-red solid being precipitated, which was filtrated before it
was dried under vacuo to produce the dark red solid as the target
compound (T4, 0.428 g, 51%). m. p. 127–128°C
(dichloromethane/methanol, 10:1, Rf � 0.4), 1H NMR
(400 MHz, DMSO-d6) δ: 10.96 (dd, J � 8.3, 9.9 Hz, 1H),
7.41–7.34 (m, 1H), 7.31–7.19 (m, 1H), 7.17–7.10 (m, 2H), 7.02
(dd, J � 1.7, 8.8, 6.5 Hz, 1H), 6.95–6.83 (m, 1H), 6.32 (dd, J � 5.2,
8.5, 2.6 Hz, 1H), 4.15 (dd, J � 5.4, 5.2 Hz, 1H), 4.13–4.01 (m, 1H),
3.60 (s, 4H), 2.53 (dd, J � 3.1, 4.5 Hz, 3H), 2.44 (s, 3H), 1.94 (dd,
J � 3.9, 7.1 Hz, 2H). HRMS (ESI): m/z calculated for
C21H21ClFN3O3 417.8611, Found 417.8610.

2.1.3.5 5-Chloro-3-[(4-(2-Morpholine-4-yl-Ethoxyl)Phenyl)
Imino]-1,3-Dihydro-2H-Indole-2-One(T5)
5-Chloro-isatin (3b, 0.360 g, 1.00 mmol, 1.0 equiv) and 1-[2-(4-
aminophenoxyl)ethyl]morpholine (4a, 0.444 g, 2.00 mmol, 2.0
equiv) were added to a 50-ml flask, to which was added
absolute ethanol (10.0 ml) and acetic acid (1–2 drops) at room
temperature under stirring. The reaction mixture was heated to
reflux for 10 h until the TLC analysis showed the reaction
completion. The reaction system was then allowed to be
cooled down to room temperature, when there was a large
amount of orange-red solids being precipitated. The solid was
obtained via filtration under the reduced pressure. The filter cake
was dried under vacuo to provide the orange-red solid as the
desired target compound (T5, 0.753 g, 98%). m. p. 150–152°C
(dichloromethane/methanol, 10:1, Rf � 0.5) 1H NMR (400 MHz,
DMSO-d6) δ: 11.07 (d, J � 8.9 Hz, 1H), 7.47–7.37 (m, 1H), 7.26 (d,
J � 8.7 Hz, 1H), 7.09 (d, J � 8.7 Hz, 1H), 7.01 (d, J � 8.7 Hz, 1H),
6.90 (dd, J � 8.2, 8.3 Hz, 2H), 6.58 (d, J � 1.4 Hz, 1H),
4.19–4.08 (m, 2H), 3.59 (d, J � 4.1 Hz, 4H), 2.72 (t, J � 5.5 Hz,
2H). 13C NMR (400 MHz, DMSO-d6) HRMS (ESI): m/z
calculated for C20H20ClN3O3 385.8441, Found 385.8442.

2.1.3.6
5-Chloro-3-[(3-Fluoro-4-(3-Morpholine-4-yl-Propyloxy)
Phenyl)Imino]-1,3-Dihydro-1H-Indole-2-One(T6)
5-Chloro-isatin (3b, 0.360 g, 1.00 mmol, 1.0 equiv) and 1-[2-(2-
fluoro-4-aminophenoxyl)propyl] morpholine (4b, 0.508 g,
2.00 mmol, 2.0 equiv) were added to a 50-ml flask, to which
were added absolute ethanol (10.0 ml) and acetic acid (1–2 drops)
at room temperature under stirring. The reaction mixture was
then heated to reflux for 11 h until the TLC analysis showed the
reaction completion. The reaction system was then allowed to

cool down to room temperature until there was a large amount of
dark red solid being precipitated. The solid was obtained via
filtration under the reduced pressure. The filter cake was dried
under vacuo to yield the red solid as the desired target compound
(T6, 0.357 g, 64%). m. p. 148–149°C (dichloromethane/methanol,
10:1, Rf � 0.4), 1H NMR (400 MHz, DMSO-d6) δ: 11.09 (d, J �
8.4 Hz, 1H), 7.46 (dd, J � 8.8, 8.4, 8 Hz, 1H), 7.31 (t, J � 8.9 Hz,
1H), 7.24–7.11 (m, 1H), 7.05 (dd, J � 8.0, 2.4 Hz, 1H), 6.94 (d, J �
8.4 Hz, 1H), 6.52 (d, J � 2.1 Hz, 1H), 4.13 (dt, J � 8.0, 6.3 Hz, 2H),
3.58 (t, J � 4.5 Hz, 4H), 2.44 (dd, J � 7.0, 6.1 Hz, 2H), 2.38 (s, 4H),
1.90 (dd, J � 3.0, 6.5 Hz, 2H). HRMS (ESI): m/z calculated for
C21H21ClFN3O3 417.8611, Found 417.8612.

2.1.3.7 5-Chloro-3-[(4-(3-Morpholine-4-yl-PropyloxyPhenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T7)
5-Chloro-isatin (3b, 0.360 g, 1.00 mmol, 1.0 equiv),1-[2-(4-
aminophenoxyl)propyl]morpholine (4c, 0.470 g, 2.00 mmol, 2.0
equiv) were added to a 50-ml flask, to which was added absolute
ethanol (10.0 ml) and acetic acid (1–2 drops) at room
temperature under stirring. The reaction mixture was then
heated to reflux for 11 h until the TLC analysis showed the
reaction completion. The reaction system was then allowed to
cool down to room temperature until there was a large amount of
orange-red solid being precipitated. The solid was obtained via
filtration under the reduced pressure. The filter cake was dried
under vacuo to yield the orange-red solid as the desired target
compound (T7, 0.560 g, 70%). m. p. 171–173°C
(dichloromethane/methanol, 10:1, Rf � 0.4), 1H NMR
(400 MHz, DMSO-d6) δ: 11.13 (s, 1H), 7.43 (dd, J � 8.7,
8.4 Hz, 1H), 7.26 (d, J � 8.8 Hz, 1H), 7.07 (d, J � 8.9 Hz, 2H),
7.01 (d, J � 8.8 Hz, 2H), 6.93 (d, J � 8.5 Hz, 1H), 6.90–6.85 (m,
1H), 6.59 (d, J � 2.1 Hz, 1H), 4.11–4.00 (m, 2H), 3.58 (t, J � 4.5 Hz,
4H), 2.51 (d, J � 1.6 Hz, 1H), 2.43 (dd, J � 3.4, 6.3 Hz, 2H), 2.38 (s,
4H), 1.97–1.83 (m, 2H). HRMS (ESI): m/z calculated for
C21H22ClN3O3 399.8707, Found 399.8709.

2.1.3.8 3-[(3-Chloro-4-(3-morpholine-4-yl-propyloxy)
phenyl)imino]-5-chloro-1,3-dihydro-1H-indole-2-one(T8)
5-Chloro-isatin (3b, 0.360 g, 1.00 mmol, 1.0 equiv) and 1-[2-(2-
chloro-4- aminophenoxy)propyl] morpholine (4d, 0.540 g,
2.00 mmol, 2.0 equiv) were added to a 50-ml flask, to which
was added absolute ethanol (10.0 ml) and acetic acid (1–2 drops)
at room temperature under stirring. The reaction mixture was
heated to reflux for 11 h until the TLC analysis showed that the
reaction was completed. The reaction system was then allowed to
cool down to room temperature until there was a large amount of
dark red solid being precipitated. The solids were obtained via
filtration under the reduced pressure. The filter cake was dried
under vacuo to yield the dark red solid as the target compound
(T8, 0.387 g, 45.0%). m. p. 134–135°C (dichloromethane/
methanol, 10:1, Rf � 0.4), 1H NMR (400 MHz, DMSO-d6) δ:
11.10 (dd, J � 8.3, 10.4 Hz, 1H), 7.56–7.36 (m, 1H), 7.32–7.21 (m,
1H), 7.20–7.10 (m, 1H), 7.04 (dt, J � 8.9, 8.8 Hz, 1H), 6.97–6.83
(m, 1H), 6.57 (dd, J � 8.4, 1.9 Hz, 1H), 4.21–4.00 (m, 2H), 3.60 (s,
4H), 2.55–2.49 (m, 3H), 2.46 (s, 3H), 1.95 (dd, J � 8.9, 8.7 Hz, 2H).
HRMS (ESI):m/z calculated for C21H21Cl2N3O3 434.3157, Found
434.3156.
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2.1.3.9 5-Methyl-3-[(4-(2-Morpholine-4-yl-Ethoxyl)Phenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T9)
5-Methylisatin (3c, 0.319 g, 2.00 mmol, 1.0 equiv) and 1-[2-(4-
amino-phenoxyl)ethyl]morpholine (4a, 0.444 g, 2.00 mmol, 1.0
equiv) were added to a 50-ml flask, to which was added absolute
ethanol (10.0 ml) and acetic acid (1–2 drops) at room
temperature under stirring. The reaction mixture was heated
to reflux for 10 h until the TLC analysis showed that the reaction
was completed. The reaction system was then cooled down to
room temperature until there was a small amount of dark red
solid being precipitated. A small amount of water was added to
the reaction mixture to allow the large amount of solids to be
precipitated. The solids were obtained via filtration under the
reduced pressure. The filter cake was dried under vacuo to yield
the dark red solids as the desired target compound (T9, 0.327 g,
45%). m. p.127∼129°C (dichloromethane/methanol, 10:1, Rf �
0.5), 1H NMR (400 MHz, DMSO-d6) δ: 10.81 (d, J � 8.5 Hz, 1H),
7.26–7.13 (m, 2H), 7.06 (d, J � 8.8 Hz, 1H), 6.98 (d, J � 8.8 Hz,
1H), 6.90 (d, J � 8.9 Hz, 1H), 6.80 (d, J � 8.0 Hz, 1H), 6.49 (s, 1H),
4.13 (dt, J � 5.0, 5.8 Hz, 2H), 3.65–3.52 (m, 4H), 2.73 (s, 2H), 2.01
(s, 3H). HRMS (ESI): m/z calculated for C21H23N3O3 365.4256,
Found 365.4258.

2.1.3.10 5-Methyl-3-[(4-(2-Morpholine-4-yl-propoxy)phenyl)
imino]-1,3-dihydro-1H-indole-2-one(T10)
5-Methylisatin (3c, 0.319 g, 2.00 mmol, 1.0 equiv), 1-[2-(2-
fluoro-4-aminophenoxyl)propyl] morpholine (4b, 0.508 g,
2.00 mmol, 1.0 equiv) were added to a 50-ml flask, to which
was added absolute ethanol (10.0 ml) and acetic acid (1–2 drops)
at room temperature under stirring. The reaction mixture was
heated to reflux for 10 h until the TLC analysis showed that the
reaction was completed. The reaction system was then cooled
down to room temperature until there was a large amount of
orange-yellow solids being precipitated. The solids were obtained
via filtration under the reduced pressure. The filter cake was dried
under vacuo to afford the orange-yellow solid as the target
compound (T10, 0.083 g, 10%). m. p. 117–120°C
(dichloromethane/methanol, 10:1, Rf � 0.4),1H NMR
(400 MHz, DMSO-d6) δ: 10.83 (d, J � 8.3 Hz, 1H), 7.27 (t, J �
8.9 Hz, 1H), 7.20 (d, J � 7.9 Hz, 1H), 7.12 (dd, J � 9.9, 5.3 Hz, 1H),
7.00 (dd, J � 8.1, 1.9 Hz, 1H), 6.81 (d, J � 7.8 Hz, 1H), 6.42 (s, 1H),
4.12 (dt, J � 6.8, 6.3 Hz, 2H), 3.58 (s, 4H), 2.45 (d, J � 6.3 Hz, 2H),
2.31 (t, J � 4.7 Hz, 4H), 2.03 (s, 2H), 1.92 (dd, J � 3.8, 3.6 Hz, 2H).
HRMS (ESI): m/z calculated for C22H24FN3O3 397.4427, Found
397.4425.

2.1.3.11 5-Methyl-3-[(4-(3-Morpholine-4-yl-Propoxyphenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T11)
5-Methylisatin (3c, 0.319 g, 2.00 mmol, 1.0 equiv), 1-[2-(4-
aminophenoxyl)propyl]morpholine (4c, 0.470 g, 2.00 mmol, 1.0
equiv) were added to a 50-ml flask, to which was added absolute
ethanol (10.0 ml) and acetic acid (1–2 drops) at room
temperature under stirring. The reaction mixture was heated
to reflux for 10 h until the TLC analysis showed that the reaction
was completed. The reaction mixture was then cooled down to
room temperature until there was a large amount of orange-red

solids being precipitated. The solids were obtained via filtration
under the reduced pressure. The filter cake was dried under vacuo
to produce the orange-red solid as the desired target compound
(T11, 0.476 g, 50%). m. p. 178–180°C (dichloromethane/
methanol, 10:1, Rf � 0.4), 1H NMR (400 MHz, DMSO-d6) δ:
10.80 (d, J � 8.2 Hz, 1H), 7.24–7.14 (m, 2H), 7.04 (d, J � 8.9 Hz,
1H), 6.97 (d, J � 8.8 Hz, 1H), 6.92–6.71 (m, 2H), 6.50 (s, 1H),
4.10–3.98 (m, 2H), 3.61–3.53 (m, 4H), 2.51 (d, J � 1.6 Hz, 1H),
2.45 (t, J � 7.1 Hz, 2H), 2.38 (s, 4H), 2.28 (s, 1H), 2.01 (s, 3H),
1.95–1.84 (m, 2H). HRMS (ESI): m/z calculated for C22H25N3O3

379.4522, Found 379.4526.

2.1.3.12 3-[(3-Chloro-4-(3-Morpholine-4-yl-Propoxy)Phenyl)
Imino]-5-Methyl-1,3-Dihydro-1H-Indole-2-One(T12)
5-Methylisatin (3c, 0.319 g, 2.00 mmol, 1.0 equiv), 1-[2-(2-
chloro-4-aminophenoxyl) propylenepropyl]morpholine (4d,
0.540 g, 2.00 mmol, 1.0 equiv) were added to a 50-ml flask,
to which was added absolute ethanol (10.0 ml) and acetic acid
(1–2 drops) at room temperature under stirring. The reaction
mixture was heated to reflux for 10 h until the TLC analysis
showed the completion of the reaction. The reaction system
was then cooled down to room temperature until there was a
large amount of orange-yellow solid being precipitated. The
solids were obtained via filtration under the reduced pressure.
The filter cake was dried under vacuo to produce the orange-
yellow solid as the desired target compound (T12, 0.282 g,
34%). m. p. 113–114°C (dichloromethane/methanol, 10:1, Rf �
0.4), 1H NMR (400 MHz, DMSO-d6) δ: 10.80 (d, J � 8.3 Hz,
1H), 7.26–7.12 (m, 1H), 7.05 (d, J � 8.6 Hz, 1H), 6.97 (d, J �
8.6 Hz, 1H), 6.92–6.71 (m, 2H), 6.50 (s, 1H), 4.10 (dt, J � 6.1,
5.8 Hz, 2H), 2.69 (t, J � 5.5 Hz, 2H), 2.51 (s, 1H), 2.46 (s, 3H),
2.29 (s, 1H), 2.01 (s, 2H), 1.53–1.47 (m, 4H), 1.39 (d, J � 4.7 Hz,
2H). HRMS (ESI): m/z calculated for C22H24ClN3O3 413.8973,
Found 413.8975.

2.1.3.13 5-Bromo-3-[(4-(2-Morpholine-4-yl-Ethoxyl)Phenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T13)
5-Bromo-isatin (3d, 0.449 g, 2.00 mmol, 1.0 equiv), 1-[2-(4-
aminophenoxyl)ethyl]morpholine (4a, 0.444 g, 2.00 mmol, 1.0
equiv) were added to a 50-ml flask, to which was added
absolute ethanol (10.0 ml) and acetic acid (1–2 drops) at
room temperature under stirring. The reaction mixture was
heated to reflux for 13 h until the TLC analysis showed that the
reaction was completed. The reaction system was then cooled
down to room temperature until there was a large amount of
orange-red solids being precipitated. The solids were obtained
via filtration under the reduced pressure. The filter cake was
dried under vacuo to produce the orange-red solid as the target
compound (T13, 0.610 g, 71%). m. p. 151–153°C
(dichloromethane/methanol, 10:1, Rf � 0.5), 1H NMR
(400 MHz, DMSO-d6) δ: 11.06 (d, J � 6.4 Hz, 1H), 7.56 (dd,
J � 8.7, 8.3, 2.0 Hz, 1H), 7.26 (d, J � 8.8 Hz, 1H), 7.09 (d, J �
8.8 Hz, 1H), 7.01 (d, J � 8.8 Hz, 1H), 6.95–6.80 (m, 2H), 6.72
(d, J � 1.7 Hz, 1H), 4.20–4.08 (m, 2H), 3.67–3.53 (m, 4H), 2.74
(t, J � 5.6 Hz, 2H). HRMS (ESI): m/z calculated for
C20H20BrN3O3 430.2951, Found 430.2953.
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2.1.3.14 5-Bromo-3-[(4(2-Morpholine-4-yl-Propoxy)Phenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T14)
5-Bromo-isatin (3d, 0.449 g, 2.00 mmol, 1.0 equiv), 1-[2-(2-
fluoro-4-aminophenoxyl)propyl] morpholine (4b, 0.508 g,
2.00 mmol, 1.0 equiv) were added to a 50-ml flask, to which
was added absolute ethanol (10.0 ml) and acetic acid (1–2 drops)
at room temperature under stirring. The reaction mixture was
heated to reflux for 9 h until the TLC analysis showed that the
reaction was completed. The reaction system was then cooled
down to room temperature until there was a large amount of red
solids being precipitated. The solids were obtained via filtration
under the reduced pressure. The filter cake was dried under vacuo
to yield the red solid as the target compound (T14, 0.285 g, 31%).
m. p. 143–144°C (dichloromethane/methanol, 10:1, Rf � 0.5), 1H
NMR (400 MHz, DMSO-d6) δ: 11.09 (d, J � 8.9 Hz, 1H),
7.68–7.52 (m, 1H), 7.35–7.11 (m, 1H), 7.08–6.96 (m, 1H),
6.91–6.81 (m, 2H), 6.66 (d, J � 1.7 Hz, 1H), 4.19–4.05 (m,
2H), 3.58 (t, J � 4.4 Hz, 4H), 2.45 (dd, J � 2.9, 6.1 Hz, 2H),
2.39 (s, 4H), 1.92 (dd, J � 3.2, 6.7 Hz, 2H). HRMS (ESI): m/z
calculated for C21H21BrFN3O3 462.3121, Found 462.3120.

2.1.3.15 5-Bromo-3-[(4-(3-Morpholine-4-yl-Propoxyphenyl)
Imino]-1,3-Dihydro-1H-Indole-2-One(T15)
5-Bromo-isatin (3d, 0.449 g, 2.00 mmol, 1.0 equiv) and 1-[2-
(4-aminophenoxyl)propyl] morpholine (4c, 0.470 g, 4.6 mmol,
2.3 equiv) were added to a 50-ml flask, to which was added
absolute ethanol (10.0 ml) and acetic acid (1–2 drops) at room
temperature under stirring. The reaction mixture was heated
to reflux for 13 h until the TLC analysis showed that the
reaction was completed. The reaction system was then
cooled down to room temperature until there was a large
amount of red solids being precipitated. The solids were
obtained via filtration under the reduced pressure. The filter
cake was dried under vacuo to yield the red solid as the target
compound (T15, 0.702 g, 79%). m. p. 181–182°C
(dichloromethane/methanol, 10:1, Rf � 0.4). 1H NMR
(400 MHz, DMSO-d6) δ: 11.06 (d, J � 8.8 Hz, 1H), 7.55 (dd,
J � 9.4, 8.3, 1.9 Hz, 1H), 7.27 (d, J � 8.8 Hz, 1H), 7.07 (d, J � 8.8
Hz, 1H), 7.00 (d, J � 8.8 Hz, 1H), 6.93–6.88 (m, 1H), 6.87–6.80
(m, 1H), 6.73 (d, J � 1.8 Hz, 1H), 4.10–4.00 (m, 2H), 3.58 (t, J �
4.5 Hz, 4H), 2.51 (s, 1H), 2.43 (dd, J � 3.4, 6.3 Hz, 2H), 2.37 (s,
4H), 1.96–1.83 (m, 2H). HRMS (ESI): m/z calculated for
C21H22BrN3O3 444.3217, Found 444.3216.

