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Editorial on the Research Topic

Cardiac Fibrosis, From Lineage Tracing to Therapeutic Application

WHAT IS CARDIAC FIBROSIS?

Roughly 6% of healthy myocardium is composed of pure extracellular matrix (ECM) such as
collagen fibers and, to a lesser extent, elastic fibers. This interstitial extracellular mixture—mainly
synthesized by fibroblast and myofibroblasts—creates a three-dimensional cardiac skeleton which
allows the cardiomyocytes to perform their contractile functions (Ten Tusscher and Panfilov, 2007).
An excessive deposition of collagen fibers in the myocardium is commonly referred to as “fibrosis,”
which is regulated by ECM production, activity of matrix metalloproteinases (MMPs) and their
endogenous inhibitors (TIMPs) (De Boer et al., 2019; Frangogiannis, 2019). Various subsets of
leukocytes play an important modulatory role determining the characteristics of the fibrotic
response and cardiac remodeling post-injury (Frangogiannis, 2019). Disproportionate amounts of
ECM (either focal or diffuse, scar-like, thin around single or small groups of muscle cells) represents
an interstitial encumbrance which may lower myocardial compliance, decrease ventricular filling,
interfere with electrical coupling, predispose to rhythm disturbances and ultimately lead to
depressed cardiac function (Sharma and Kass, 2014; Nattel, 2017). Schematically, fibrosis may be
secondary to two different—but not mutually exclusive—pathogenic mechanisms: (1). “reparative”
fibrosis which replaces myocardial areas where cardiomyocytes have undergone cell death (i.e.,
ischemic events); and/or (2). “reactive” fibrosis which is driven by a series of stimuli (e.g., pressure
overload, inflammation, metabolic dysfunction, aging) and mediators (e.g., Angll, PDGF, TGF-f,
and CTGF) (Hanna et al., 2004; Corradi et al., 2008; De Boer et al., 2019; Frangogiannis, 2019)
(Figure 1).

WHICH CELL IS TO BLAME?

The process of cardiac fibrosis can be schematically divided into three phases based on the cell type
mainly involved: (i) resident quiescent cardiac fibroblasts inhabit myocardial tissue; (ii) during
myocardial injury (MI), fibroblasts differentiate into myofibroblasts, which actively proliferate
and secrete ECM until the injury is resolved; (iii) finally the site of injury is populated by not
proliferative and terminally differentiated matrifibrocytes secreting ECM in order to maintain the
integrity of the scar (Eschenhagen, 2018; Fu et al., 2018) (Figure 1).
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Editorial: Cardiac Fibrosis: Lineage Tracing and Therapy

Fu et al. described state-of-the-art techniques to trace the
lineage of fibrogenic cells following cardiac injury, providing
tools to specifically trace the different stages of cardiac fibrosis.
Although the high grade of plasticity makes the lineage tracing
of cardiac fibroblasts quite challenging, some biomarkers are
known to uniquely identify fibroblasts (i.e., Tcf21), activated
myofibroblasts (i.e., Periostin), and matrifibrocytes (i.e., ACTA2)
(Fu et al, 2018). In terms of cellular signaling the activation
of TGF-B receptor Smad2-3 pathway seems to be the principal
mediator of myofibroblast activation and ECM accumulation.

Shi et al. demonstrated that Notch3 is involved in the
regulation of cardiac fibrosis influencing fibroblast proliferation
and myofibroblast transition/apoptosis via RhoA/ROCK/Hif1-a
signaling pathway inhibition.

Ni et al. discovered that diabetic cardiomyopathy might
benefit from icariin (a flavonoid monomer isolated from the
herb Epimedium) treatment, which reduced cardiac fibrosis and
ameliorated cardiomyocytes mitochondrial function through
Apelin/Sirt3 pathway. Zhao et al. described how muscarinic
acetylcholine receptor 3 (M3R) signaling after choline activation
represents another important axes that controls cardiac fibrosis
through TGF-B1/Smad2-3/p38 MAPK pathway.

Thomas and Grisanti reviewed the extensive crosstalk
between inflammation and cardiac fibrosis contributing to the
progression of heart failure (HF). Following myocardial injury
and cardiomyocytes death, local inflammatory cells (i.e., mast
cells, B and T cells and macrophages) infiltrate the site of
injury and secrete pro-inflammatory mediators (i.e., TNF-a,
IL-1-B, IL-6), which play an important regulatory role in the
transition from quiescent resident fibroblasts into active and
proliferative myofibroblasts, initiating the production of ECM
components. Narrowing the focus to one specific mediator in the
crosstalk between the inflammatory response and development
of fibrosis, Okyere and Tilley described the role of leukocytes in
the regulation of cardiac remodeling. Both innate and adaptive
leukocytes critically influence pathological fibrotic remodeling.

Interestingly, cardiac fibrosis is regulated over an organized
intercellular communication, where extracellular vehicles (EVs)
play a crucial role. The interplay among macrophages, fibroblasts,
and endothelial cells represents a major driving force of
myocardial fibrosis. Rogers et al. described a cell-free therapeutic
application based on EVs secreted from stem/progenitor
cells that can directly stimulate the trans-differentiation of
pro-inflammatory M1 macrophages to anti-inflammatory M2
macrophages(Silva et al., 2017), thereby reducing fibrosis in
preclinical models of heart failure.