2.1.3.16
3-[(3-Chloro-4-(3-Morpholine-4-yl-Propoxylpropoxy)
Phenyl)
Imino]-5-Bromo-1,3-Dihydro-1H-Indole-2-One(T16)
5-Bromo-isatin (3d, 0.449 g, 2.00 mmol, 1.0 equiv) and 1-[2-
(2-chloro-4-aminophenoxyl)propyl] morpholine (4d, 0.540 g,
2.00 mmol, 1.0 equiv) were added to a 50-ml flask, to which
was added absolute ethanol (10.0 ml) and acetic acid (1–2
drops) at room temperature under stirring. The reaction
mixture was heated to reflux for 11 h until the TLC analysis
showed that the reaction was completed. The reaction system
was then cooled down to room temperature until there was a

large amount of red solids being precipitated. The solids were
obtained via filtration under the reduced pressure. The filter
cake was dried under vacuo to yield the red solid as the target
compound (T16, 0.595 g, 62%). m. p. 147–149°C
(dichloromethane/methanol, 10:1, Rf � 0.4). 1H NMR
(400 MHz, DMSO-d6) δ: 11.08 (dd, J � 8.7, 9.4 Hz, 1H),
7.67–7.50 (m, 1H), 7.32–7.20 (m, 1H), 7.20–7.10 (m, 1H),
7.04 (dt, J � 9.0, 8.7 Hz, 2H), 6.94–6.80 (m, 1H), 6.71 (dd, J �
7.7, 1.7 Hz, 1H), 4.20–4.01 (m, 2H), 3.57 (d, J � 2.5 Hz, 4H),
2.51 (d, J � 1.5 Hz, 3H), 2.44 (s, 3H), 2.02–1.80 (m, 2H). HRMS
(ESI): m/z calculated for C21H21BrClN3O3 478.7667, Found
478.7669.

2.2 Biological Activity
2.2.1 Method for Recording the Electrophysiological
Data
For cell culture and transfection, Chinese hamster ovary
(CHO) cells were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 (DMEM/F-12) medium supplemented
with 10% fetal bovine serum and antibiotics (100 IU/ml
penicillin and 100 mg/ml streptomycin) at 37°C in a
humidified atmosphere with 5% CO2 and 95% air. Cells
were passaged every 3–4 days with trypsin–EDTA, and a
part of treated cells were seeded onto glass cover slips (5 ×
3 mm2) for later transfection. The mammalian expression
vector pcDNA3.1, which contained full-length cDNA
encoding human Kv1.5 (hKv1.5), was kindly provided by
Professor David Fedida (University of British Columbia,
Canada). Wild-type hKv1.5 channel cDNA (0.5 μg) and
green fluorescent protein (GFP) cDNA (0.5 μg) were
transfected transiently into CHO cells by using
Lipofectamine (Invitrogen Life Technologies, Carlsbad, CA,
United States ). After transfecting for 48 h, the patch clamp
experiments were conducted on GFP-positive cells. To prepare
the materials of the drug candidates, the target compounds
were dissolved in dimethyl sulphoxide (DMSO) to yield the
stock solutions of 50 mM. The concentration of DMSO in the
final solution was less than 0.1% (V/V), which had no effects
on hKv1.5 channel current in the detective level.

The cells which could radiate the green fluorescence under
UV excitation were selected for the experimental data
recording. The Kv1.5 current was recorded from the cell
which was green fluorescent protein (GFP)-positive 48 h
after transfection at room temperature (25°C), using an
EPC-8 patch-clamp amplifier (HEKA, Lambrecht,
Germany), which has been recorded in the reported
literature (Wu et al., 2009). Patch electrodes were
fabricated from the glass capillaries (Narishige Scientific
Instrument Lab, Tokyo, Japan) using a P-97 horizontal
puller (Sutter Instrument Co., Novato, CA, United States ).
These electrodes had a resistance of 2.0–3.0 MΩ when they
were filled with the pipette solution containing 70 mM
potassium aspartate, 40 mM KCl, 10 mM KH2PO4, 1 mM
MgSO4, 3 mM adenosine 5-triphosphate (disodium salt;
Sigma Chemical Company, St. Louis, MO, United States ),
0.1 mM dilithium salt of guanosine 5′-triphosphate (Roche
Diagnostics GmbH Company, Mannheim, Germany), 5 mM
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EGTA, and 5 mM HEPES (pH was adjusted to 7.2 with 1 M
KOH solution). Cells attached to glass cover slips were
transferred to a recording chamber (0.5 ml in volume)
mounted on the stage of an inverted microscope (ECLIPSE
TE2000-U, Nikon, Tokyo, Japan), and perfused continuously
at a flow rate of 1–2 ml/min with Tyrode solution containing
140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2,
0.33 mM NaH2PO4, 5.5 mM glucose, and 5.0 mM HEPES (pH
was adjusted to 7.4 with 1 M NaOH). The data were then low-
pass filtered at 10 kHz and sampled at 50 kHz during
measuring the activation time course of hKv1.5 current,
and the series resistances were usually compensated by 80%.

The hKv1.5 channel current was elicited by applying 300 ms
depolarizing steps from a holding potential of −80 mV to
various levels of −50 mV to +50 mV in 10 mV steps with a
return potential of −40 mV. The stimulus interval of each
stepwise was longer than 10 s to ensure that the channel
fully recovered from the inactive state except for the
frequency-dependent experiment. Apart from being
specified, 30 mV was used to depolarize the voltage when
the inhibition effects of drugs on the current were detected
while using 300-ms bandwidth to excite the final current. The
voltage-dependent activation of the hKv1.5 channel was
assessed by fitting with a Boltzmann equation:

Itail � 1/(1 + exp((V1/2 − Vm)/k)) (1)

In the above equation, Itail is the tail current amplitude
normalized with reference to the maximum value (as the
100%) measured at +50 mV; V1/2 is the voltage at half-
maximal activation; Vm is the test potential and k is the
slope factor.

The inhibition rates (IRs) of the target compounds against
the Kv1.5 channel were calculated based on the value of Itail,
which were recorded before and after the drug administration.
The equation for calculating the IR was shown as follows.

IR � Itail After the drug administration/Itail Before the drug administration (2)

The concentration-response curve for inhibition of hKv1.5
current by the control group was drawn by a least-squares fit of
a Hill equation: %Control � 1/(1 + (IC50/[D])nH), where %
Control represents the current in the presence of the drug
normalized with reference to the control amplitude (expressed
as a percentage). IC50 is the concentration of the control group
causing a half-maximal inhibition. nH is the Hill coefficient
and [D] is drug concentration. The apparent rate constants for
binding (k+1) and unbinding (k-1) were obtained from fitting
the equation: tD � 1/(k+1 [D] + k-1), where tD is the time
constant induced by the drug, which was calculated from a
single exponential fit to the traces of current decay during the
depolarizing step to +30 mV. The apparent dissociation
constant KD is expressed as KD � k-1/k+1. The deactivation
kinetics was determined by fitting a single exponential
function to the tail current trace.

All of the averaged data are presented as mean ± SEM (n �
number of cells). Student’s t-test or ANOVA with Dunnett’s
post hoc test was used to evaluate the statistical significance,

which is considered to be statistically significant if a p value of
< 0.05 was obtained.

2.2.2 Method for Recording the Vasodilation Activity
Besides the Kv1.5 inhibition activity, the vasodilation activity of
the Kv1.5 inhibitors was also tested in vitro based on our previous
research work (Chen et al., 2016a; Chen et al., 2016b; Chen et al.,
2016c; Chen et al., 2017; Chen et al., 2018). Briefly, the
vasoconstriction model of the rat superior mesenteric artery
was induced by 60 mM KCl or 10 μMPE, and target
compounds were added to detect the vasodilation effects on
pre-contracted vessels by using the microvascular tension
measurement system Myograph (DMT620M, Danish Myo
Technology A/S Company, Denmark).

The male Sprague-Dawley (SD) rats (SPF, 8 weeks old,
200–250 g) were obtained as the experimental animals from
the Animal Centre of Xi’an Jiaotong University. The SD rats
were euthanized using CO2. The superior mesenteric artery was
gently removed and freed from adhering tissue under a dissecting
microscope and then cut into 2- to 3-mm cylindrical arterial
rings. The arterial rings were immersed in eight individual
myograph baths (37°C) (Organ Bath Model 700MO, J.P.
Trading, Aarhus, Denmark) containing 5 ml physiologic buffer
solution (PSS) (pH 7.4, 119 mM NaCl, 4.6 mM KCl, 15 mM
NaHCO3, 1.2 mMNaH2PO4, 1.2 mMMgCl2, 1.5 mM CaCl2, and
5.5 mM glucose). The myograph baths were continuously aerated
with 5% CO2 in O2.

The arterial segments were mounted for continuous recording
of isometric tension using LabChart7 Pro software (AD
Instruments, Hastings, United Kingdom). A resting tension of
2 mNwas applied to each arterial ring, which was stabilized under
this tension for at least 1.5–2.0 h. Then the rings were exposed to a
potassium buffer solution (KPSS) (60 mM KCl in PSS). The
maximum contraction induced by potassium was considered
as a reference for contractile capacity. When potassium-
induced reproducible responses were over 5 mN, the arterial
rings could be used for experiments.

The vascular relaxation effects after the cumulative
administration of tested compounds on artery rings was
analyzed by the concentration-response curve for the
chemicals (10–10–10−4 M) after initial potassium-induced
contraction. DMSO was chosen as the control. The following
formula is used to calculate the vasodilation rate of the target
compound against the pre-contracted vascular rings
(Equation 3).

Vasodilation rate � (Isometric tension value after K+

or PE preconstruction

− Isometric tension value after target compound dosing) /

(Isometric tension value after K+ or PE preconstruction

− Baseline tension value) × 100% (3)

Equation 3. Calculation equation of the vasodilation rate of
the tested compounds.
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The studies in vitro were approved by the Laboratory Animal
Ethics Administration Committee of Xi’an Medical University
and implemented according to the Guide for the Care and Use of
Laboratory Animals Published by the United States National
Institutes of Health (NIH Publication No. 85–23, revision in
1996).

All data were expressed as mean ± SD (standard deviation).
The tested compound-induced vasodilation was presented as a
percentage of response induced by KCl. One-way ANOVA with
Dunnett’s post-test was applied for comparisons of more than
two data sets. A t-test was applied for comparisons of two data
sets. A p value of < 0.05 was considered to be significant. The
analysis was performed by using GraphPad software (GraphPad
Software, San Diego, United States ).

2.3 Molecular Docking
2.3.1 Calculation and Preparation of the Molecules
The chemical structures of all the target molecules were drawn
using ChemBio Draw Ultra 12.0, which were opened in
ChemBio3D Ultra 12.0. These molecules were named and
minimized via the MM-semi-empirical method, which were
then saved as Mol2 files one by one. The molecular
descriptors were also calculated using ChemBio3D Ultra 12.0,
which include the parameters of Stretch, Bend, Stretch-Bend,
Torsion, Non-1,4 VDW, 1,4 VDW, Dipole/Dipole, and Total
Energy.

The Mol2 file of each molecule was opened in the Sybyl
workstation and was renamed again with the same name. A
new database including all these 16 compounds was established
based on the above information. All of the molecules were
minimized in a Molecule Spread Sheet (MSS) file using the
default value except for the following four settings. The force
field was chosen as “Tripos.” The charge was chosen as
“Gasteiger-Huckel.” “Max. Iterations” was set to be 10,000.
“Gradient” was set to be 0.005. “Color option” was set to be
Force. The minimization was repeated while there is still “Some
columns may need to be recomputed” popped up in the column
of “Console Command” of the Sybyl work-space. Minimization
could also be stopped until the total energy values obtained from
the last three conformation states of the molecule were the same
without changing again.

2.3.2. Molecular Docking of the Compounds With the
Target Kv1.5
Molecular modeling was carried out using the Tripos molecular
modeling packages Sybyl-X2.0. All the molecules for docking
were built using standard bond lengths and angles from Sybyl-
X2.0/base Builder and were then optimized using the Tripos force
field for 2000 generations two times or more, until the minimized
conformers of the ligand were the same. The flexible docking
method, called Surflex-Dock, docks the molecules automatically
into the binding site of the receptor by using a protocol-based
approach and an empirically derived scoring function. The
protocol is a computational representation of a putative ligand
that binds to the intended binding site and is a unique and
essential element of the docking algorithm. The scoring function
in Surflex-Dock, which contains hydrophobic, polar, repulsive,

entropic, and salvation terms, was trained to estimate the
dissociation constant (Kd) expressed in −log (Kd)2.

The 3D structure data of Kv1.5 was derived from its Kv1.2
homologues protein via the molecular homology method.
Surflex-Dock default settings were used for other parameters,
such as the number of starting conformations per molecule (set to
0), the size to expand the search grid (set to 8 Å), the maximum
number of rotatable bonds per molecule (set to 100), and the
maximum number of poses per ligand (set to 20). During the
docking procedure, all of the single bonds in side chains of
residues inside the defined binding pocket were regarded as
rotatable or flexible. The ligands were allowed to rotate on all
single bonds and move flexibly within the tentative binding
pocket. The atomic charges were recalculated using the
Kollman all-atom approach for the protein and the Gasteiger
Hückel approach for the ligand. The binding interaction energy
was calculated to include van der Waals, electrostatic, and
torsional energy terms defined in the Tripos force field.

3 RESULTS AND DISCUSSION

3.1 Rational Drug Design
3.1.1 Molecular Skeleton Design
Based on target–ligand interaction and structure-activity analysis
of traditional inhibitors and its simulated 3D structure of target
Kv1.5, a series of compounds (T1–T16), containing both
morpholine and 1H-indole linked with a chain-like structure
(-N(CH2)nO-) in one molecule, were designed to enhance
therapeutic effects of the anti-AF drugs (Figure 1).

3.1.2 Molecular Skeleton Docking Analysis
3.1.2.1 Building of Simulated 3D Structure of Kv1.5
As an anti-AF drug target with high selectivity on the atrial
muscle cells, the undetermined crystal structure of the Kv1.5
channel impeded further new drug development. Herein, the
simulated 3D structure of the Kv1.5 channel as the drug target
was built based on the crystal structure of its homolog Kv1.2
channel and its amino acid sequence using the homology
modeling technique. The crystal structure of the Kv1.2
channel (PDB ID: 2A79) was successfully determined by X-ray
diffraction several years ago (Long et al., 2005). To be specific, the
complete Kv1.2 channel consisted of the same four subunits and
thereby formed a large tetramer. One subunit of Kv1.2 included
the N terminus forming a T1 domain at the intracellular
membrane surface, six transmembrane segments (S1–S6), and
the C terminus. The transmembrane pore was composed by S5,
pore helix, selectivity filter, and S6. Besides, the S1–S4 segments
formed the voltage sensor (Long et al., 2005). The simulated 3D
structure of the transmembrane region of the Kv1.5 channel was
built using the homology modeling technique based on the
transmembrane region of the Kv1.2 channel (PDB ID: 2A79),
which reached over 70% amino acid sequence homology with the
Kv1.5 channel. Unsurprisingly, the transmembrane region of
Kv1.5 was similar to that of Kv1.2 and the single subunit of
Kv1.5 mainly contained the pore mentioned above and the S4–S5
linker helix (Figure 2A). Furthermore, the four subunits of Kv1.5
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FIGURE 2 | Simulated 3D structure of the transmembrane region of the Kv1.5 channel. (A) A single subunit of the transmembrane region of Kv1.5 viewed from the
side. (B) Four subunits of the transmembrane region of Kv1.5 viewed from the side. (C) Four subunits of the transmembrane region of Kv1.5 viewed from the extracellular
side of the pore. The subunits are represented as ribbons and colored individually.

TABLE 1 | Molecular descriptors of the target compounds calculated via ChemBio 3D software.

No Molecular weight
(kcal/mol)

Stretch
(kcal/mol)

Bend
(kcal/mol)

Stretch- bend
(kcal/mol)

Torsion
(kcal/mol)

Non-1,4 VDW
(kcal/mol)

1,4 VDW
(kcal/mol)

Dipole/withDipole
(kcal/mol)

Total energy
(kcal/mol)

T1 369.3895 1.7644 25.2043 0.4045 −5.8843 −1.9487 24.9111 −2.8714 41.5799
T2 401.4065 1.9527 27.1264 0.4667 −10.0194 −0.7371 25.2394 −1.9294 42.0992
T3 383.4161 1.9183 27.0527 0.4813 −10.0192 −0.7051 25.2687 −2.9527 41.0441
T4 417.8611 2.1221 28.0927 0.5593 −9.0782 −0.4922 25.8207 −1.5999 45.4245
T5 385.8441 1.8749 26.8363 0.4798 −10.0375 −0.7179 25.2327 −2.9851 40.6833
T6 417.8611 1.9882 26.5327 0.5054 −4.5569 −1.8366 25.7237 −1.6266 46.7299
T7 399.8707 1.8651 25.3230 0.4472 −5.8593 −2.2297 26.1172 −2.9479 42.7157
T8 434.3157 2.1495 28.0487 0.5790 −9.0782 −0.6392 26.4072 −1.6499 45.8171
T9 365.4256 2.0521 28.0600 0.5320 −9.3115 −0.3376 25.0976 −3.1901 42.9024
T10 397.4427 2.1532 28.3585 0.5444 −9.2980 −0.4900 25.6598 −2.2980 44.6299
T11 379.4522 1.9504 25.4683 0.4308 −6.5666 −2.2587 26.2950 −3.6802 41.6390
T12 413.8973 2.2318 28.2231 0.5625 −9.7988 −0.6820 26.5886 −2.4528 44.6724
T13 430.2951 1.9768 27.9482 0.5642 −8.5920 −0.3444 25.0620 −2.5829 44.0318
T14 462.3121 1.9122 25.4598 0.4426 −5.9980 −2.3330 26.2287 −2.1015 43.6109
T15 444.3217 2.0521 28.1294 0.5826 −8.5762 −0.5119 25.6865 −2.4850 44.8776
T16 478.7667 2.1624 28.0796 0.5904 −9.0770 −0.7066 26.5679 −1.6945 45.9222

TABLE 2 | Various energy data of the target compounds from energy minimization via Sybyl.

Compounds Bond
stretching
energy

Angle
bending
energy

Torsional
energy

Out of plane
bending
energy

1–4 van der
Waals
energy

van der
Waals
energy

1–4
electrostatic

energy

Electrostatic
energy

Total
energy

(kcal/mol)

T1 0.475 18.409 5.011 0.006 −0.827 −3.767 0.66 −0.953 19.015
T2 0.536 18.564 4.932 0.005 −0.726 −3.877 1.196 −0.353 20.278
T3 0.522 18.494 5.019 0.006 −0.625 −3.871 −0.838 −0.272 18.436
T4 0.514 19.087 5.61 0.005 −1.248 −4.622 0.173 −0.107 19.413
T5 0.477 18.794 2.56 0.007 −1.089 −3.366 1.259 −0.138 18.505
T6 0.599 20.184 2.832 0.005 −0.989 −3.013 1.455 −0.515 20.557
T7 0.521 18.49 5.035 0.006 −0.781 −3.928 −0.389 0.159 19.113
T8 0.514 19.086 5.615 0.005 −1.404 −4.673 0.621 0.308 20.073
T9 0.522 20.491 3.579 0.006 −1.531 −3.377 −0.116 0.176 19.75
T10 0.532 19.224 5.747 0.005 −1.331 −4.409 0.518 0.732 21.017
T11 0.522 18.512 5.401 0.006 −0.871 −4.166 −1.486 0.749 18.667
T12 0.516 19.109 5.978 0.005 −1.494 −4.91 −0.476 0.89 19.617
T13 0.471 19.421 3.047 0.007 −1.49 −3.632 1.315 0.026 19.165
T14 0.534 18.566 4.957 0.005 −0.939 −3.97 1.732 0.2 21.086
T15 0.516 19.178 5.425 0.006 −1.22 −4.139 −0.333 0.512 19.945
T16 0.514 19.089 5.616 0.005 −1.461 −4.704 0.712 0.439 20.21
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formed a bundle crossing with a wide top and a narrow bottom;
thus, the whole channel appeared like an inverted cone
(Figures 2B,C).

3.1.2.2 Parameter Results
The multiple descriptors of the target compounds via various
kinds of software are summarized in Table 1 and Table 2,
respectively.

3.1.2.3 Molecular Skeleton Docking Analysis
The simulated 3D structure of the Kv1.5 channel was used for
docking analysis with all 16 target compounds. The docking
result with the total scores (TSs) of each compound with the
target protein Kv1.5 are summarized in Table 3.

There are six compounds with CScore >3 and TScore >4. The
docking TScore of T11 > T15 > T1 > T4 > T2 > T9 are 5.4632,
5.4031, 4.4915, 4.2298, 4.0852, and 4.0118, respectively.

Eight amino acid residues including T479, T480, R487, A501,
I502, I508, V512, and V516 were identified to constitute the
potential binding sites for some Kv1.5 channel blockers, such as
vernakalant (Eldstrom et al., 2007), bupivacaine (Franqueza et al.,
1997), anthranilic-acid derivative S0100176 (Decher et al., 2004),
and arachidonic acid (Bai et al., 2015). Based on the above
analysis, molecular docking of all the target compounds with
the Kv1.5 channel was conducted via the Surflex dock module on
the Sybyl workstation. According to the docking scores in
Table 3, we choose two typical compounds (T11, CScore � 3,
TScore � 5.4632; T10, CScore � 1, TScore � 4.0764) for analyzing
the docking results.

The binding models of two compounds indicated that the
binding site of the compounds were all in the central cavity of
the Kv1.5 channel (Figure 3, Figure 4). The binding manner of
T10 and T11 is similar (Figure 3, Figure 4). For both
compound T11 and compound T10, hydrogen on

TABLE 3 | Docking scores of the target compounds with Kv1.5 via Sybyl surflex software.

Compounds Crash Polar D_Sore PMF_Score G_Score Chem score CScore Global CScore TScore

T1 −2.2288 0.0009 −124.122 6.808 −218.083 −13.9141 3 2 4.4915
T2 −3.7555 0.5788 −128.67 15.2886 −239.458 −15.666 3 2 4.0852
T3 −1.2455 0.0003 −123.575 0.3312 −207.486 −14.8693 2 2 5.4447
T4 −3.2448 0 −130.993 5.0454 −251.84 −15.4181 3 3 4.2298
T5 −3.6345 0.0967 −127.816 −6.5237 −233.514 −19.1399 5 3 3.0305
T6 −2.7651 0.2745 −135.296 −4.7169 −233.066 −18.451 2 3 3.358
T7 −2.3765 0 −128.67 4.8988 −238.388 −16.0943 2 2 4.8958
T8 −3.3895 0.0128 −136.89 0.9895 −241.838 −17.7217 2 4 3.2077
T9 −3.5624 0.0004 −127.977 16.4223 −270.607 −16.2803 3 2 4.0118
T10 −3.7264 0.6306 −131.849 25.8995 −239.764 −16.0418 1 2 4.0764
T11 −3.2851 0.1043 −136.128 17.9942 −265.404 −17.4443 3 3 5.4632
T12 −4.0651 0 −136.509 2.098 −265.734 −16.8519 4 4 3.461
T13 −2.2642 0 −125.186 −5.4639 −212.28 −15.7779 2 2 3.7695
T14 −3.6425 0.2116 −135.866 −0.1636 −248.562 −19.0016 3 4 2.3214
T15 −2.0243 0 −133.927 2.671 −236.825 −16.8604 3 3 5.4031
T16 −2.9108 0.0036 −135.657 4.4222 −247.875 −17.9901 2 4 3.4446

FIGURE 3 | Simulated 3D complex structure of compound T11 with its target Kv1.5 channel using Surflex Docking. (A) Kv1.5 channel was shown as a tetramer
colored in cyan, and the binding site in the center was shown in the surface colored in yellow. (B) Binding site of the Kv1.5 channel was shown in the rainbow cartoon.
Compound T11was shown in the green and white stick situated in the center of the channel site. (C) Kv1.5 channel was shown in the rainbow cartoon. Compound T11
in the center of the Kv1.5 channel site was shown in the magenta mesh.
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1H-indole ring is close to T480 on C chain (Figure 3), which
forms a hydrogen bond with oxygen of the carbonyl group on
the backbone of T479 on C chain (Figure 4).

3.2 Chemistry
The synthesis route of target compounds with the structure of 3-
(morpholine substituted aromatic imine)-1H-indole is shown in
Figure 5. The whole synthesis route contained three main
reaction steps starting from the raw material of substituted
aromatic amines (1a-1d). The important intermediates are 5-
substituted isatin derivatives (3a-3d). Some of the main materials
(4a-4d) were synthesized in the pharmaceutical chemistry
laboratory of Xi’an Jiaotong University from the commercially
available materials, including various substituted aromatic
amines and substituted morpholines (Figure 5).

The yields and properties of the important intermediates
including 4-substituted-N-hydroxyloxime acetyl aniline (2a-2d)

and 5-substituted isatin (3a-3d) are summarized in
Supplementary Table S1.

3.3 Biological Activity
3.3.1 The Biological Analysis of Kv1.5 Inhibition
The Kv1.5 channel inhibition effects of all the target compounds
were tested with the patch clamp technique. The results
demonstrated that some compounds showed certain inhibition
effects against the Kv1.5 channel among sixteen target
compounds. Compound T16 showed the highest activity at
the concentration of 100 μM with the inhibition rate of 70.8%.
Compound T5 showed the relative higher activity at the
concentration of 100 μM than the rest of the compounds with
the inhibition rate of 57.5%. The sequence of the biological
activity is listed as follows: T16 > T5 > T9 > T10 > T11 >
T7. Compounds T9, T10, T11, and T7 showed the certain
inhibitory effects at the low concentration (50 μM); the

FIGURE 4 | Simulated 3D complex structure of compound T10with its target Kv1.5 channel using Surflex Docking. (A) T10 was shown in the surface while Kv1.5
was shown in the cyan cartoon. (B) Binding site around compound T10 (shown in mesh) was shown in the cyan cartoon. (C) Hydrogen bond (blue line) was formed
between 1H of indole and O of the carbonyl group on the backbone of Thr479 amino acid residue.

FIGURE 5 | Synthesis route of the target compounds.
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TABLE 4 | Structure and the inhibitory actions on Kv1.5 of the target compounds.

Compounds Structure The concentration of the mother liquid
(50 mM)

Molecular
weight

Inhibition rate (concentration of the
sample)

T1 18.47 mg/ml 369.3895

T2 20.07 mg/ml 401.4065

T3 19.17 mg/ml 383.4161

T4 20.89 mg/ml 417.8611

T5 385.8441 57.5% (100 μM)

T6 20.89 mg/ml 417.8611

T7 399.8707 9.5% (50 μM)

T8 21.76 mg/ml 434.3157

T9 18.27 mg/ml 365.4256 20.8% (50 μM)

T10 19.87 mg/ml 397.4427 15% (50 μM)

T11 18.97 mg/ml 379.4522 11.3% (50 μM)

T12 20.695 mg/ml 413.8973

(Continued on following page)
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inhibition rates of these compounds are 20.8, 15.0, 11.3, and 9.5%,
respectively (Table 4). Obviously, compounds T16 and T5
exhibited favorable inhibition effects against Kv1.5, which
would provide promising lead compounds for anti-AF drug
development.

3.3.2 The Biological Analysis of Vasodilation Activity
There were twelve compounds (100 μM) among sixteen ones
showed obvious vasodilation effects (28.96–93.39%) on superior
mesenteric artery rings of SD rats in vitro pre-contracted by KCl
(60 mM). To be specific, their vasodilation rates were as follows:

93.39% (T4), 91.11% (T16), 83.88% (T6), 78.12% (T15), 72.59%
(T11), 68.92% (T8), 62.26% (T7), 48.30% (T5 and T9), 46.06%
(T3), 43.78% (T13), and 28.96% (T1). Obviously, compounds T4
(93.39%) and T16 (91.11%) showed extraordinary vasodilation
rates compared to other compounds (Figure 6A).

There were twelve compounds (100 μM) among sixteen that
showed the obvious vasodilation effects (9.12–85.63%) on the
superior mesenteric artery rings of SD rats in vitro pre-
contracted by PE (10 μM). To be specific, their relaxation
rates were as follows: 85.63% (T4), 77.23% (T11), 72.75%
(T9), 69.33% (T16), 53.88% (T13), 45.91% (T8), 45.62%

FIGURE 6 | Vasodilation effects of target compounds on superior mesenteric artery rings in vitro pre-contracted by KCl (60 mM) or by phenylephrine hydrochloride
(PE, 10 μM). (A) KCl. (B) PE.

TABLE 4 | (Continued) Structure and the inhibitory actions on Kv1.5 of the target compounds.

Compounds Structure The concentration of the mother liquid
(50 mM)

Molecular
weight

Inhibition rate (concentration of the
sample)

T13 21.514 mg/ml 430.2951

T14 23.12 mg/ml 462.3121

T15 39.5 mg/ml 444.3217 0% (100 μM)

T16 37.3 mg/ml 478.7667 70.8% (100 μM)

LY294002 (control
sample)

IC50 � 7.9 μM 100% (50 μM)
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(T15), 40.68% (T6), 31.96% (T7), 16.68% (T5), 11.65% (T3),
and 9.12% (T1), respectively. Obviously, four samples
including T4 (85.63%), T11 (77.23%), T9 (72.75%), and
T16 (69.33%) showed the extraordinary relaxation rates
compared to other compounds (Figure 6B).

Interestingly, both compounds T4 and T16 showed an
outstanding vasodilation response on artery rings in vitro
pre-contracted by KCl in a concentration-dependent
manner. The vasodilation effects of compound T4 started at
the concentration of 10−7 M, which could rise to 90.70% at the
concentration of 10−4 M. Similarly, under the same level of
concentration, the vasodilation response of compound T16
(10−4 M) was up to the highest value of 94.12% (Figure 7A).

Both compounds T4 and T16 showed the remarkable
vasodilation response on artery rings in vitro pre-contracted
by PE in a concentration-dependent manner, which took
effects at the concentration of 10−7 M. The vasodilation
effects of compound T4 (10−4 M) could be up to 72.20%;
compound T16 (10−4 M) was 61.00% (Figure 7B).

In short, among sixteen target compounds, twelve compounds
displayed desirable vasodilation effects on the superior
mesenteric artery of SD rats in vitro pre-contracted by KCl or
PE. As outstanding representatives, compounds T4 and T16
exhibited much more remarkable vasodilation effects than
other compounds, which would provide reliable lead
compounds for anti-hypertension drug development.

FIGURE 8 | Simulated 3D complex structure of compound T16 with its target Kv1.5 channel using Surflex Docking. (A) Kv1.5 channel was shown according to its
secondary structure, in which the α-helixes were shown in cyan, and β-sheets were shown in magenta. Compound T16 situated in the center of the channel was shown
in mesh. (B) Binding site was shown in the rainbow cartoon. Compound T16 situated in the center of the channel was shown in mesh. Kv1.5 channel was shown in
ribbon, the color of which was shown according to the secondary structure. (C) Binding site of the Kv1.5 channel was shown in the rainbow cartoon. Compound
T16 in the center of the binding site was shown in the ball and stick model, which was surrounded with electronic mesh.

FIGURE 7 | Vasodilation effects of compounds T4 and T16 on superior mesenteric artery rings in vitro pre-contracted by KCl (60 mM) or by phenylephrine
hydrochloride (PE, 10 μM). (A) KCl. (B) PE. ***p < 0.05 versus a DMSO control (n � 3) indicates a significant difference compared with the control (DMSO).
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3.4 Molecular Interaction Analysis of
Compound T16 With Its Target Kv1.5
For both Kv1.5 channel inhibitory activity and vasodilation
activity, T16 was the optimal one. As a result, T16 was
analyzed with regard to its molecular interaction with its
target Kv1.5 with the molecular docking.

The binding models of three compounds (T16, T11, and T10)
indicated that the binding site of the compounds were all in the
central cavity of the Kv1.5 channel (Figure 3, Figure 4, and
Figure 8, Figure 9). Compounds T10 and T11 had similar
binding manners (Figure 9). The most optimal compound
T16 adopted a different binding manner, which is quite
different from the other two compounds, T11 and T10. In
compound T16, the hydrogen on indole ring is close to I508
on A chain. For both compounds T11 and T10, hydrogen on
1H-indole ring is close to T480 on C chain (Figure 3), which
forms a hydrogen bond with oxygen of the carbonyl group on the
backbone of T479 on C chain (Figure 3, Figure 4). Therefore, the
different compounds might adopt the different manners while
binding with the active site of the target Kv1.5 channel.

It was also found that some of the amino acid residues in the
binding sites on the Kv1.5 channel are crucial for binding with the
compound T16 (Figure 8, Figure 9). The distances between the
hydrogen atoms on I508, V512, and T480 and compound T16
were 2.8 Å, 2.5 Å, and 2.2 Å, respectively (Figure 9A). Some new
target compounds in the study potently inhibited the hKv1.5
current in a voltage- and concentration-dependent manner at a
lower concentration than the reported Kv1.5 inhibitors including
hesperetin (Wang et al., 2016), papaverine (Choe et al., 2003),
propofol (Yang et al., 2015), and cortisone (Yu et al., 2015).
Therefore, acacetin showed the distances of 2.64 Å and 0.95 Å
between hydrogen atoms of I508 and V512, which was set as a
comparison (Wu et al., 2011). The results promoted our
understanding on the molecular interaction mechanism
between the target Kv1.5 and its inhibitors (Decher et al.,
2004; Decher et al., 2006); however, much remains to be done.

CONCLUSION

AF is the most common clinical sustained arrhythmia;
common clinical drugs have the low atrial selectivity and
might cause more severe ventricle arrhythmias while
stopping AF. As an anti-AF drug target with high selectivity
on the atrial muscle cells, the undetermined crystal structure of
the Kv1.5 channel impeded further new drug development.
Herein, sixteen 3-morpholine linked aromatic amino
substituted 1H-indoles as novel Kv1.5 channel inhibitors
were designed and synthesized targeting to the simulated
3D structure of Kv1.5, which was built based on the crystal
structure of its homolog Kv1.2 channel and its amino acid
sequence using the molecular homology modeling technique.
Compounds T16 and T5 (100 μM) exhibited favorable
inhibitory activity against the Kv1.5 channel with an
inhibition rate of 70.8 and 57.5% using a patch clamp
technique. The vasodilation rates of compounds T16 and
T4 (100 μM) reached over 90% using a Myograph. The
novel Kv1.5 inhibitors would provide potential lead
compounds for both anti-atrial fibrillation and anti-
hypertension new drug development.
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FIGURE 9 | Contrasting simulated molecular interaction models of compounds T16, T11, T10 and their target Kv1.5 channel. The binding site of Kv1.5 channel is
composed of the following amino acid residues: T479, T480, A501, I502, I508, V512, and V516 in the S6 domain and selectivity filter of a single subunit of the channel.
The binding model of compounds T11 and T10 is similar, which is different from compound T16. (A) compound T16 (C: gray, H: gray, O: red, N: blue); (B) compound
T11 (C: green, H: gray, O: red, N: blue); (C) compound T10 (C: orange, H: gray, O: red, N: blue). A chain was shown in blue, B chain was shown in green, C chain
was shown in yellow, and D chain was shown in red.
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Bladder cancer (BC) ranks the fourth in incidence in cancers of men and is a common
malignant tumor in women. 4-Methoxydalbergione (4MOD), which is purified from
Dalbergia sissoo Roxb, has been shown to have anticancer capacity for osteosarcoma
and astroglioma. The role of 4MOD in bladder cancer has not been investigated. This study
aims to evaluate the anticancer effect of 4MOD in BC cells and its possible mechanisms.
The two human bladder cancer cell lines J82 and UMUC3 were used to evaluate the
proliferation inhibitory effect of 4MOD by CCK8 and clonogenic assays. The migratory and
invasive ability of tumor cells was examined by scratch test and transwell assay. Apoptosis
was detected by flow cytometry and TUNEL assays. The autophagy-related molecules
including Beclin-1 and LC3 were examined by Western blotting analysis. Furthermore, the
RT-PCR was used to detect the mRNA expression of LC3. 4MOD repressed cell
proliferation, migration, invasion and induced cell apoptosis in a concentration-
dependent manner. The IC50 values of J82 and UMUC3 were 8.17 and 14.50 μM
respectively. The mRNA and protein expression ratio of light chain 3-II (LC3-II)/LC3-I
and the protein expression of Beclin-1 were increased when the BC cells were treated with
4MOD. The treatment of 4MOD attenuated the phosphorylation of Akt and ERK in the BC
cells. We revealed that the 4MOD inhibits BC cells growth by inducing autophagy and
inhibiting Akt/ERK signaling pathway. Our study provides new insights into the mechanism
by which 4MODweakens the proliferation of BC cells. This study demonstrates that 4MOD
provided a lead compound for the development of novel compoundwith potent anticancer
effect on BC cells.
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INTRODUCTION

Bladder cancer is one of the most common malignancies in the
urinary system worldwide (Sanli et al., 2017). There are more
than 430,000 confirmed cases of bladder cancer in the world every
year (Siegel et al., 2018). Radical cystectomy (RC) combined with
lymph node dissection (LND) is recommended as the standard
treatment for muscle-invasive bladder cancer (MIBC). Patients
with low and intermediate risk of non-muscle-invasive bladder
cancer (NMIBC) have a 5-years recurrence-free survival rate of 43
and 33%, respectively (Kohada et al., 2021). However, 50–70% of
cases are myometrial invasive bladder cancer (MIBC) and the 5-
years overall survival (OS) is only 4.8% due to the devastating
metastasis (Bokarica et al., 2017). The incidence and mortality
remained low before 45 and 55 years old and reached the peak in
the age group of 80 years (Li et al., 2021). Furthermore, radio-
resistance and drug-resistance often occur. Hence, development
of more practical drug candidates and therapeutic strategy is
urgently needed.

4-Methoxydalbergione(4MOD), was isolated and purified
from the heartwood of Dalbergia sissoo Roxb. Recent research
has shown the anticancer capacity of 4MOD for osteosarcoma
(Park et al., 2016) and astroglioma (Li et al., 2020). In addition,
4MOD showed cytoprotective effects on hippocampal BV2
microglia cells in mice and primary microglia in rats (Bokarica
et al., 2017). Therefore, as a natural flavonoid, 4MOD has a good
prospect of development into an anticancer medication.
However, the anticancer effect of 4MOD in bladder cancer
cells remains unclear.

Autophagy is a membrane transport and intracellular
degradation system which captures abnormal intracellular
dysfunctional organelles and deliver them to lysosomes.
Autophagy affects cellular homeostasis, aging and diverse
diseases (Zhao et al., 2021). Autophagy is a double-edged
sword in the development of cancers due to the dual effects of
inhibiting and promoting tumorigenesis. Presently, autophagy
regulation is used in anti-tumor treatment in different cancer
types (Zhao et al., 2021). More than 80 clinical trials based on
autophagy are in progress. (https://clinicaltrials.gov/; accessed on
april 12, 2021). In recent years, the role of autophagy in bladder
cancer has been studied. Riccardo Vanzo group found that
autophagy is enhanced in both early and advanced stages of
human urinary bladder tumorigenesis (Vanzo et al., 2020). It was
shown that treatment with the autophagy inhibitor bafilomycin
A1 or knocking down the autophagy-related protein ATG7 or 12
can induce a large number of cell apoptosis and leading to the
death of bladder cancer cells (Lin et al., 2016). Furthermore, the
knockdown of ATG7 dramatically inhibits human BC cell
invasion (Zhu et al., 2019).

Recently, the development of therapeutic drugs for bladder
cancer targeting the autophagic pathway has become a hot spot
in the field of bladder cancer research. It has been reported that
the autophagy-modulating drug arzanol can induce the
accumulation of lapidated LC3 and sensitize RT-112 bladder
cancer cells to cisplatin (CDDP) treatment (Deitersen et al.,
2021). ChlA-F, a novel conformation-derivative of Cheliensisin
A, induces autophagy-dependent anticancer effects through

specifically promoting SESN2 expression (Hua et al., 2018).
SESN2, as a new p53 targeted gene, is involved in the
induction of autophagy (Maiuri et al., 2009), and
overexpression of SESN2 mediates the anti-cancer activity of
Isorhapontigenin in bladder cancer cells (Liang et al., 2016). A
large number of studies have shown that autophagy is related to
drug resistance in the treatment of bladder cancer with
gemcitabine, cisplatin, and epirubicin (Huang et al., 2017; Yin
et al., 2017).

Various signaling pathways play important roles in cell
proliferation, apoptosis and autophagy on cancer development
(Li D. et al., 2018). Akt/ERK signaling pathway stimulates cell
proliferation at various stages of the cell cycle. Inhibition of Akt/
ERK signaling pathway is a good anti-tumor strategy (Huang
et al., 2017; Yin et al., 2017). However, the effect of 4MOD on
autophagy and Akt/ERK signaling pathway in the development of
bladder cancer cell is elusive.

In this study, we aim to examination the anticancer effects of
4MOD and the underlying mechanism on the development of BC
cells. Our results confirm that 4MOD is a new and promising
compound, which inhibits the growth and induces apoptosis of
BC cells by preventing Akt/ERK signaling pathway from
activating autophagy.

MATERIALS AND METHOD

Cell Culture
Human BC cell lines J82 and UMUC3 (provided by Dr. P Guo)
were cultured in Dulbecco modified Eagle medium supplemented
(Hyclone, Logan, UT) with 10% of BI serum (FBS) (Hyclone,
Logan, UT) and 1% of penicillin-streptomycin at 37°C, in
humidified air containing 5% of CO2.

Reagents
4MOD (98% purity, MW � 254.28) was isolated and purified
from Dalbergia sissoo Roxb. in our preliminary study (Ran
et al., 2019). and it prepared as a stock solution of 50 mM in
dimethyl sulfoxide (DMSO). SC79, and CQ (Selleck-Biotool,
Shanghai, China) were prepared as a stock solution of 50 mM
in PBS. They were diluted in dimethyl sulfoxide in a range of
concentrations. Antibodies against Akt, ERK, LC3, GAPDH
and β-actin were purchased from Cell Signaling Technology
(Cell Signaling, Beverly, MA). An Apoptosis Detection kit
(FITC Annexin V) was purchased from Beyotime (CS,
Hunan, China). The TUNEL Assay Kit was obtained from
Elabscience. MA.

Cell Viability
Cell proliferation was determined by using a Cell Counting
Kit-8 assay (CCK-8, Meilunbio, Dalian, China). Cells were
seeded into a 96-well plate (6 × 103 cells/well) with 100 μL of
culture medium. After 24 h, cells were treated with different
drugs and incubated for 72 h. 10 μL CCK-8 solution was added
to each well and cells were incubated at 37°C for 2 h. Light
absorbance was measured at 450 nm using a Dynatech
MR5000 plate reader.
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Colony Formation Assays
A total of 6×103 cells were seeded into 24-well dishes in 0.5 ml of
medium for 24 h. Cells were further treated with different drugs,
and then maintained for 6–8 days in a CO2 incubator. Finally, the
cells were fixed with 10% formaldehyde solution and then stained
with 0.1% crystal violet, each experiment was performed in
triplicate. The absorbance was measured using a microplate
reader at 550-nm wavelength.

Transwell Assays
Transwell assay was used to analyze the impacts of different
concentrations of 4MOD (0 μM, 5.0 μM, 10 μM) on cell
migration and invasion of BC cells by applying a Transwell
plate (Corning, United States) according to the manufacturer’s
guidance. Briefly, the upper chambers were plated with around
1×105 cells. Then the cells were fixed in paraformaldehyde (4%)
and dyed using crystal violet. Invaded and migrated cells were
recorded and calculated.

Measurement of Cell Migration
A total of 5×103 cells were seeded onto a 12-well plate and allowed
to reach full confluence. The monolayer was wounded using a
cocktail stick. Cells were incubated with serum-freeMEMmedium,
for the time period as stated. Digital images were taken at times 0,
24 and 48 h. The mean area was calculated using ImageJ software.
The experiments were repeated three times.

TUNEL Assays
Apoptosis was analyzed using a TUNEL Apoptosis Detection kit
(Elabscience, Institute of Biotechnology) according to the
manufacturer’s protocol. The nuclei were counterstained with
DAPI for 5 min at room temperature in the dark and the slides
were then mounted with anti-fade mounting medium. The levels
of apoptosis were estimated as the ratio of the number of TUNEL-
positive cells to the total number of DAPI-positive cells using a
fluorescence microscope (magnification, ×200; Olympus
Corporation).

Annexin V-FITC/PI Cell Apoptosis Analysis
Apoptosis was detected by flow cytometry via the examination of
altered plasma membrane phospholipid packing by lipophilic dye
Annexin V. Briefly, treated cells were harvested by trypsin, washed
twice with PBS, and then resuspended in binding buffer at a
concentration of 5.0 × 105 cells/mL according to the
manufacturer’s instruction. Thereafter, 5 μL of Annexin V-FITC
and 10 μL of propidium iodide were added into 100 μL of cell
suspension and incubated for 30min at room temperature in the
dark. After adding 300 μL of binding buffer, labeled cells were
counted by flow cytometry within 30min. All early apoptotic
cells (Annexin V-positive and propidium iodide-negative),
necrotic/late apoptotic cells (double positive), as well as living
cells (double negative) were detected by flow cytometry on a
FACS Calibur flow cytometer.

qRT-PCR Analysis
Total RNA was isolated using a Total RNA Extraction kit
(GeneCopoeia™, Guangzhou, China). Reverse transcription

into cDNA was performed using a SureScript™ First-Stand
cDNA Synthesis Kit according to the User Manual
(GeneCopoeia™, Guangzhou, China) and the cDNA was
amplified using a SYBR® Green qPCR Mix 2.0
(GeneCopoeia™, Guangzhou, China). The 2−ΔΔCt method was
used to perform analysis with 18 s RNA as the reference. The
primers of LC3 were purchased from GeneCopoeia™. Data
analysis was performed with Applied Biosystems Quant Studio
3 Real-time PCR System (Thermo Fisher Scientific,
United States).

Western Blot Analysis
Western blot assessment was performed using regular
procedures. Primary antibody was added in bovine serum
albumin (BSA) and allowed to incubate overnight at 4°C,
washed with TBST for six times (10 min per time). The
secondary antibodies (CST, United States) were used for
hatching the membranes 1 h at room temperature. The Pierce
Super Signal chemiluminescent substrate (Rockford, IL,
United States) was added followed by the visualization with a
Fluorescentand Chemiluminescence Gel Imaging System
(Jiapeng, ShangHai, China). Band intensity data were
quantified using ImageJ.

Statistical Analysis
Data were expressed as mean ± SD, and the statistical analysis was
conducted using GraphPad prism 9. The unpaired Student’s t-test
was used to compare two groups, and the one-way ANOVA was
used to compare amongmultiple groups. *p < 0.05, **p < 0.01 was
considered as statistically significant.

RESULTS

4MOD Inhibits BC Cell Proliferation and
Colony Formation
We used Cell Counting Kit-8 analysis to verify whether 4MOD
affects the proliferation of BC cells in vitro. We exposed J82 and
UMCU3 cells to various concentrations of 4MOD (0 μM, 2.5 μM,
5.0 μM, 10 μM, 20 μM). It was found that 4MOD inhibited cell
proliferation in a dose-dependent manner (Figure 1A; Table 1).
The IC50 values of 4MOD induced inhibition at various
concentrations were 8.17 μM, 14.5 μM on bladder cancer cells,
respectively (Figure 1A; Table 1). Similarly, the colony formation
was decreased by treatment with 0–20 μM 4MOD
(Figures 1B,C). The J82 is the more sensitive cell line which is
consistent with the results of CCK8 assay.

4MOD Represses BC Cell Invasion and
Migration
Cell scratch assay and Transwell assay were used to analyze the
effect of 4MOD on the migration and invasion of BC cells. As
shown in Figure 2, 4MOD-treated cells were remarkably
enhanced the wound healing proportion than that of control
in J82 and UMUC3 cells at 24 and 48 h (Figures 2A–D),
Similarly, Transwell assays results showed that the invasion
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was decreased in the cells treated with 0–20 μM 4MOD (Figures
2E,F), suggesting that 4MOD can decrease the migration and
invasion of BC cells in vitro.

4MOD Promotes Apoptosis of BC Cells
As shown in Figure 3, compared to the control group, the cellular
apoptosis was remarkably increased in the cells treated with
20.0 µM 4MOD, as demonstrated by both FITC and PI
staining (Figures 3A,B). Consistently, as we can see in Figure
3C under a fluorescence microscope, 4MOD-treated cells
significantly increased TUNEL-positive staining (green
fluorescence) compared with the control group. These data
demonstrated that 4MOD is able to induce apoptosis of BC cells.

4MOD Induces Autophagy of BC Cells
Abnormal autophagy is closely related to the occurrence and
development of bladder cancer (Zhu et al., 2019).
Salidroside significantly increased the autophagy of T24
cells through the autophagy/PI3K/Akt and MMP-9

signaling induced bladder cancer cells apoptosis (Li T.
et al., 2018). Based on this, we explored whether 4MOD
affects the progression of bladder cancer cells through
autophagy. As shown in Figure 4A, We found that
4MOD significantly enhanced LC3 mRNA expression.
LC3, is an autophagic landmark gene, which participates
in the formation of the autophagosome (Giménez-Xavier
et al., 2009). At the same time, we further identified that
4MOD induced the expression ratio of LC3 (LC3B-II)/
LC3B-I and the protein expression of Beclin-1 in J82 and
UMUC3 cells in a dose-dependent manner Figure 4B. The
statistical analysis of protein quantifications in Figures
4C,D verified it (*p < 0.05). These results suggested that
4MOD induces autophagy of BC cells.

Antagonism Action of Combination of
4MOD With CQ on Proliferation and Colony
Formation in BC Cells
Chloroquine (CQ) first approved for medical use in 1949, have
also been widely reported as potential anticancer agents for it
can destroy the function of the lysosome and inhibit autophagy
(Ferreira et al., 2021). It is one of the classic experiments for
observing autophagy flux that the increase in LC3-II protein
before and after CQ treatment reflects the amount of

FIGURE 1 | 4MOD inhibits the proliferation of BC cells (A) CCK8 assay on the human BC cell lines UMUC3 and J82 treated with 4MOD at concentrations ranging
from 0 to 20 μM or DMSO for 72 h. (B) The clonogenic assay assessed after 7-days of 4MOD treatment at various concentrations (0–20 μM) (C) Bar chart shows
quantitative data of average of 3 independent experiments (*p < 0.05, **p < 0.01 compared with control). Quantitative data determined by solubilization of crystal violet
and spectrophotometric reading at OD 550 nm. Results are presented as mean ± SD of 3 independent experiments (Comparison was drawn by the t-test (two-
tailed). Data represent means ± SD; *p < 0.05, **<0.01).

TABLE 1 | Inhibitory concentration 50% (IC50) of 4MOD.

J82 UMUC3

IC50 8.17 ± 1.91 μM 14.50 ± 0.92 μM
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autophagosomes degraded by lysosomes. CCK8 assay was
utilized to examine the antagonism effect of combining
4MOD with the CQ. As shown in Figures 5A,B, 20 µM
4MOD alone significantly inhibited the proliferation of
J82 and UMUC3 cells, while the anti-proliferative effect of
4MOD could be rescued when combined with 5 µM CQ. We
next examined the anti-cloning effect of the combination of
4MOD and CQ. Consistent with CCK8 assay, we observed
that CQ significantly antagonized the anti-cloning effect
of 4MOD (Figures 5C,D). Taken together, these data

recognize that inhibition of autophagy may be an effective
strategy to increase the anticancer activity of 4MOD in bladder
cancer.

Akt/ERK Signaling Pathways Participate in
the Inhibitory Effect of 4MOD on BC Cells
Growth
Given that Akt/ERK signaling pathways, as critical pathways for
tumorigenesis, are key intracellular mediators of cell survival

FIGURE 2 | 4MOD represses invasion and migration of BC cells (A–D) Transwell assay on the human BC cell lines UMUC3 and J82 treated with 4MOD (0 μM, 5.0
and 10 μM)) for 48 h (E–F) The migration was measured by wound healing assays in the different group of cells; Data are presented as mean ± SD of 3 independent
wound healing assays experiments (*p < 0.05, **p < 0.01 compared with control).
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and proliferation signals (Cao et al., 2019). Investigative Akt/
ERK signaling during 4MOD treatment are meaningful for us to
elaborate its anticancer mechanism. Thus, we explored whether

4MOD induced autophagy by regulating Akt/ERK signaling
pathways in the BC cells. As shown in Figures 6A–D, 4MOD
diminished the phosphorylation of Akt and/or Erk1/2 while the

FIGURE 3 | 4MOD promotes apoptosis of BC cells. The cell apoptosis was measured by flow cytometry analysis (A-B) and TUNEL assays (C) in BC cells of J82
and UMUC3. Data are presented as mean ± SD. Statistic significant differences were indicated: *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4 | 4MOD induces autophagy in BC cells (A) The human BC cell lines UMUC3 and J82 were treated with 4MOD (20 μM) for 12 h. The relative mRNA
expression of LC3 was measured by RT-PCR (B) The UMUC3 and J82 cells were treated with an increasing concentration of 4MOD for 72 h. The expression of LC3-II,
LC3-I, Beclin-1, and β-actin was measured by Western blot analysis in the cells (C–D) The results of Western blot analysis were quantified by ImageJ software. Data are
presented as mean ± SD. Statistic significant differences were indicated: *p < 0.05, **p < 0.01.

FIGURE 5 | Antagonism action of combination of 4MODwith CQ on proliferation and colony formation in BC Cells (A–B)Cell viability was assessed after treatment
of 4MOD alone or 4MOD combined with CQ for 72 h (C–D) UMUC3 and J82 cells were treated for 7 days with 4MOD combined with CQ and then stained with crystal
violet to allow colony counting.
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protein levels of total Erk1/2 and Akt had no significant change
in the J82 and UMUC3 cells.

4MOD Attenuates BC Progression Through
Inhibiting AKT/ERK Signaling in vitro
To further determine whether inhibiting Akt/ERK signaling is
essential for 4MOD to exert its anti-tumor effect on BC cells, we
added Akt specific agonist SC79 in combination with 4MOD in
J82 and UMUC3 cells, As shown in Figures 7A,B, 4MOD and
SC79 have shown varying degrees of antagonistic effect, the
ability of 4MOD to inhibit cancer cell proliferation was reduced
after adding SC79. We next observed that when SC79 and
4MOD treated J82 and UMUC3 cells simultaneously, the
anti-cloning effect of 4MOD could be reversed (Figures
7C,D). As shown in Figures 7E,F, 4MOD treatment alone
inhibited AKT and ERK strongly in both J82 and UMUC3.
while SC79 could rescue the 4MOD-inhibited phosphorylation
of AKT and ERK when cells were treated with SC79
combination with 4MOD. Meanwhile, the expression ratio of
light chain 3-II (LC3-II)/LC3-I were increased in the J82 and
UMUC3 cells when the treatment of 4MOD, and SC79 could
reverse this phenotype in the UMUC3 while without affecting
J82 cells. Figures 7G,H showed the statistical analysis of protein
quantifications (*p < 0.05). Together these suggest that 4MOD
attenuates BC progression through inhibiting AKT/ERK
signaling in vitro.

DISCUSSION

Bladder cancer is one of the malignancies in the urinary
system. The incidence of bladder cancer ranks ninth
among global malignant tumors, and second among
urinary system tumors (Siegel et al., 2018). 4MOD is a
natural flavonoid. Our previous study found that 4MOD
can block cell cycle and promote apoptosis in astroglioma
cells, thus inhibiting tumor growth (Park et al., 2016). The
latest research showed that 4MOD has anti-osteosarcoma
effect (Park et al., 2016). Nonetheless, the role and the
underlying molecular mechanisms of 4MOD in the
development of BC cells is not reported. In this study, we
identified the antitumor potential of 4MOD on BC cells.

It was known that tumor cell proliferation and apoptosis are
important processes in tumorigenesis and development.
Inhibiting the proliferation of tumor cells and inducing their
apoptosis is the focus of research on the anti-tumor activity of
natural products (Jin and Shi, 2016). Our results show that
4MOD can inhibit BC cells proliferation and induce cell
apoptosis in a dose-dependent manner by CCK8 assay, colony
formation, TUNEL and flow cytometry detection of apoptosis.
Furthermore, 4MOD also represses invasion and migration of BC
cells. These results show that 4MOD has research value in BC and
can be used as a candidate drug for its clinical treatment.

Autophagy, is a key lysosomal degradation pathway, which
involves in BC development and progression (Chen et al.,

FIGURE 6 | 4MOD inhibits Akt/ERK signaling in BC cells (A–B) The UMUC3 andJ82 cells were treated with 0–5.0 μM 4MOD for 72 h 4MOD or DMSO.
Western blot analysis was used to examine total (t) and phosphorylated (p) forms of Akt and Erk, GAPDH was included as a loading control (C-D) Relative levels
of phosphorylated Akt, Erk are shown as means ± SD, n � 3, **p < 0.01, *p < 0.05.
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FIGURE 7 | 4MOD attenuates BC progression through inhibiting AKT/ERK signaling in vitro (A–B) Cell viability was assessed after treatment of 4MOD alone or
4MOD combined with Akt antagonist SC79 for 72 h (C–D) UMUC3 and J82 cells were treated for 7 days with 4MOD combined with SC79 and then stained with crystal
violet to allow colony counting (E–F) UMUC3 and J82 cells were after treatment of 4MOD alone or 4MOD combined with SC79 for 72 h, and the protein levels of pErk,
t-Erk, pAkt, t-Akt, and LC3were detected byWestern blot with GAPDH as a control. (G, H) The results ofWestern blot analysis were quantified by ImageJ software.
Data are presented as mean ± SD. Statistic significant differences were indicated: *p < 0.05, **p < 0.01.
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2018). Ojha (Ojha et al., 2014) et al. found that LC3 was
significantly increased in both high-grade and low-grade
urothelial cancer specimens, and the increase was more
significant in high-grade urothelial cancer specimens. In
our assays, we found that the LC3 gene expression level
significantly increased after treatment with 4MOD by
using the 2−ΔΔCT method and normalization to 18s RNA as
a reference. Furthermore, Western blot results showed that
the expression of LC3 and Beclin 1 was increased after
treatment with 4MOD. We further found that an
antagonistic effect exists on proliferation and colony
formation when combination of 4MOD with CQ in BC
Cells. These data collectively demonstrate that 4MOD can
induce autophagy to exert anticancer effect on BC.

In this study, we demonstrated that 4MOD
downregulated the phosphorylation of both Akt and Erk1/
2. Activation of Akt and ERK is crucial for tumor growth and
resistance on anticancer drugs (McCubrey et al., 2007; Wang
et al., 2009; Liu et al., 2014). We further found varying
degrees of antagonistic effects on the proliferation and
colony formation of J82 and UMUC3 cells treated with
4MOD and SC79. These results showed that Akt/ERK
signaling pathway is necessary for 4MOD to exert its anti-
tumor effect.

CONCLUSION

In summary, the present study demonstrates the anti-proliferative
potential of 4MOD on BC cells by inducing autophagy and
inhibiting Akt/ERK signaling pathways. This study is the first to
evaluate the antitumor action of 4MOD on BC cells. Our findings
suggest that 4MOD could be a new treatment for BC.
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Objective: Accumulated evidence demonstrates that ageing is a robust risk factor of
prostate cancer prognosis. Herein, we conducted a systematic analysis about ageing-
relevant molecules and relevant tumor microenvironment features in prostate cancer.

Methods: Transcriptome data, clinical information, andmutational data of prostate cancer
patients were retrospectively collected from the Cancer Genome Atlas cohort. In
accordance with the expression of specific ageing-relevant genes, prostate cancer
patients were clustered with consensus clustering analyses. WGCNA was adopted for
determination of subtype-associated co-expression modules and genes. Thereafter,
characteristic genes were further screened with random forest algorithm and a
prognostic model was conducted with multivariate cox regression analyses. Tumor
microenvironment-infiltrating immune cells were estimated with ssGSEA and
ESTIMATE. Activities of the cancer immunity cycle and expressions of HLA and
immune checkpoint molecules were then quantified across prostate cancer cases. A
serious experiment was conducted to investigate the roles of EIF2S2 in prostate
tumorigenesis.

Results: This study characterized three ageing-relevant subtypes (C1, C2, and C3) with
diverse clinical prognosis. Subtype C1 presented the features of low mutational frequency
and immune activation; C2 was characterized by stromal and immune activation; and C3
showed immune suppression. An ageing-derived gene signature was conducted, which
independently and robustly predicted patients’ prognosis. Additionally, this signature was
in relation to immune inactivation. Among the genes in the signature, EIF2S2 triggered
proliferation, invasion, and migration of LNCaP and PC-3 cells.
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Conclusion: Collectively, ageing-relevant molecular subtypes and gene signature might
be of great significance to determine clinical outcomes and tumor microenvironment
features and immunotherapeutic responses in prostate cancer.

Keywords: prostate cancer, ageing, subtype, gene signature, tumor microenvironment, prognosis

INTRODUCTION

Prostate cancer is a frequent malignant tumor of the male
genitourinary system across the globe (Culp et al., 2020). As
estimated, it influences 1/9 men in America and is the second
major cause of cancer-related deaths (Swami et al., 2020). It
represents a heterogeneous malignancy in accordance with clinical,
morphological, and molecular levels (Haffner et al., 2021). Clinical
manifestations range from locally indolent to rapidly progressing fatal
metastatic malignancy. Though most men are diagnosed with organ-
limited malignancy, long-period oncology results may hugely vary
(Wang et al., 2018). Moreover, histomorphology andmolecular tumor
features show prominent diversity between diverse patients and within
a specific tumor. About 20% of patients with localized prostate cancer
will develop regional or distant metastases (Buckup et al., 2021).
Antiandrogen therapy has become the standardized treatment
regimen for advanced or metastatic patients (Ge et al., 2020).
Nevertheless, most patients will develop castration resistance. Thus,
it is of significance to develop an effective risk stratification as well as
favorable therapeutic agents against prostate cancer.

Ageing is a process which features a gradual loss of physiological
integrity, contributing to impaired functions as well as increased
vulnerability to death (Calcinotto et al., 2019). This process is
regarded as a dominating risk factor of prostate cancer
(VanderWalde and Hurria, 2011). Growing evidence demonstrates
that ageing is related to telomere shortening, mitochondrial
dysfunctions, DNA injury, immune system disorders and the like,
and may be suppressed through calorie restriction (Jia et al., 2018).
Transcriptomic research has uncovered that ageing presents a
prominent discrepancy at molecular levels (Jia et al., 2018).
Currently, numerous human ageing-relevant genes have been
identified in several cancer types (de Magalhães et al., 2005). For
instance, a prognostic aging-relevant gene signature has been
conducted in head and neck squamous cell carcinoma, which is
related to immunosuppressive state as well as inflammatory response
(Yang et al., 2020). Nevertheless, features of these ageing-relevant
genes in prostate cancer remain indistinct. To comprehensively
analyze these specific genes might assist in deepening the
comprehension of the ageing process as well as offering worthy
clues concerning intervention strategies in prostate cancer. Herein,
this study systematically dissected the features of transcriptional
ageing-relevant genes from diverse perspectives.

MATERIALS AND METHODS

Prostate Cancer Data Sets and
Preprocessing
Transcriptome data (fragments per kilobase million (FPKM)
value), clinical information and mutational data of prostate

cancer were retrieved from the Cancer Genome Atlas (TCGA)
data portal (https://portal.gdc.cancer.gov/). Thereafter, the
FPKM were transformed to transcripts per million (TPM).
Microarray expression profiling and matched survival
information of 248 prostate cancer patients was retrieved
from the Gene Expression Omnibus (GEO) repository
(https://www.ncbi.nlm.nih.gov/gds/; accession number:
GSE116918) (Jain et al., 2018). The raw data were
preprocessed and normalized utilizing robust multichip
average algorithm with affy package (version 1.72.0). The
probes were transformed to gene symbols following the
corresponding platform annotation file. Aging-relevant genes
were retrieved from the human aging genome resource (HAGR;
https://genomics.senescence.info/), which is a collection of
online resources for studying the biology of human ageing
on the basis of genetic perturbations in animal models and
human diseases and extensive literature reviews (de Magalhães
et al., 2005). The list of aging-relevant genes was listed in
Supplementary Table S1.

Differential Expression Analyses
Differentially expressed ageing-relevant genes were determined
between prostate tumor and control specimens utilizing empirical
Bayesian method of limma package (version 3.50.0) (Ritchie et al.,
2015). Genes with an adjusted p value of < 0.05 were determined
as prostate cancer-specific ageing-relevant genes.

Unsupervised Clustering for
Ageing-Relevant Genes
Univariate cox regression models were conducted for screening
prognostic prostate cancer-specific ageing-relevant genes with p <
0.05. Following the expression of these genes, prostate cancer
cases were classified into distinct subtypes with
ConsensusClusterPlus package (version 1.58.0) (Wilkerson and
Hayes, 2010) utilizing unsupervised clustering analyses. Principal
component analyses (PCA) were conducted for visualization of
dissimilarities among diverse clusters.

Somatic Mutation and Copy-Number
Alteration (SCNA) Analyses
Genetic mutation data in Mutation Annotation Format (MAF) of
prostate cancer were retrieved from TCGA project. Through
maftools package (version 2.10.0) (Mayakonda et al., 2018),
somatic mutations were analyzed. The overall mutational
status was conducted in each subtype. Moreover, GISTIC2.0
(Mermel et al., 2011) was applied for analyzing amplification
and deletion across SCNA data that were curated from GDAC
Firehose (https://gdac.broadinstitute.org).
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Quantification of Activities of Known
Biological Processes
The gene sets of a few known biological processes were curated
from Mariathasan et al. (Mariathasan et al., 2018). These
biological processes contained epithelial-mesenchymal
transition (EMT; EMT1, EMT2, and EMT3; immune
checkpoint; antigen processing machinery (APM); CD8 + T
effector; angiogenesis; and pan-fibroblast TGFβ response (pan-
F-TBRS); DNA damage repair; FGFR3-related genes; KEGG
discovered histones; Fanconi anemia; cell cycle; cell cycle
regulators; DNA replication; nucleotide excision repair;
homologous recombination; mismatch repair; and WNT target.

Estimation of Tumor-Infiltrating Immune
Cells
A single-sample gene-set enrichment analysis (ssGSEA)
algorithm was adopted to quantify the relative abundance of
tumor-infiltrating immune cells based on the expression profiling
of 782 meta-genes (Charoentong et al., 2017) utilizing GSVA
package (version 1.42.0) (Hänzelmann et al., 2013) across cases of
prostate cancer. Through the scale algorithm, the enrichment
levels of tumor-infiltrating immune cells were normalized for in-
depth analyses. Additionally, Estimation of STromal and
Immune cells in MAlignant Tumours using Expression data
(ESTIMATE) package was employed for quantification of the
relative abundance of immune and stromal cell populations in
prostate cancer transcriptome data (Yoshihara et al., 2013).
Thereafter, tumor purity was inferred in each specimen.

Weighted Gene Co-Expression Network
Analyses (WGCNA)
The WGCNA method (version 1.4.0) (Langfelder and Horvath,
2008) can transform expression data into co-expression gene
modules, as well as explore the interactions of co-expression
modules with clinical phenotypes. Herein, WGCNA was
conducted based on the expression profiles of prostate cancer.
Scale independence and mean connectivity were calculated across
different soft threshold (power) values (ranging from 1 to 20).
The optimal soft threshold was determined in accordance with
scale independence >0.85. Thereafter, genes were classified into
diverse gene co-expression modules following topological overlap
matrix (TOM)-based dissimilarity. The co-expression module
with the highest association with phenotypes was regarded as the
key module and genes in this module were screened as ageing-
derived genes.

Functional Enrichment Analyses
Through clusterProfiler package (version 4.2.1) (Yu et al., 2012),
functional annotation analyses of ageing-derived genes were
conducted, containing Gene Ontology (GO) as well as Kyoto
Encyclopedia of Genes and Genomes (KEGG). Gene Set
Enrichment Analyses (GSEA; version 4.0.2) (Subramanian
et al., 2005) were adopted for ascertaining the diverse
pathways between groups. The gene sets of “c2. cp.kegg.v6.2.-

symbols” were curated from the Molecular Signatures database
(MSigDB) project (Liberzon et al., 2015) for running GSVA
enrichment analyses. p values < 0.05 indicated prominent
differences in biological functions and pathways.

Construction of an Ageing-Derived Gene
Signature
Univariate cox regression models were applied for determining
prognostic ageing-derived genes with p < 0.05. With the random
forest algorithm, the most important genes were determined in
accordance with the relative importance >0.2. An ageing-relevant
gene signature was conducted through combining the expression
of characteristic genes and regression coefficients derived from
multivariate cox regression analyses.

Cell Culture and Transfections
Human prostate cancer cell lines (LNCaP and PC-3; Chinese
Academy of Sciences) were maintained in RPMI 1640 medium
plus 10% fetal bovine serum (FBS; GIBCO, United States ). All cell
lines were grown at 37°C in a humidified environment of 5% CO2.
Small interference RNA against EIF2S2 (si-EIF2S2) and negative
control (si-NC) were retrieved from GenePharma (Shanghai,
China). Full-length EIF2S2 cDNAs were amplified and cloned
into pcDNA3.1 express vectors. Non-targeting pcDNA3.1
express vectors were utilized as a control (empty vector).
Transfections were presented via lipofectamine 2000 reagent in
accordance with the manufacturer’s instructions.

Western Blotting
Protein extracts were harvested from cell specimens in RIPA lysis
buffer (Millipore, Germany) plus phosphatase inhibitor Cocktail
III. The concentrations of protein specimens were quantified
utilizing BCA kits (Thermo Fisher Scientific, United States ). In
total, 20 μg protein was loaded onto a 10% SDS-PAGE gel as well
as transferred to 0.22 μm PVDF membrane (Millipore,
Germany). The membrane was sealed by 1 × TBST buffer plus
5% nonfat milk. Thereafter, the membrane was probed by specific
antibodies targeting EIF2S2 (1:500; #10227-1-AP; Proteintech,
China), matrix metalloproteinase (MMP) MMP2 (1:1,000;
#66366-1-Ig; Proteintech, China), MMP9 (1:500; #27306-1-AP;
Proteintech, China), and GAPDH (1:20,000; #60004-1-Ig;
Proteintech, China) at 4°C overnight. Thereafter, the
membrane was exposed to HRP-conjugated secondary
antibody (1:5,000; #SA00001-1; Proteintech, China), followed
by the development of protein bands via chemiluminescent
(ECL) substrate. Grey values were determined with ImageJ
software.

Colony Formation Assay
500 LNCaP and PC-3 cells were seeded per well onto a six-well
plate. Cells were cultured lasting 2 weeks, with medium changed
every 3 days. In the following 2 weeks, colonies were fixed
through ice-cold 100% methanol for 20 min as well as stained
by 0.1% crystal violet lasting 20 min at room temperature. Colony
formation was quantified in accordance with the percentage of
area coverage per well.
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Transwell Assay
Invasive capacity of LNCaP and PC-3 cells was investigated with
Matrigel-Coated Transwell Chambers (BD, United States ). Cells
were planted onto the upper chamber. Following overnight
incubation, cells in the lower chamber were fixed by 4%
paraformaldehyde as well as stained by 0.1% crystal violet.
Invasive cells were counted under a microscope (Olympus,
Japan).

Wound Healing Assay
LNCaP and PC-3 cells were inoculated into a 6-well plate. A 200
ul pipette tip was adopted for making cell scratches perpendicular
to the well plate. The cell culture medium was aspirated as well as
the well plate which was rinsed to wash away the cell debris.
Thereafter, serum-free medium was added. Following 0 and 24 h,
images were acquired and the absorbance value at 570 nm
wavelength was measured.

Statistics
R software (version 3.6.1) was adopted for data processing.
Differences between groups were investigated with student’s
t test or Wilcoxon test. 95% confidence intervals (CIs) and
hazards ratios (HRs) were computed with uni- and
multivariate Cox regression analyses. Meanwhile,
Kruskal–Wallis and one-way ANOVA tests were applied for
differential analyses among three groups. Correlation analyses
between variables were conducted with Pearson or Spearman
tests. Survival curves of overall survival (OS), disease-specific
survival (DSS), and progression-free interval (PFI) were depicted
utilizing log-rank and Kaplan-Meier tests. The area under the
receiver operating characteristic curves (AUCs) of time-
dependent ROC analyses were conducted for detection of the
predictive potential of signature at different time points with
timeROC package. p values < 0.05 were indicative of statistical
significance.

RESULTS

Deregulated Expression and Prognostic
Significance of Ageing-Relevant Genes in
Prostate Cancer
For assessment of the biological functions of ageing-relevant
molecules in tumorigenesis and progression of prostate cancer,
this study conducted a systematical investigation of the
expression of ageing-relevant molecules between prostate
tumors and controls in TCGA cohort. Consequently, there
were 107 ageing-relevant genes with prominent down-
regulations as well as 64 ageing-relevant genes with prominent
up-regulations in prostate cancer compared with controls
(Figure 1A; Supplementary Table S2). Additionally, we
investigated the prognostic significance of these prostate
cancer-specific ageing-relevant molecules. In total, 21
prognostic ageing-relevant genes presented prominent
associations with prostate cancer prognosis (Table 1).

Characterization of Ageing-Relevant
Subtypes in Prostate Cancer With Diverse
Clinical Prognosis
Herein, k = 3 was determined with the optimal clustering stability
ranging from k = 2 to 9 in accordance with the similarity
presented through the expression of 21 prognostic ageing-
relevant genes and the proportions of ambiguous clustering
method (Figure 1B). In total, 496 prostate cancer patients
were clustered into three subtypes, named as C1 (n = 94), C2
(n = 220), and C3 (n = 182). Thereafter, PCA further confirmed
three prominently diverse subtypes (Figure 1C). Survival
analyses revealed that prognosis remarkedly differed among
three ageing-relevant subtypes, and C1 presented the worst
clinical prognosis (Figure 1D). Additionally, we investigated
the discrepancy in ageing-relevant subtypes across distinct
clinical phenotypes including age, T stage, as well as N stage
(Figures 1E-G). Patients with advanced stages presented more
proportions of C1.

Landscape of Somatic Mutations and
Copy-Number Alterations Across Prostate
Cancer From Diverse Ageing-Relevant
Subtypes
The discrepancy in genetic mutations was investigated across
diverse ageing-relevant molecular subtypes. As a result, a lower
somatic frequency was noticed in ageing subtype C1 (69; 14.26%;
Figure 2A) compared with C2 (94; 19.42%; Figure 2B) and C3
(94; 19.42%; Figure 2C). A few genes presented mutations shared
by three subtypes such as TP53, SPOP, TTN, KMT2D, and
FOXA1. Thereafter, SCNAs were compared among these
subtypes for investigation of the genetic alterations. GISTIC2.0
analyses revealed that incidence of amplification presented higher
frequencies in ageing subtype C3 in comparison to C1 and C2
(Figures 2D–F). Meanwhile, higher frequencies of deletion
incidence were detected in ageing subtype C2 compared with
C1 and C3 (Figures 2G–I).

Characterization of Immune Landscape
Across Diverse Ageing-Relevant Subtypes
The mechanisms underlying the discrepancy of three ageing-
relevant subtypes were explored in depth. In Figure 3A, C1
presented increased activities of CD8+ T effector, DNA
damage repair, antigen processing machinery, immune
checkpoint, KEGG discovered histones, Fanconi anemia, cell
cycle, DNA replication, nucleotide excision repair, homologous
recombination, mismatch repair, and cell cycle regulators
compared with C2 and C3, indicative of immune and
tumorigenic activation in C1. Meanwhile, C2 showed the
features of increased activities of pan-F-TBRS, EMT1-3,
FGFR3-related genes, angiogenesis, and WNT target, indicative
of stromal activation in C2. Our ssGSEA results demonstrated the
prominent discrepancy in the infiltrations of immune
subpopulations among three ageing-relevant subtypes. In
detail, C1 presented the greatest infiltrations of activated CD4+
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FIGURE 1 | Characterization of ageing-relevant subtypes in prostate cancer based on the expression matrix of prognostic and specific ageing-relevant molecules.
(A) Heatmap visualizing the expression of prostate cancer-specific ageing-relevant molecules in prostate tumors and controls. (B) Consensus matrix when k = 3 across
prostate cancer patients in line with the expression matrix of prognostic prostate cancer-specific ageing-relevant molecules. (C) PCA plots verifying the dissimilarity
among diverse ageing-relevant subtypes on the basis of the expression matrix of prognostic prostate cancer-specific ageing-relevant molecules. (D) Kaplan-Meier
curves of OS among three ageing-relevant subtypes. (E–G) Bar plots of the distribution of diverse ageing-relevant subtypes across distinct clinical phenotypes,
containing (E) age< 65 and ≥65 (F) pathological T2, T3, and T4 stage; (G) pathological N0 and N1 stage.
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T cell, effector memory CD4 T cell, gamma delta T cell, immature
B cell, and memory B cell while activated B cell, activated CD8+

T cell, central memory CD4 and CD8 T cell, effector memory
CD8+ T cell, T follicular helper cell, type 1 helper cell, type 1
helper cell, activated dendritic cell, CD56bright natural killer cell,
eosinophil, immature dendritic cell, macrophage, mast cell,
MDSC, natural killer cell, natural killer T cell, and
plasmacytoid dendric cell were remarkedly activated in C2
(Figure 3B). Nearly all immune subpopulations showed low
infiltrations in C3. Thereafter, we investigated the activities of
each step within the cancer immunity cycle. Compared with C1
and C2, C3 presented the lowest activities of each step within the
cancer immunity cycle (Figure 3C), indicative of immune
suppressive status in C3. Additionally, we noticed the
increased expression of immune checkpoints in C1 and C2 in
comparison to C3 at the transcriptional levels (Figure 3D). The
ESTIMATE method was then adopted for detection of the overall
infiltrations of stromal and immune cells within prostate cancer
tissues. Consequently, C3 presented remarkedly reduced stromal
and immune score as well as increased tumor purity in
comparison to C2 (Figures 3E–G).

Establishment of Co-expression Modules
and Identification of Ageing-Derived Genes
For uncovering the keymodulemost associated with ageing-relevant
subtypes, we conducted WGCNA for identifying relevant
intramodular hub genes utilizing the top-5000 variation genes in
transcriptome profiling to establish a co-expression network
(Figure 4A). The optimal soft thresholding value was determined
when scale independence = 0.85 (Figure 4B). Thereafter, six co-
expression modules were conducted (Figure 4C). In accordance
with the heatmap of module-trait interactions, the turquoise module
showed the strongest associations with ageing-relevant subtypes

(Figure 4D). Further analyses confirmed that the genes in the
turquoise module presented prominent interactions with each
ageing-relevant subtype (Figures 4E–G), which were regarded as
ageing-derived genes.

Generation of an Ageing-Derived Gene
Signature in Prostate Cancer Prognosis
Functional enrichment and pathway analyses uncovered that
ageing-derived genes exerted critical roles in modulation of
immune response, autophagy, metabolism, and tumorigenic
pathways (Figure 5). Univariate cox regression models were
conducted and identified 43 prognostic ageing-derived genes
in prostate cancer (Table 2). With the random forest
algorithm, we determined the most important ageing-derived
genes (Figure 5C), containing AP000844.2, NCBP2, EIF2S2,
LLGL2, and ARGLU1 (Figure 5D). Following multivariate cox
regression analyses, an ageing-derived gene signature was
conducted in accordance with the following formula: risk
score = ARGLU1 expression * 1.744375333 + EIF2S2
expression * 3.788531914 + AP000844.2 expression *
0.902670804. Thereafter, we calculated the risk score of each
prostate cancer patient. With the optimal cutoff, patients were
clustered into high- and low-risk groups (Figures 5E,F). High-
risk patients showed remarkedly poorer OS outcomes in
comparison to low-risk patients (Figure 5G). Heatmap
depicted the discrepancy in expression of ARGLU1, EIF2S2,
and AP000844.2 between two groups (Figure 5H). ROCs at
one-, three-, and 5-year OS were 0.994, 0.891, and 0.926,
confirming the excellent performance in prediction of prostate
cancer prognosis (Figure 5I). We further externally validated the
ageing-derived gene signature in the GSE116918 cohort. With the
same formula, the risk score of each prostate cancer patient was
calculated. With the optimal cutoff, we separated patients into

TABLE 1 | Prognostic ageing-relevant genes in prostate cancer.

Ageing-relevant genes Hazard ratio 95% lower hazard ratio 95% upper hazard ratio p-value

NFKB2 3.5518 1.0444 12.0793 0.0424
BUB1B 2.2277 1.065 4.65962 0.0334
AIFM1 3.6733 1.1312 11.9284 0.0304
CCNA2 2.3025 1.2334 4.29813 0.0088
HSPD1 3.8693 1.4078 10.6345 0.0087
H2AFX 3.2532 1.212 8.73191 0.0192
SIRT7 15.42 2.1808 109.04 0.0061
HOXB7 2.316 1.2445 4.30993 0.008
MYC 1.9809 1.0054 3.90315 0.0482
TCF3 5.1575 1.2523 21.2403 0.0231
FEN1 4.4559 1.3481 14.7284 0.0143
DLL3 2.9151 1.1146 7.62379 0.0292
CDK1 1.8404 1.0403 3.2559 0.0361
MAX 17.976 1.1696 276.265 0.0382
HESX1 4.4069 1.4597 13.3043 0.0085
E2F1 2.194 1.0957 4.39324 0.0266
RAD51 2.2977 1.2174 4.3366 0.0103
TRAP1 3.7243 1.041 13.3246 0.0432
BLM 3.1899 1.1925 8.53262 0.0209
EGR1 0.615 0.4008 0.94355 0.026
BUB3 6.9116 1.6592 28.7915 0.0079
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high- and low-risk groups (Supplementary figure S1A). The
survival status of two groups was shown in Supplementary figure
S1B. As expected, the high-risk group had worse prognoses in
comparison to the low-risk group (Supplementary figure S1C).
The differences in expression of ARGLU1, EIF2S2, and
AP000844.2 were found between two groups (Supplementary
figure S1D). ROC results confirmed the prediction reliability of
this signature (Supplementary figure S1E).

Ageing-Derived Gene Signature Acts as a
Robust Prognostic Factor of Prostate
Cancer
Following uni- and multivariate cox regression analyses, ageing-
relevant risk score may independently predict prostate cancer
patients’ prognosis (Figures 6A,B). Additionally, we investigated
that high-risk patients presented more dismal DSS and PFI

FIGURE 2 | Overview of somatic mutations and copy-number alterations across prostate cancer from diverse ageing-relevant subtypes. (A–C) Oncoplot
presented the somatic mutational landscape of prostate cancer patients in ageing C1, C2, and C3. Genes were ranked in accordance with their mutational frequencies.
Side bar plots showed log10 converted q values calculated through MutSigCV. GISTIC2.0 identifying (D–F) amplification and (G–I) deletion across prostate cancer
specimens in ageing C1, C2, and C3. The genome was oriented vertically from top to bottom and the GISTIC2.0 q-value at each locus was drawn from left to right
with a log scale. The green line represented the significance threshold (q-value = 0.25).
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outcomes in comparison to low-risk patients (Figures 6C,D). The
expression of EIF2S2, ARGLU1, and AP000844.2 had the
prominent discrepancy across diverse ageing-relevant subtypes
(Figures 6E–G).

Activated Pathways Involving
Ageing-Derived Gene Signature
GSEA uncovered that glycerophospholipid metabolism, regulation
of autophagy, selenoamino acid metabolism, and propanoate
metabolism presented higher activities in the high-compared
with the low-risk group (Figures 7A–D). Additionally, ageing-
derived risk score presented negative correlations to activities of
CD8+ T effector, pan-F-TBRS, antigen processing machinery, and
FGFR3-related genes but had positive correlations to activities of
DNA damage repair, Fanconi anemia, cell cycle, DNA replication,

nucleotide excision repair, homologous recombination, mismatch
repair, and cell cycle regulators (Figure 7E). Moreover, we noticed
that ageing-relevant risk score presented remarkedly negative
associations with activities of most steps within the cancer
immunity cycle (Figure 7E). The above data indicated that
ageing-relevant risk score showed negative associations with
immune and stromal activation.

Associations of Ageing-Derived Gene
Signature With Tumor
Microenvironment-Infiltrating ImmuneCells
and Immune Response
Further analyses showed that low-risk prostate cancer presented
the prominent features of increased stromal and immune score as
well as reduced tumor purity (Figures 8A–C). Analyses of tumor

FIGURE 3 | Characterization of immune landscape across diverse ageing-relevant subtypes. (A) Distribution of the activities of known biological processes across
diverse ageing-relevant subtypes C1, C2, and C3. (B) Discrepancy in tumor microenvironment-infiltrating immune cells across diverse ageing-relevant subtypes. (C)
Discrepancy in the activities of each step within cancer immunity cycle across distinct ageing-relevant subtypes. (D)Comparison of the expression of immune checkpoint
molecules in distinct ageing-relevant subtypes. (E–G) Comparison of stromal and immune score and tumor purity in distinct ageing-relevant subtypes. Ns: no
significance; *p values < 0.05; **p values < 0.01; and ***p values < 0.001.
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FIGURE 4 | Establishment of co-expression modules and identification of ageing-derived genes. (A)Clustering dendrograms of prostate cancer specimens as well
as heatmap of ageing-relevant subtypes. The clustering was conducted in accordance with the expression profiling of prostate cancer-specific ageing-relevant
molecules. (B) Analyses of scale-free fit index (left) as well as mean connectivity (right) across diverse soft thresholds (power). (C) Dendrograms of prostate cancer-
specific ageing-relevant molecules clustered in accordance with 1-TOM together with assigned module colors. (D) Heatmap depicting the associations of module
eigengenes with ageing-relevant subtypes across prostate cancer. Each cell contained the Pearson correlation coefficient and p value. (E–G) Scatter plots depicting the
interactions of module membership of turquoise with gene significance for ageing-relevant subtypes C1, C2, and C3.
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FIGURE 5 | Generation of an ageing-derived gene signature in prostate cancer prognosis. (A,B) GO and KEGG enrichment results of ageing-derived genes. (C)
Screening the most important ageing-derived genes with random forest algorithm. (D) The most important ageing-derived genes ordered by relative importance. (E)
Distribution of ageing-derived risk scores across prostate cancer and determination of the optimal cutoff (dotted line). (F)Distribution of alive and dead status in high- and
low-risk prostate cancer specimens. (G) Kaplan-Meier curves of OS in high- and low-risk prostate cancer patients. (H) Heatmap of the expression of ageing-
derived molecules in high- and low-risk prostate cancer specimens. (I) The time-independent ROC analyses of ageing-derived gene signature for prediction of OS rate.
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microenvironment-infiltrating immune cells revealed that
CD56bright natural killer cell, immature dendritic cell,
monocyte, natural killer T cell and plasmacytoid dendritic cell
had remarkedly enhanced infiltration levels in low-risk patients
(Figure 8D). Our in-depth correlation analyses uncovered the
negative interactions of ageing-derived gene signature with HLA
and immune checkpoint molecules (Figure 8E).

EIF2S2 Up-Regulation Triggers
Proliferation, Invasion and Migration of
Prostate Cancer Cells
Among EIF2S2, ARGLU1, and AP000844.2, at present, there is
still a lack of experimental evidence to confirm the role of EIF2S2
in prostate cancer. Therefore, we further verified the role of
EIF2S2 in prostate carcinogenesis. EIF2S2 expression was

separately remarkedly knock-downed or overexpressed in
LNCaP and PC-3 cells (Figures 9A–C). Also, MMP2 and
MMP9 expression was markedly decreased by knock-downed
EIF2S2 while their expression was elevated when EIF2S2 was
overexpressed (Figures 9D–G). Additionally, EIF2S2 knockdown
reduced proliferation (Figures 9H–J), invasive (Figures 9K–M)
as well as migrated (Figures 9N–P) abilities of LNCaP and PC-3
cells. The opposite findings were observed when EIF2S2 was
overexpressed. These experimental evidences confirmed the
carcinogenic roles of EIF2S2 in prostate cancer.

DISCUSSION

Because of the great heterogeneity among prostate cancer, OS rate
and therapeutic response are both relatively low (Tolkach and

TABLE 2 | Univariate cox regression models identify prognostic ageing-derived genes in prostate cancer.

Gene Hazard ratio 95% lower hazard ratio 95% upper hazard ratio p-value

UBE2G2 7.2936 1.8721 28.416 0.0042
LLGL2 4.8684 1.7541 13.5123 0.0024
RBM39 10.672 1.9495 58.4269 0.0063
JPT1 3.8762 1.6451 9.13299 0.0019
HPRT1 5.264 1.6305 16.9945 0.0055
AKR1C3 1.7206 1.2253 2.41606 0.0017
PBLD 2.3125 1.3073 4.09069 0.004
AHSA1 16.991 2.3381 123.471 0.0051
NUP62 12.338 3.4745 43.8142 0.0001
FUS 10.779 2.3031 50.4438 0.0025
SAFB2 8.0749 1.8929 34.4468 0.0048
FN3KRP 5.2678 1.6996 16.3268 0.004
GSK3A 0.2602 0.1183 0.57232 0.0008
U2AF2 11.019 1.9076 63.6475 0.0073
PSEN2 0.1914 0.0594 0.61691 0.0056
SRC 6.5828 2.0253 21.3963 0.0017
CIZ1 12.208 3.1135 47.8696 0.0003
C9orf78 16.147 2.5047 104.099 0.0034
ARGLU1 4.1012 1.436 11.7128 0.0084
ASNS 5.8566 1.9116 17.9427 0.002
MTA1 8.2451 1.9219 35.3727 0.0045
NOP58 12.545 2.2895 68.7369 0.0036
NELFCD 10.592 1.8148 61.8221 0.0087
SRSF2 22.697 3.4285 150.256 0.0012
ATF5 4.0599 1.8985 8.68196 0.0003
HSPD1 3.8707 1.4085 10.6374 0.0087
LUC7L3 10.554 2.6898 41.4131 0.0007
POLE3 10.511 3.1789 34.752 0.0001
GNL3 8.0334 1.9434 33.2082 0.004
PPIF 6.7803 1.6299 28.2051 0.0085
EIF2S2 13.488 1.9619 92.7209 0.0082
AL354710.2 2.5405 1.4834 4.35092 0.0007
YBX1 15.129 2.6738 85.6005 0.0021
PNN 5.9927 1.5837 22.6766 0.0084
AP000844.2 2.3478 1.509 3.65277 0.0002
SLBP 5.0714 1.7411 14.7722 0.0029
NCBP2 19.962 2.9001 137.399 0.0024
BNIP3 3.609 1.4275 9.12449 0.0067
H2AFZ 3.8894 1.4336 10.5519 0.0076
SHMT2 5.3828 1.8629 15.5537 0.0019
SAPCD2 3.6005 1.4214 9.12058 0.0069
RPS6KA4 6.0299 2.0624 17.6299 0.001
TDP2 5.3281 1.5989 17.7552 0.0064
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Kristiansen, 2018; Wu et al., 2020). Hence, accurately identifying
the molecular subtypes of prostate cancer is of importance to
guide personalized treatment. Although increasing research has
conducted a few molecular subtypes of prostate cancer, there is
still considerable heterogeneity among the subtypes (Long et al.,
2020; Meng et al., 2021; Song et al., 2021). Thus, more accurate
classifications are urgently required for improving patients’
clinical prognosis. Through analysis of the alterations in
ageing-relevant genes, critical clues may be gained for in-depth
understanding the ageing process during prostate tumorigenesis
at the transcriptional levels.

In this study, we characterized three ageing-relevant
subtypes across prostate cancer based on the expression

profiling ageing-relevant genes. There was a significant
difference in expression patterns of ageing-relevant genes
among three subtypes. Among them, subtype C1 presented
the features of dismal clinical prognosis, low mutational
frequency as well as immune activation; C2 was
characterized by stromal and immune activation; and C3
showed immune suppressive status. Ageing may be
triggered by accumulated cellular injury, led by genetic
variations. Most prostate cancer is regarded as sporadic,
primarily triggered by somatic variations (Xu et al., 2020).
In-depth comprehending of somatic variations across
prostate cancer contribute to new biomarkers regarding
early screening, precision medicine, and clinical outcomes.

FIGURE 6 | Ageing-derived gene signature acts as a robust prognostic factor of prostate cancer. (A,B) Uni- and multivariate cox regression models for the
interactions of ageing-derived risk score, age, T stage, and N stage with prostate cancer prognosis. (C,D) Kaplan-Meier curves of DSS and PFI for high- and low-risk
prostate cancer patients. (E–G) Distribution of the expression of EIF2S2, ARGLU1, and AP000844.2 across diverse ageing-relevant subtypes C1, C2 and C3.
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The heterogeneity of tumor microenvironment containing
cancer cells, stromal and infiltrating immune cells triggers
diverse responses to immunotherapeutic therapy represented
by immunological checkpoint inhibitors (Zeda Zhang et al.,
2020). Tumor progression is a multistep process, which only
involves the genetic and epigenetic variations within cancer
cells. Nevertheless, many evidences demonstrated the critical
roles of tumor microenvironment in tumor progression. Our
data indicated that ageing process contributed to the tumor
microenvironment of prostate cancer. The three ageing
subtypes reflected the heterogeneity of the tumor
microenvironment.

With WGCNA, we determined ageing-relevant subtype-
associated co-expression model and genes. These ageing-
derived genes exerted critical roles in modulation of
immune response, autophagy, metabolism, and tumorigenic
pathways. Among them, 43 ageing-derived genes had
significant prognostic implications in prostate cancer.

Evidences suggest that gene signatures are remarkedly and
independently predictive of adverse pathology among men
who present low-risk prostate cancer receiving prostatectomy
(Cooperberg et al., 2021). Considering the influence of ageing
on the heterogeneity of prostate cancer as well as clinical
prognosis, an ageing-derived gene signature comprised of
ARGLU1, EIF2S2, and AP000844.2 was conducted based on
WGNCA, random forest, and uni- and multivariate cox
regression models. Following verification, this signature was
independently and robustly predictive of patients’ prognosis.
The predictive value of this signature was also confirmed in an
external dataset. Further analyses demonstrated that this
signature showed negative interactions with immune
suppression, which indirectly indicated the critical
implication of ageing in immunotherapeutic effects.
Previously, ARGLU1 acts as an important transcriptional
coactivator as well as an important splicing regulator
concerning stress hormone signals and developmental

FIGURE 7 | Activated pathways involving ageing-derived gene signature. (A–D) GSEA identifying the prominent KEGG pathways enriched by ageing-derived risk
score, containing (A) glycerophospholipid metabolism (B) regulation of autophagy, (C) selenoamino acid metabolism, and (D) propanoate metabolism. (E) Interactions
of ageing-derived risk score with activities of known biological processes and each step within the cancer immunity cycle.
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activation (Magomedova et al., 2019). ARGLU1 down-
regulation is in relation to advanced TNM staging as well as
more dismal OS of gastric cancer patients (Li et al., 2021).
Additionally, overexpressed ARGLU1 reduces gastric cancer
progression. EIF2S2 triggers tumorigenesis as well as
progression through modulating MYC-mediated
suppression by FHIT-relevant enhancer (Jiwei Zhang et al.,
2020). The potential prognostic implications of AP000844.2

has been proposed in prostate cancer (Liu et al., 2020; Huang
et al., 2021). Our experimental evidences demonstrated that
EIF2S2 accelerated proliferation, invasion, and migration in
prostate cancer cells, indicative of the tumorigenic function of
EIF2S2 in prostate cancer.

Nevertheless, there are a few limitations in our study.
Numerous prostate cancer specimens were required to
verify the stability of ageing-relevant subtypes as well as

FIGURE 8 | Associations of ageing-derived gene signature with tumor microenvironment-infiltrating immune cells and immune response. (A–C) ESTIMATE
estimating the discrepancy in stromal and immune score as well as tumor purity in high- and low-risk groups. (D) The ssGSEA estimating the infiltrations of tumor
microenvironment-infiltrating immune cells in high- and low-risk groups. *p values < 0.05. (E) Interactions of ageing-derived risk score with the expression of HLA and
immune checkpoint molecules.
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FIGURE 9 | EIF2S2 up-regulation triggers proliferation, invasion, and migration of prostate cancer cells. (A–G)Western blotting for detections of the expression of
EIF2S2, MMP2, and MMP9 in LNCaP and PC-3 cells after knocking-down or overexpressing EIF2S2. (H–J) Colony formation for evaluation of proliferative capacities of
LNCaP and PC-3 cells after knocking-down or overexpressing EIF2S2. (K–M) Transwell for investigation of invasive abilities of LNCaP and PC-3 cells under knock-down
or overexpression of EIF2S2. Scale bar = 5 μm; and magnification = ×200. (N–P) Wound healing for observation of migrated abilities of LNCaP and PC-3 cells
under knock-down or overexpression of EIF2S2. Scale bar = 5 μm; and magnification = ×200. Compared with si-NC, ****p < 0.0001; compared with empty vector,
####p < 0.0001.
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the interactions of ageing with immunity require in-depth
experimental verifications.

CONCLUSION

Collectively, our research characterized three subtypes of
ageing-relevant molecules for prostate cancer, indicative of
diverse clinical outcomes. Ageing-relevant genes were critical
contributors to the heterogeneity of the tumor
microenvironment within prostate cancer. The ageing-
relevant gene signature acted as a prospective predictor that
presented great implications for distinguishing survival, ageing-
relevant subtypes, tumor microenvironment cell infiltrating
features, and immunotherapeutic responses of prostate
cancer patients.
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Objective: Ischemic cardiomyopathy (ICM) is amajor cardiovascular state associated with
prominently increased morbidity and mortality. Our purpose was to detect reliable gene
signatures for ICM through integrated feature selection strategies.

Methods: Transcriptome profiles of ICM were curated from the GEO project.
Classification models, including least absolute shrinkage and selection operator
(LASSO), support vector machine (SVM), and random forest, were adopted for
identifying candidate ICM-specific genes for ICM. Immune cell infiltrates were
estimated using the CIBERSORT method. Expressions of candidate genes were
verified in ICM and healthy myocardial tissues via Western blotting. JC-1 staining, flow
cytometry, and TUNEL staining were presented in hypoxia/reoxygenation (H/R)-stimulated
H9C2 cells with TRMT5 deficiency.

Results: Following the integration of three feature selection methods, we identified seven
candidate ICM-specific genes including ASPN, TRMT5, LUM, FCN3, CNN1, PCNT, and
HOPX. ROC curves confirmed the excellent diagnostic efficacy of this combination of
previous candidate genes in ICM. Most of them presented prominent interactions with
immune cell infiltrates. Their deregulations were confirmed in ICM than healthy myocardial
tissues. TRMT5 expressions were remarkedly upregulated in H/R-stimulated H9C2 cells.
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TRMT5 deficiency enhanced mitochondrial membrane potential and reduced apoptosis in
H/R-exposed H9C2 cells.

Conclusion: Collectively, our findings identified reliable gene signatures through
combination strategies of diverse feature selection methods, which facilitated the early
detection of ICM and revealed the underlying mechanisms.

Keywords: ischemic cardiomyopathy, gene signature, feature selection, TRMT5,mitochondrial membrane potential,
apoptosis

INTRODUCTION

Ischemic cardiomyopathy (ICM) represents the main cause of
deaths and acts as an independent factor of mortality among all
cardiomyopathy diseases (Luczak et al., 2020). This disease has the
features of diverse clinical manifestations and pathophysiological
substrates (Gu et al., 2020). It is diagnosed in accordance with left
ventricular dysfunctions following epicardial coronary artery
diseases (Cabac-Pogorevici et al., 2020). Currently, therapeutic
modalities focus on relief of symptoms, prevention of ICM
progression, and improvement of survival and quality of life
(Razeghian-Jahromi et al., 2021). Heart transplantation and
ventricular assist device implantation are applied for treating
patients with severe heart failure (Mori et al., 2019). Nevertheless,
issues like donor shortage and dismal complications hinder the
effects of previous therapeutic modalities. Thus, more effective
therapeutic regimens are urgently developed.

Accumulated evidence demonstrates that numerous fetal and
immediate-early genes present deregulation in ICM (Dang et al.,
2020). However, genetic causes and molecular mechanisms
underlying ICM progression remain partially clarified (Suffee
et al., 2020). Evidence suggests that gene signatures exert critical
roles in diverse diseases that depend on the leapfrog advance of
sequencing technologies (Li et al., 2020). For instance, Dang et al.
proposed deregulated genes in ICM and their upstream
transcription factors (Dang et al., 2020). Wang et al. reported
that transcriptome profile analyses uncovered PHLDA1 as a
candidate molecular signature for ICM (Wang et al., 2018).
Cao et al. identified key hub genes of ICM in accordance with
bioinformatics analyses (Cao et al., 2021). Current studies
concerning ICM are limited by inadequate biological
specimens from ICM patients. Thus, specific gene expression
that involves pathological conditions of ICM requires in-depth
exploration based on multiple ICM specimens. In the present
study, our combination strategies of diverse feature selection
methods identified candidate gene signatures, which
contributed to an in-depth understanding of the mechanisms
and novel diagnostic and therapeutic targets of ICM.

MATERIALS AND METHODS

Retrieval of Gene Expression Profiling
From the Gene Expression Omnibus (GEO) repository (https://
www.ncbi.nlm.nih.gov/gds/), we harvested the transcriptome
data relevant to ICM patients. Under screening, two reliable

datasets were retrieved, including GSE5406 and GSE46224
datasets. In brief, microarray expression profiling of left
ventricular myocardium from 108 advanced ICM patients and
16 non-failing controls was curated from the GSE5406 dataset as
the training set (Hannenhalli et al., 2006). This dataset was on the
basis of the platform of GPL96 [HG-U133A] Affymetrix Human
Genome U133A Array. High-throughput sequencing data of 16
failing and 8 non-failing control hearts were retrieved from the
GSE46224 dataset that was based on the GPL11154 Illumina
HiSeq 2000 (Homo sapiens) platform (Yang et al., 2014). The
GSE46224 dataset acted as the validation set.

Analysis of ICM-Specific Genes
By using linear models for microarray data (limma) package,
expression values were compared between ICM and control left
ventricular myocardium tissues (Ritchie et al., 2015). The
corresponding p-values of the gene symbols following t-tests
were determined. Thereafter, adjusted p < 0.05 and |fold
change (FC)|>1.5 were utilized as the filtrating criteria. Using
the pheatmap package, ICM-specific genes were visualized into
the heatmap.

Functional Enrichment Analyses
Using the clusterProfiler package (Yu et al., 2012), Gene Ontology
(GO) enrichment analyses were carried out. The biological
process, cell component, and molecular function of ICM-
specific genes were separately investigated. The same tool was
also adopted for the enrichment analyses of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways.

Analyses of Protein–Protein Interaction
Using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING; https://string-db.org/) (Szklarczyk et al.,
2021), the interactions of proteins encoded by ICM-specific
genes were analyzed. Thereafter, a PPI network was conducted
using Cytoscape software (Doncheva et al., 2019). Moreover,
Molecular Complex Detection (MCODE), a plug-in in Cytoscape
(Bader and Hogue, 2003), was used to screen modules of the PPI
network in accordance with degree cutoff = 2, node score cutoff =
0.2, k-core = 2, and max. depth = 100. Nodes and edges in the PPI
networks separately meant the proteins encoded by ICM-specific
genes and their interactions.

Feature Selection of Candidate Genes
Feature selection algorithms including least absolute shrinkage
and selection operator (LASSO) analyses, support vector machine
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(SVM), and random forest were separately conducted using the
glmnet package (Engebretsen and Bohlin, 2019), e1071 package,
and random forest package. Following the intersection of
characteristic genes from three algorithms, candidate ICM-
specific genes were identified. The diagnostic efficacy of this
combination model was evaluated by receiver operating
characteristic (ROC) curves, and the area under the curve
(AUC) was measured for investigations of accuracy, sensitivity,
and specificity.

Estimation of Immune Cell Subpopulation
Fractions
The abundance of 22 immune cell subpopulations in left
ventricular myocardium samples from the GSE5406 dataset
was quantified using Cell type Identification By Estimating
Relative Subsets Of RNA Transcripts (CIBERSORT; http://
cibersort.stanford.edu/) (Newman et al., 2015). This analytical
tool provides an estimation of the proportions of immune cell
subpopulations across mixed cell populations utilizing
normalized expression profiles. The infiltrating immune cells
were estimated using CIBERSORT included B cells, T cells,
natural killer cells, macrophages, dendritic cells, eosinophils,
and neutrophils. The “LM22.txt” matrix comprises the
“signature matrix” of 547 genes. For running CIBERSORT, the
packages of e1071, parallel and preprocessCore were adopted.
The p-value was derived from this method for deconvoluting all
specimens utilizing Monte Carlo sampling. With p < 0.05,
specimens of the estimated abundance of immune cell
subpopulations generated with CIBERSORT were of high
accuracy. Finally, the proportions of immune cell
subpopulations were inferred across diverse tissues.

Cell Culture
The H9C2 cell line was purchased from Chinese Academy of
Sciences. Cells were maintained in high-glucose DMEM
containing 10% fetal bovine serum (FBS) and 100 U/mL of

penicillin/streptomycin. They were grown in an incubator with
5% CO2 at 37°C.

Real-Time Quantitative Polymerase Chain
Reaction
Total RNA was extracted from H9C2 cell specimens with TRIzol,
which was quantified and reversely transcribed into cDNA. RT-
qPCR was carried out utilizing the QuantStudio 5 Real-Time PCR
System (Applied Biosystems, United States) with the SuperScript
IV One-Step RT-PCR System (Invitrogen, United States). The
qPCR conditions were as follows: initial denaturation at 95°C
lasting 3 min, 40 cycles of denaturation at 95°C lasting 15 s,
annealing at 60°C lasting 30 s, and elongation at 72°C lasting
15 s. The final cycle included extension at 72°C for 3 min. RT-
qPCR primers used are listed in Table 1. The 2−ΔΔCt method was
applied for quantification.

Western Blotting
Tissues or H9C2 cells were homogenized through precooled
RIPA lysis buffer plus 1% protease and phosphatase inhibitors.
Thereafter, specimens were centrifuged at 12,000 g lasting 15 min
at 4°C. The supernatant was harvested for adding loading buffer,
and the extract was boiled at 100°C lasting 5 min. Through
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), the protein extract was separated. Protein
specimens were transferred onto polyvinylidene fluoride
(PVDF) membranes. Thereafter, the membranes were under
incubation with 5% skim milk lasting 1 h. The primary
antibodies targeting ASPN (1/3000; ab154404; Abcam,
United States), TRMT5 (1/3000; 18255-1-AP; Proteintech,
Wuhan, China), FCN3 (1/1000; 11867-1-AP; Proteintech,
Wuhan, China), LUM (1/1000; 10677-1-AP; Proteintech,
Wuhan, China), CNN1 (1/3000; 24855-1-AP; Proteintech,
Wuhan, China), PCNT (1/2000; ab231958; Abcam,
United States), HOPX (1/2000; 11419-1-AP; Proteintech,
Wuhan, China), β-actin (1/3000; 20536-1-AP; Proteintech,
Wuhan, China), Bcl-2 (1/2000; 12789-1-AP; Proteintech,
Wuhan, China), Bax (1/5000; 50599-2-Ig; Proteintech, Wuhan,
China), and GAPDH (1/20000; 60004-1-Ig; Proteintech, Wuhan,
China) were added for incubation by the membranes at 4°C
overnight. Then, the membranes were incubated with the
secondary antibody (1/3000; 7074; Cell Signaling Technology,
United States) for 1 h at room temperature. The bots were
visualized utilizing the enhanced chemiluminescence (ECL)
detection system as well as assessed using ImageJ software.

Patients and Specimens
Three patients were diagnosed with ICM, and three healthy
controls were recruited from Guangdong Provincial People’s
Hospital in our study. Human left ventricular myocardial
tissues were collected from the three ICM patients during
cardiac transplantation. Meanwhile, three healthy left
ventricular myocardial tissues as controls were obtained from
unused donor hearts. The study complied with the Declaration of
Helsinki. This study gained the approval of the Ethics Committee

TABLE 1 | Primer sequences used for RT-qPCR.

Gene Sequence

ASPN 5′-CTCTGCCAAACCCTTCTTTAGC-3′
5′-CGTGAATAGCACTGACATCCAA-3′

TRMT5 5′-CGTTGATTCCAGTAGCTTGGAC-3′
5′-CTGTTTCTGGCATGGTTGAGA-3′

FCN3 5′-GCCCTCCCAGTCTTTTGTGAC-3′
5′-CCTGGAGAGTAAGCTGGTGC-3′

LUM 5′- TAACTGCCCTGAAAGCTACCC-3′
5′-GGAGGCACCATTGGTACACTT-3′

CNN1 5′-CTGTCAGCCGAGGTTAAGAAC-3′
5′-GAGGCCGTCCATGAAGTTGTT-3′

PCNT 5′-TCACTTCCGACAGAGAAAAACAA-3′
5′-CCTGGACAGACGCATCGAC-3′

HOPX 5′-GAGACCCAGGGTAGTGATTTGA-3′
5′-AAAAGTAATCGAAAGCCAAGCAC-3′

GAPDH 5′-GGAGCGAGATCCCTCCAAAAT-3′
5′-GGCTGTTGTCATACTTCTCATGG-3′
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of Guangdong Provincial People’s Hospital (GDREC2016255H).
The signed informed consent of each participant was required.

Establishment of Cell Models
When H9C2 cells grew to 70–80% density, they were digested by
trypsin with ethylenediaminetetraacetic acid (EDTA). Thereafter,
the cells were seeded onto six-well plates. Hypoxia/reoxygenation
(H/R) cellular model was established. In brief, H9C2 cells were
maintained in glucose- and serum-free DMEM as well as exposed
to hypoxia at 37°C in a hypoxic plastic chamber (5% CO2, 1% O2,
and 94% N2) lasting 8 h. Thereafter, H9C2 cells were subjected to
reoxygenation at 37°C in a normoxic incubator (95% air and 5%
CO2) lasting 24 h.

Transfections
For silencing TRMT5 gene expression, H9C2 cells were
transfected by small interfering RNAs (siRNAs; GenePharma,
Shanghai, China) in accordance withmanufacturer’s instructions.
In brief, in a mixture of 100 pmol siRNAs, 5.0 μL Lipofectamine™
2000 (Thermo Fisher, United States), and 500 μL DMEM, they
were incubated lasting 20 min at room temperature. Thereafter,
the mixture was transferred onto the plate and incubated lasting
37°C. The culture medium was replaced by a fresh growth
medium plus FBS. Cardiomyocytes were collected 24 h
following transfections and subjected onto subsequent assays.
The specificity or efficiency of TRMT5 deficiency was
investigated with RT-qPCR and Western blotting. Scrambled
siRNA acted as a negative control (si-NC). Herein, two
specific TRMT5 siRNAs (si-TRMT5#1 and si-TRMT5#2) were
utilized to silence TRMT5 expression.

JC-1 Staining
JC-1 staining (Thermo Fisher, United States) was presented for
investigation of mitochondrial membrane potential. H9C2 cells
were incubated by a mixture of working solution of JC-1 dye and
cell culture medium. The excess dye was removed by washing
with JC-1staining buffer and rinsed with PBS three times.
Thereafter, cardiomyocytes were investigated and acquired
using a confocal laser scanning microscope. OD values of
green fluorescence (490 nm/530 nm) and red fluorescence
(525 nm/590 nm) were separately examined. Eventually, data
were displayed as a red/green fluorescence ratio.

Flow Cytometric Analyses
Flow cytometric analyses were carried out utilizing FITC-labeled
recombinant Annexin V apoptosis detection kits (Beyotime,
China). H9C2 cells were washed with PBS and reconstituted
with coupling buffer. Thereafter, cardiomyocytes were incubated
by 250 ng/ml Annexin V-FITC protecting from light at 4°C
lasting 15 min. Cardiomyocytes were washed with PBS and
resuspended with 190 µL coupling buffer. Then,
cardiomyocytes were exposed to 10 µL propidium iodide (PI)
lasting 5 min. Staining cardiomyocytes were assessed using an
FACStar plus flow cytometer. Data analyses were carried out
utilizing a BD BioSciences FACSCalibur flow cytometer.

Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling Assay
H9C2 cells were maintained onto the chamber sections (1 × 104

cells/chamber). Apoptotic cardiomyocytes were examined with
TUNEL staining utilizing In Situ Cell Death Detection Kits in
accordance with the supplier’s specification. Images were
captured using an Olympus BX41 fluorescence microscope.
Image quantification was carried out as percentages of
TUNEL-positive cardiomyocytes within the entire number of
cardiomyocytes.

Statistical Analyses
p-values under 0.05 indicated significant differences. Data were
expressed as mean ± SD. R software (version 3.4.0; https://www.r-
project.org/) and Bioconductor packages (http://www.
bioconductor.org/) and GraphPad Prism software (version 8.0.
1) were adopted for statistical analyses. Student’s t-test or
Wilcoxon test was utilized for comparing the significant
differences between two subgroups. One-way analyses of
variance (ANOVA) and Tukey’s post hoc test were presented
for comparing multiple subgroups. Pearson or Spearman
correlation test was conducted for evaluation of the
interactions between variables.

RESULTS

Detection of ICM-specific Genes as well as
Their Biological Significance
Byemploying the transcriptome profiling of the left ventricular
myocardium from 108 ICM patients and 16 non-failing controls
in the GSE5406 dataset, we screened ICM-specific genes with the
criteria of an FDR <0.05 and |fold change| >1.5. Consequently,
153 genes were specifically expressed in ICM (Figures 1A,B).
Among them, 62 presented upregulation, while 91 presented
downregulation in ICM left ventricular myocardium tissues
(Tables 2, 3). Functional enrichment analyses conducted using
the clusterProfiler package uncovered the ICM-specific genes-
relevant biological significance and pathways. GO analyses
demonstrated that the biological functions of ICM-specific
genes were primarily associated with cellular response to
external stimulus, extracellular matrix organization,
extracellular structure organization, response to mechanical
stimulus, and response to transforming growth factor beta
(Figure 1C). In Figure 1D, cellular components of collagen-
containing extracellular matrix, contractile fiber, I band,
myofibril, and sarcomere were primarily enriched by ICM-
specific genes. Analysis of molecular functions revealed the
extracellular matrix structural constituent, glycosaminoglycan
binding, heparin binding, integrin binding, and proteoglycan
binding remarkedly related to ICM-specific genes (Figure 1E).
KEGG analyses displayed that ICM-specific genes primarily
participated in bladder cancer, cGMP-PKG signaling pathway,
focal adhesion, HIF-1 signaling pathway, malaria, protein
digestion and absorption, and proteoglycans in cancer
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FIGURE 1 | Visualization of ICM-specific genes and exploration of functional enrichment analyses. (A) ICM-specific genes screened through thresholds of FDR
<0.05 and |fold change| >1.5 were visualized via volcano plots. Blue bots represent downregulated genes, while red bots represent upregulated genes in ICM. (B)
Heatmap presents the expression patterns of ICM-specific genes in ICM and control left ventricular myocardium tissues. (C–F) Interaction networks show the most
prominent (C) biological processes, (D) cellular components, (E) molecular functions, and (F) KEGG pathways enriched by ICM-specific genes.
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(Figure 1F). Table 4 shows detailed information of the previous
function enrichment results of ICM-specific genes.

Analysis of Interactions Between
ICM-Specific Genes
Through the STRING project, we conducted the PPI network
of ICM-specific genes. ICM-specific genes with high
expression were marked with purple color, while ICM-
specific genes with low expression were marked with blue
color. There were 322 interaction pairs in the PPI network,
uncovering the close interactions between ICM-specific genes
(Figure 2A). For figuring out the most prominent module of
this complex network, this study presented the MCODE
plug-in analyses. This module contained seven upregulated
ICM-specific genes (COL3A1, COL1A2, COL5A1, SPARC,
FMOD, LUM, and THBS2) and four downregulated genes
(ITGA5, THBS1, SERPINE1, and TIMP1), as depicted in
Figure 2B.

Selection of Candidate ICM-Specific Genes
Through Integration of Three Algorithms:
LASSO, SVM, and Random Forest
This study adopted three feature selection algorithms including
LASSO, SVM, and random forest for identifying candidate ICM-

specific genes. By using the LASSO method, we identified 12
candidate variables containing HMGN2, FCN3, TRMT5, LUM,
ASPN, HOPX, CNN1, GLUL, PCNT, NPPA, THBS1, and GPX3
(Figures 3A,B). The SVM method uncovered 53 feature genes
(Figure 3C). Meanwhile, 23 important variables were selected
using the random forest method (Figure 3D). Following the
integration of results derived from three algorithms, seven
candidate ICM-specific genes were finally identified, including
ASPN, TRMT5, LUM, FCN3, CNN1, PCNT, and HOPX
(Figure 3E).

Combination of Candidate ICM-Specific
Genes as a Reliable Diagnostic Model
of ICM
ROC curves were conducted for investigations of the diagnostic
efficacy of this combination of candidate ICM-specific genes in
ICM. As depicted in Figure 4A, the AUC of this combined gene
model was 0.995 in the GSE5406 dataset, confirming the excellent
diagnostic efficacy in ICM. Additionally, the GSE46224 dataset
was adopted for verification of this model. As a result, AUC was
0.922, indicative of its favorable predictive potential (Figure 4B).
The expressions of candidate ICM-specific genes were
investigated in ICM and control myocardial tissues in the
GSE5406 dataset. As a result, ASPN, TRMT5, and LUM
expressions were upregulated, while FCN3, CNN1, PCNT, and

TABLE 2 | List of 62 upregulated ICM-specific genes.

Gene logFC AveExpr t FDR Gene logFC AveExpr t FDR

ASPN 2.4402 8.3278 10.1871 7.41E-15 COL21A1 0.6819 7.5065 4.0706 0.00221
LUM 2.0637 8.1874 10.4394 2.50E-15 SYNPO2L 0.6757 8.2854 3.0047 0.03402
NPPA 1.7433 10.604 5.96104 3.86E-06 MFAP4 0.6752 7.4744 4.9059 0.00016
MXRA5 1.6391 7.8851 7.48832 6.20E-09 GJA1 0.6608 9.5343 4.4076 0.00082
HBB 1.484 10.454 5.2374 5.21E-05 HLTF 0.6579 7.1024 5.2503 5.07E-05
RPS4Y1 1.4123 9.1632 4.22763 0.001417 ZNF423 0.6536 5.8318 6.4674 5.32E-07
HBA1 1.334 10.048 4.86677 0.000187 SPARC 0.6531 9.3707 4.4771 0.00066
EIF1AY 1.2405 6.806 4.2239 0.001431 FHOD3 0.6487 9.4837 4.1558 0.00175
COL1A2 1.2123 8.9084 4.23877 0.001375 ITIH5 0.647 6.3416 6.6356 2.50E-07
COL3A1 1.1865 9.0459 4.11056 0.001997 APLNR 0.6439 7.9627 6.1372 2.00E-06
LOC100506558 1.1138 6.2107 7.72792 2.11E-09 HMGN2 0.6401 10.156 12.491 1.19E-19
OGN 1.045 5.0895 5.40275 3.00E-05 COL5A1 0.6334 7.021 3.0621 0.03001
PTN 1.0184 7.5082 8.3581 1.12E-10 C6 0.6315 8.9006 2.9926 0.03484
COL15A1 1.001 8.5994 5.94787 4.06E-06 CFH 0.629 7.1078 3.5601 0.00911
THBS4 0.949 9.5659 5.24705 5.10E-05 SERPINE2 0.6281 8.0896 2.821 0.04951
PPP1R3C 0.8637 10.307 5.28357 4.56E-05 PLXDC1 0.6279 6.1125 7.0112 4.62E-08
ISLR 0.8461 6.9838 7.69276 2.30E-09 KDM5D 0.6203 6.8871 3.8986 0.00361
LRRC17 0.8186 5.8017 5.0193 0.000112 PENK 0.6194 6.1351 4.051 0.00233
CXCL12 0.8003 8.5439 6.56103 3.55E-07 IDI2-AS1 0.6187 6.1857 4.02 0.00255
LTBP2 0.7885 8.9824 4.81306 0.000218 HLA-DPB1 0.6184 8.5418 4.1732 0.00166
IFI44L 0.788 6.0419 4.81949 0.000215 CTSK 0.6133 7.5298 6.1885 1.65E-06
KAL1 0.7838 6.5515 7.63272 3.02E-09 TPCN1 0.6125 8.4722 7.2974 1.34E-08
HTRA1 0.7743 8.8425 8.95584 5.05E-12 LHFP 0.6092 8.5637 6.1061 2.26E-06
ABCA8 0.7711 7.761 4.29693 0.001161 TRMT5 0.6075 9.3104 10.562 2.09E-15
ECM2 0.7657 6.9244 6.28461 1.15E-06 HSPA2 0.6026 7.5392 3.2734 0.01893
FRZB 0.7612 5.508 6.25454 1.24E-06 LRRC49 0.6002 8.2096 3.2838 0.01841
SLC27A6 0.7434 6.2606 3.77018 0.005242 EFEMP1 0.595 6.9869 2.8285 0.0488
SEPP1 0.7271 9.8408 4.44315 0.000729 CECR1 0.5931 8.5491 3.8985 0.00361
IFIT1 0.7123 6.7904 5.40383 3.00E-05 PDGFD 0.5872 7.5052 5.6166 1.37E-05
THBS2 0.6923 8.0236 3.54031 0.009599 PLA2G4C 0.5849 7.6363 4.757 0.00026
CRYM 0.6872 9.7867 3.88519 0.003742 FMOD 0.5847 7.7005 4.6802 0.00033
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HOPX expressions were declined in ICM compared with controls
(Figure 4C).

Characterization of Immune Cell Infiltrates
in ICM and Control Myocardial Tissues
Using the CIBERSORT algorithm, we estimated the infiltrations
of immune cell subpopulations in ICM myocardial tissues.
Figure 5A depicts the landscape of 22 immune cell
subpopulations across ICM. We also presented investigations
about the interactions between immune cell subpopulations. In
Figure 5B, there were close interplays between diverse immune
cell subpopulations across ICM. In particular, compared with

controls, neutrophil presented declined infiltrations in ICM
(Figure 5C).

Interactions of Candidate ICM-Specific
Genes With Immune Cell Infiltrates
This study analyzed the interactions of candidate ICM-specific
genes with immune cell infiltrates across ICMmyocardial tissues.
Our data suggested that ASPN and LUM expressions were
positively associated with M2 macrophage while negatively
correlated to M0 macrophages, monocytes, neutrophils, and
resting NK cells (Figure 5D). CNN1 expressions displayed
negative correlations to CD4 memory resting T cells as well as

TABLE 3 | List of 91 downregulated ICM-specific genes.

Gene logFC AveExpr t FDR Gene logFC AveExpr t FDR

OGDH −0.5843 9.1255 −3.4261 0.01275 ASNS −0.7369 5.9882 −4.9005 0.00017
SRGN −0.5856 8.1344 −2.8367 0.0482 CDK2AP2 −0.7454 7.112 −6.7748 1.36E-07
MAP2K1 −0.5867 8.0215 −6.7951 1.26E-07 RARRES1 −0.7475 5.094 −6.221 1.44E-06
ITGA5 −0.5903 8.1509 −5.3876 3.19E-05 ATP1A1 −0.7485 8.6287 −7.15 2.53E-08
ATP1B1 −0.5932 9.5308 −3.3459 0.01576 XIST −0.7558 4.7123 −3.2627 0.01938
MIR3658 −0.595 6.2205 −4.0812 0.00216 KLHL41 −0.759 7.539 −3.6317 0.00759
PDLIM5 −0.5984 8.1782 −3.4965 0.01064 S100A9 −0.7608 7.4298 −2.9412 0.03887
PLEKHO1 −0.6079 6.5149 −5.6328 1.28E-05 TXNRD1 −0.7676 8.299 −6.6396 2.50E-07
DERL1 −0.623 5.7843 −7.2972 1.34E-08 CDC37L1 −0.7717 6.7248 −5.8272 6.09E-06
PNP −0.6237 6.4093 −4.2904 0.00118 NPTX2 −0.7782 5.5116 −5.748 8.08E-06
NFIL3 −0.625 6.9906 −4.3035 0.00115 TGM2 −0.7893 7.2731 −5.3324 3.87E-05
TRAM1 −0.629 6.9059 −3.1049 0.02749 GPX3 −0.8047 10.754 −4.3172 0.0011
DNAJB1 −0.6346 7.4579 −5.0602 9.80E-05 NAMPT −0.8144 7.7226 −5.2636 4.90E-05
FERMT2 −0.6383 6.5272 −4.7028 0.00032 FHL1 −0.819 10.222 −3.5997 0.00819
EDNRB −0.6415 6.1138 −4.9645 0.00013 MAFF −0.8217 5.3674 −4.7206 0.0003
POR −0.6426 6.034 −6.1819 1.66E-06 PALLD −0.8266 9.8876 −4.7074 0.00031
IRS2 −0.643 7.99 −5.7457 8.09E-06 IL1RL1 −0.8281 5.5744 −7.7171 2.12E-09
SLC38A1 −0.6435 8.7364 −3.2511 0.01991 DDX3X −0.8301 6.6102 −5.4448 2.67E-05
THBS1 −0.6474 5.2093 −5.6927 1.02E-05 CLIC4 −0.8618 7.8744 −3.9074 0.00354
BCL6 −0.6479 6.8844 −7.1623 2.44E-08 HSP90AA1 −0.8736 10.134 −7.348 1.14E-08
ID1 −0.6589 8.4586 −3.0643 0.02991 LYVE1 −0.8896 6.6296 −4.79 0.00024
BAG3 −0.6607 9.4533 −5.7716 7.59E-06 TUBA3C −0.8918 8.2595 −9.6639 1.09E-13
ATF3 −0.6638 6.7719 −3.2651 0.01931 SLCO4A1 −0.9151 6.898 −8.8407 8.68E-12
GNL3 −0.6657 5.6377 −4.4597 0.00069 MT1X −0.9295 9.2248 −5.4333 2.79E-05
HSPD1 −0.666 8.7893 −5.8899 4.95E-06 SLC38A2 −0.9994 8.7183 −5.8034 6.67E-06
IFRD1 −0.6667 5.0369 −5.084 9.04E-05 FLNC −1.038 10.538 −6.4569 5.50E-07
SLC22A5 −0.6687 6.4926 −6.2776 1.17E-06 MT1M −1.0727 5.1601 −4.6912 0.00033
DDX39A −0.6756 6.2528 −5.9856 3.52E-06 LMCD1 −1.0735 7.6006 −6.0458 2.91E-06
CSDC2 −0.6761 8.7018 −6.0214 3.13E-06 CCT2 −1.0842 7.1626 −7.75 1.98E-09
FADS3 −0.6835 7.3297 −7.1374 2.62E-08 SLC19A2 −1.0879 6.1056 −5.3269 3.94E-05
CD164 −0.6865 7.2865 −4.1015 0.00205 PDK4 −1.1839 7.7945 −2.9922 0.03484
MYH6 −0.6895 11.441 −4.3945 0.00086 PLA2G2A −1.2347 8.069 −4.9951 0.00012
MYC −0.6917 6.7113 −4.149 0.0018 CYP4B1 −1.279 5.8117 −5.5145 2.09E-05
ADH1B −0.6984 5.523 −2.8413 0.0478 SERPINA3 −1.3068 7.2437 −9.9519 2.43E-14
TIMP4 −0.6997 6.7324 −5.374 3.35E-05 CNN1 −1.3164 8.2841 −7.7796 1.79E-09
AMD1 −0.6998 6.7461 −6.9097 7.36E-08 FCN3 −1.3399 6.9548 −10.709 1.36E-15
CDKN1A −0.7026 8.6874 −6.2548 1.24E-06 PTX3 −1.3437 4.0272 −4.0754 0.00218
STAT3 −0.711 8.8764 −5.913 4.60E-06 ANKRD2 −1.3443 8.8635 −5.4933 2.19E-05
YBX3 −0.7166 9.9215 −4.854 0.00019 CD163 −1.3493 8.0004 −4.6114 0.00042
TIMP1 −0.7172 8.7828 −3.1852 0.02313 SERPINE1 −1.3766 6.856 −4.6951 0.00032
MTHFD2 −0.7185 6.5773 −4.0816 0.00216 GLUL −1.4711 7.5375 −7.2156 1.91E-08
PCNT −0.7189 7.8582 −6.6408 2.50E-07 NRAP −1.488 8.459 −3.7919 0.00489
GLRX2 −0.7243 7.016 −8.2261 2.12E-10 FKBP5 −1.4929 5.9928 −7.3334 1.19E-08
TNFRSF11B −0.7285 4.5461 −4.1472 0.00181 HOPX −1.498 6.6634 −8.1784 2.55E-10
FOSL1 −0.7298 5.7306 −5.2025 5.94E-05 MYOT −2.2659 6.2321 −10.289 4.88E-15
EIF1AX −0.7367 6.5696 −5.9261 4.40E-06
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FCN3 and HOPX3 expressions exhibited positive associations
with neutrophils. PCNT expressions were positively associated
with the resting dendritic cells and CD8 T cells while negatively

correlated toM0macrophages, resting mast cells, and monocytes.
Additionally, TRMT5 expressions presented negative
interactions with resting NK cells.

TABLE 4 | Detailed information of function enrichment results of ICM-specific genes.

Description GeneRatio BgRatio p-value Adjusted p q-value Count

Extracellular matrix organization 17/146 368/18670 4.66E-09 7.10E-06 5.88E-06 17
Extracellular structure organization 17/146 369/18670 4.85E-09 7.10E-06 5.88E-06 17
Cellular response to external stimulus 15/146 339/18670 6.99E-08 6.82E-05 5.65E-05 15
Response to mechanical stimulus 12/146 210/18670 9.84E-08 7.20E-05 5.96E-05 12
Response to transforming growth factor beta 12/146 255/18670 7.94E-07 0.000464 0.000385 12
Collagen-containing extracellular matrix 29/144 406/19717 1.14E-20 2.95E-18 2.48E-18 29
Contractile fiber 14/144 234/19717 1.87E-09 2.42E-07 2.03E-07 14
Sarcomere 13/144 204/19717 3.41E-09 2.93E-07 2.46E-07 13
I band 11/144 143/19717 8.13E-09 5.25E-07 4.41E-07 11
Myofibril 13/144 224/19717 1.05E-08 5.42E-07 4.56E-07 13
Extracellular matrix structural constituent 16/141 163/17696 2.28E-13 9.38E-11 7.79E-11 16
Heparin binding 9/141 169/17696 8.50E-06 0.001047 0.00087 9
Proteoglycan binding 5/141 36/17696 9.24E-06 0.001047 0.00087 5
Integrin binding 8/141 132/17696 1.07E-05 0.001047 0.00087 8
Glycosaminoglycan binding 10/141 229/17696 1.52E-05 0.001047 0.00087 10
Protein digestion and absorption 8/82 103/8105 8.48E-06 0.001917 0.001616 8
Malaria 5/82 50/8105 0.000139 0.015705 0.01324 5
Proteoglycans in cancer 9/82 205/8105 0.000211 0.015869 0.013378 9
Bladder cancer 4/82 41/8105 0.000741 0.034691 0.029246 4
HIF-1 signaling pathway 6/82 109/8105 0.000788 0.034691 0.029246 6
Focal adhesion 8/82 201/8105 0.000921 0.034691 0.029246 8
cGMP–PKG signaling pathway 7/82 167/8105 0.001444 0.046626 0.039308 7

FIGURE 2 | Analysis of interactions between ICM-specific genes. (A) The PPI network was conducted for uncovering the interactions between ICM-specific genes.
(B) The most prominent module was determined viaMCODE plug-in. Upregulated ICM-specific genes are marked purple, whereas downregulated ICM-specific genes
are marked green.
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Verification of Expressions of Candidate
ICM-Specific Genes
Herein, we established H/R-stimulated ICM cellular models. By
RT-qPCR, we conducted investigations of the mRNA
expressions of candidate ICM-specific genes including ASPN,
TRMT5, LUM, FCN3, CNN1, PCNT, and HOPX. Figure 6A
demonstrates that ASPN, TRMT5, and LUMmRNAs presented
the upregulations in H/R-stimulated H9C2 cells compared to
controls. In contrast, FCN3, CNN1, PCNT, and HOPX
expressions were declined in H/R-stimulated H9C2 cells than
controls. Additionally, Western blotting uncovered the elevated
expressions of ASPN, TRMT5, and LUM in H/R-stimulated
H9C2 cells compared with control cells (Figures 6B–E).
Meanwhile, lower FCN3, CNN1, PCNT, and HOPX
expressions were observed in H/R-stimulated H9C2 cells
compared with controls (Figures 6F–I). We collected three
ICM and three healthy left ventricular myocardial tissues.
Western blotting confirmed the upregulations of ASPN,
TRMT5, and LUM as well as the downregulations of FCN3,
CNN1, PCNT, and HOPX in ICM compared with healthy left
ventricular myocardial tissues (Figures 6J–Q). These data

confirmed the deregulated expressions of candidate ICM-
specific genes in ICM.

TRMT5 Deficiency Enhances Mitochondrial
Membrane Potential of H/R-Stimulated
H9C2 Cells
Among candidate ICM-specific genes, the role of TRMT5 in ICM
has not yet been reported. Therefore, we presented an in-depth
investigation about the implications of TRMT5 in ICM
progression. TRMT5 expressions were first deficient in H9C2
cells through transfections of si-TRMT5. In Figure 7A, TRMT5
deficiency triggered by si-TRMT5 was confirmed in H9C2 cells.
Intriguingly, TRMT5 expressions presented upregulation in
H/R-stimulated H9C2 cells compared to controls (Figures
7B–D). Nevertheless, si-TRMT5 remarkedly reduced the
expressions of TRMT5 stimulated by H/R. JC-1 staining and
was employed for the evaluation of mitochondrial membrane
potential. In Figures 7E,F, the reduced ratios of red/green
fluorescence were noticed in H/R-exposed H9C2 cells than
controls, which indicated that the mitochondrial membrane
potential of H9C2 cells was decreased following H/R

FIGURE 3 | Selection of candidate ICM-specific genes through integration of three algorithms: LASSO, SVM, and random forest. (A) LASSO coefficient spectrum
of ICM-specific genes across ICM samples. Coefficient distribution diagramwas generated regarding logarithmic (λ) sequences. (B) Selection of the optimal variables for
ICM within the LASSOmodel (λ). (C) Screening characteristic genes using the SVMmethod. (D) Random forest was adopted for selecting important variables. (E) Venn
diagram shows candidate ICM-specific genes through integration of results derived from three algorithms.
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stimulation. Additionally, the ratios of red/green fluorescence
were elevated in H/R-exposed H9C2 cells with si-TRMT5
transfections in comparison to H/R-exposed H9C2 cells. This
indicated that TRMT5 deficiency enhanced the mitochondrial
membrane potential of H/R-stimulated H9C2 cells.

TRMT5 Deficiency Alleviates H/R-Triggered
H9C2 Cell Apoptosis
Flow cytometric analyses showed the increased apoptotic levels of
H/R-stimulated H9C2 cells than controls (Figures 8A,B).
Nevertheless, the apoptosis of H9C2 cells was remarkedly
declined following TRMT5 deficiency. Additionally, we
presented TUNEL assay for investigations of cardiomyocyte
apoptosis. More TUNEL-positive cells were detected in
H/R-exposed H9C2 cells (Figures 8C,D). But TRMT5

deficiency reduced the ratios of TUNEL-positive H/R-exposed
H9C2 cells. We also noted that the Bcl-2 expression was
downregulated, while Bax expression was upregulated in
H/R-exposed H9C2 cells (Figures 8E–G). However, TRMT5
blockage significantly reversed the expression of Bcl-2 and Bax
in H/R-exposed H9C2 cells. Hence, TRMT5 deficiency alleviated
H/R-triggered H9C2 cell apoptosis.

DISCUSSION

Deregulated expression of genes may trigger ICM progression and
dismal clinical prognosis. This study detected 153 ICM-specific
genes; among them, 62 presented upregulation, while 91
presented downregulation in ICM myocardium tissues. In
particular, these genes participated in ICM-relevant processes and

FIGURE 4 | Combination of candidate ICM-specific genes as a reliable diagnostic model of ICM. (A) ROC curves were conducted for evaluations of the diagnostic
potential of this combination of candidate ICM-specific genes in the GSE5406 dataset. (B) Verification of the diagnostic value of this combination of candidate ICM-
specific genes in the GSE46224 dataset. (C) Box plots shows the deregulated expressions of these candidate ICM-specific genes in ICM and controls. ***p < 0.001.
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signals like extracellular matrix and structure organization and HIF-
1 signaling pathway. The data highlighted the underlying
implications of ICM-specific genes during ICM progression.

Through combination strategies of LASSO, SVM, and random
forest algorithms, we eventually identified seven reliable candidate
ICM-specific genes (ASPN, TRMT5, LUM, FCN3, CNN1, PCNT, and
HOPX). ROC curves confirmed that the combination of previous
seven candidate ICM-specific genes acted as an accurate diagnostic tool
for ICMpatients. ASPN, TRMT5, and LUMexpressions presented the
upregulations in ICM than controls. In contrast, FCN3, CNN1, PCNT,

and HOPX expressions were declined in ICM than controls.
Previously, ASPN protein displayed increased expressions in ICM
left ventricular tissues that are highly correlated to left ventricular
ejection fraction (Zhang et al., 2021). Moreover, ASPN expressions are
upregulated in cardiac remodeling mouse models (Wang et al., 2019).
The upregulations are proposed in the myocardium of diabetic
mice and in glycated low-density lipoprotein-triggered
cardiomyocytes (Li et al., 2019). Moreover, ASPN triggers the
apoptosis of H9C2 cardiomyocytes. The downregulation of
circulating FCN3 levels is correlated to advanced heart

FIGURE 5 | Landscape of immune cell infiltrates in ICM and interactions of candidate ICM-specific geneswith immune cell infiltrates. (A)Stacked graphs depict the percentages
of 22 immune cell subpopulations in ICMmyocardial tissues. (B)Heatmap shows the interactions of diverse immune cell subpopulations in ICMmyocardial tissues. The deeper the red,
the stronger the positive correlation. The darker the blue, the stronger the negative correlation. (C)Box plots depict the differences in immune cell infiltrates in ICMandnormalmyocardial
tissues. (D) Heatmap visualizes the interactions of candidate ICM-specific genes with immune cell infiltrates in ICM. *p < 0.05; **p < 0.01; ns: not significant.
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FIGURE 6 | Verification of expressions of candidate ICM-specific genes. (A) The mRNA expressions of candidate ICM-specific genes including ASPN, TRMT5,
LUM, FCN3, CNN1, PCNT, andHOPXwere investigated in H/R-stimulated H9C2 cells and control cells with RT-qPCR. (B–I)Deregulated expressions of ASPN, TRMT5,
LUM, FCN3, CNN1, PCNT, and HOPX were examined in H/R-stimulated H9C2 cells and control cells by Western blotting. (J–Q) Abnormal expressions of ASPN,
TRMT5, LUM, FCN3, CNN1, PCNT, and HOPX were examined in three human ICM and control left ventricular myocardial tissues by Western blotting. n = 3.
p-values were estimated using Student’s test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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failure and outcomes (Prohászka et al., 2013). CNN1 suppresses
dilated cardiomyopathy progression in mice via εPKC signaling
(Lu et al., 2014). Moreover, it modulates TNF-α-triggered
apoptosis of vascular endothelial cells (Zhang et al., 2016).
Single-cell sequence analyses of cardiac differentiation from
human pluripotent stem cells uncover HOPX-mediated

maturation of cardiomyocytes (Friedman et al., 2018). The
previous evidence suggested the functions of these candidate
ICM-specific genes in ICM progression.

ICM acts as a state of chronic immune system activation
(Sweet et al., 2018; Bansal et al., 2019; Chelko et al., 2019). Here,
we quantified immune cell infiltrates across ICM myocardial

FIGURE 7 | TRMT5 deficiency enhances mitochondrial membrane potential of H/R-stimulated H9C2 cells. (A) ThemRNA expressions of TRMT5were examined in
H9C2 cells with specific siRNAs against TRMT5 transfections. (B–D) RT-qPCR and Western blotting was presented for quantification of TRMT5 expressions in H9C2
cells with H/R stimulation and si-TRMT5 transfections. (E,F) JC-1 staining was adopted for the determination of mitochondrial membrane potential of H9C2 cells with H/
R stimulation and si-TRMT5 transfections. The ratio of red (aggregate) to green (monomer) fluorescence represented mitochondrial membrane potential.
Magnification, ×200; scale bar, 5 μm. n = 3. p-values were estimated using ANOVA with Tukey’s post hoc test. ****p < 0.0001.
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tissues using the CIBERSORT method. ICM myocardial tissues
had declined infiltrations of neutrophils than controls, indicating
that deregulated neutrophils might participate in ICM
pathogenesis. Innate immune response and leukocyte
recruitment modulate inflammation and healing, playing a
critical function in acute myocardial infarction (Eghbalzadeh
et al., 2019). Neutrophils participate in the healing following
myocardial infarction by polarizing macrophages into a repair
phenotype (Horckmans et al., 2017). Deregulated expressions of

ASPN, TRMT5, LUM, FCN3, CNN1, PCNT, and HOPX were in
relation to diverse immune cell subpopulations across ICM
myocardial tissues. This indicated that the previous candidate
ICM-specific genes might modulate inflammatory response
during ICM progression. In particular, we paid close attention
to the implications of TRMT5 in ICM. Experimental evidence
showed that H/R stimulation triggered the upregulation of
TRMT5 in H9C2 cells (Powell et al., 2015). TRMT5 deficiency
enhanced mitochondrial membrane potential and reduced

FIGURE 8 | TRMT5 deficiency alleviates H/R-triggered H9C2 cell apoptosis. (A,B) Apoptotic H9C2 cells were estimated by flow cytometric analyses following H/R
exposure and TRMT5 deficiency. (C,D) Apoptosis was tested utilizing TUNEL staining in H9C2 cells with H/R exposure and TRMT5 deficiency. Magnification, ×200;
scale bar, 5 μm. (E–G) Western blotting was used for detecting the expression of Bcl-2 and Bax in H9C2 cells with H/R exposure as well as TRMT5 deficiency. N = 3.
p-values were estimated using ANOVA with Tukey’s post hoc test. ****p < 0.0001.
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apoptosis in H/R-exposed H9C2 cells. Thus, TRMT5 possessed
the potential as a therapeutic target against ICM. Nevertheless,
this study presented several disadvantages. The diagnostic
potential of this combination of candidate ICM-specific genes
will be verified in larger ICM cohorts. Additionally, biological
functions and mechanisms involving these ICM-specific genes
will be investigated through experiments. Conclusion

This study proposed candidate ICM-specific genes through
combination strategies of LASSO, SVM, and random forest
algorithms. Our in-depth analyses uncovered that ASPN,
TRMT5, LUM, FCN3, CNN1, PCNT, and HOPX might be
exploited as reliable diagnostic signatures of ICM. Hence, our
findings offered an underlying basis for understanding the
etiology and mechanisms of ICM as well as therapeutic targets
for clinic therapy.
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