Marek-Tannucci et al. established a minimally invasive and
cost-effective model of cooling pericardial perfusion in swine,
which highlights the potential therapeutic effects of hypothermia
post-ischemia/reperfusion injury in reducing cardiac fibrosis,
inflammation and immune cell recruitment.

Abbreviations: TIMPs, tissue inhibitors of metalloproteases; AnglI, Angiotensin
type II; PDGE, Platelet derived grow factor; TGF-, Transforming grow factor B;
CTGE, connective tissue grow factor; TNF-o, Tumor necrosis factor o; IL-1-B,
Interleukin 1 B; IL-6, Interleukin 6; Tcf21, transcription factor 21; Acta2, smooth
muscle actin alpha 2.

Farini et al. showed that cardiac expression of the
inflammatory mediator Pentraxin 3 (PTX3) influences
inflammatory/fibrotic pathways in an animal model of
Duchenne Muscular Dystrophy and may be an interesting
therapeutic target.

WHEN IS THE RIGHT TIME TO BLOCK
FIBROSIS?

Degradation of large areas of replacement fibrosis could be
catastrophic unless accompanied by robust cardiac regeneration,
due to the negligible endogenous regenerative potential of
the adult heart. Upon cardiac injury, the compensatory but
maladaptive fibrotic response mediated by cardiac fibroblast can
vary significantly among different injury types (Khalil et al,
2019). While the beneficial effect of fibrotic tissue may outweigh
its deleterious effect after an acute injury that causes massive
cardiomyocyte death (i.e., reparative fibrosis in a myocardial
infarction), the effects of reactive interstitial fibrosis in chronic
conditions may be largely detrimental. The timing is of utmost
importance since a too early intervention can cause adverse
effects on wound healing, enhancing LV rupture and increasing
the mortality rate in HF patients. Based on this, any medical
and surgical treatment should be aimed at blocking/mitigating
the excessive ECM deposition between single cardiomyocytes
and/or the fine interstitial fibrosis around scar-like sclerotic areas
replacing significant cardiomyocytes necrotic cell losses.

Ma et al. described a preclinical model of left atria (LA)
fibrosis with increased arrhythmogenesis following isoproterenol
(ISO) injections for 5 weeks in rats. The anti-fibrotic and
anti-inflammatory agent pirfenidone administered 1 week after
completion of ISO decreased LA fibrosis and arrhythmia leading
to an improvement in cardiac function.

De Simone et al. showed that cardiac myofibroblast are
not excitable cells, electronically coupled to cardiomyocytes
and their function is not limited solely to ECM production
and protecting the architecture of the heart, but is also
important for regulating the cardiac electrical conduction. After
excessive collagen deposition, only scarce cellular structures
populate the sclerotic area, which likely is not capable of
creating electrically efficient fibroblast/cardiomyocyte couplings
and causing arrhythmogenesis(Callegari et al., 2020).

Shang et al. presented preclinical and clinical evidences
linking together elevated levels of PB1AR autoantibodies,
circulating fibrosis markers and atrial remodeling in patients
with paroxysmal atrial fibrillation (AF). Overexpressing
BIAR antibodies, which act as PAR agonists, impacted
electrophysiological properties in terms of atrial effective
refractory period (AERP), AF inducibility, and electrical
conduction in rabbits.

CONCLUSIONS

The implication of early delivery of therapies post-MI will most
certainly differ from the treatment for non-ischemic diastolic
dysfunction with a stiff left ventricle and even more so from
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FIGURE 1 | Cartoon depicting two pathogenic mechanisms of cardiac fibrosis, “reparative” (replacing dead cardiomyocytes) and “reactive” (interstitial and
perivascular) cardiac fibrosis (blue color). Pro-fibrotic factors (TGF-B, Angll, PDGF, and CTGF) and cytokines released from inflammatory cells promote differentiation of
fibroblasts toward activated myofibroblasts and matrifibrocytes actively producing extracellular matrix (ECM). Specific biomarkers of different stages of cardiac
fibroblast differentiation are indicated on the bottom. TGF-B, transforming grow factor g; Ang Il, angiotensin type Il; PDGF, platelet derived grow factor; CTGF,
connective tissue grow factor; Tcf21, transcription factor 21(biomarker for cardiac fibroblasts); Periostin, (biomarker of activated myofibroblasts) Acta2, smooth muscle

the treatment of end-stage heart failure with more pronounced
fibrosis. While the fibrotic response following myocardial injury
may initially be compensatory, could eventually be maladaptive if
the large cardiac functional reserve is compromised. Therapeutic
intervention in this setting should aim to prevent the fine
sclerotic tissue deposition between the cardiomyocytes. This
could be implemented with personalized anti-fibrotic therapy
with specific timing of the intervention and tailoring it
to the type of injury rather than completely blocking the
fibrosis pathway.

AUTHOR CONTRIBUTIONS

GP substantially contributed to the conception and design
of the editorial, literature search, drafting the article, and

revising the article critically for important intellectual content.
CL contributed in literature search, drafting the article, and
revising the article critically for important intellectual content.
MW contributed in literature search, drafting the article, and
revising the article critically for important intellectual content.
DC contributed in literature search and drafting the article and
revising the article critically for important intellectual content.
All the authors approved the final version of the article to
be published.

ACKNOWLEDGMENTS

We sincerely thank the authors who have contributed to the
success of this Research Topic. Their articles have definitely
implemented the current knowledge on this Research Topic.

Frontiers in Physiology | www.frontiersin.org

January 2021 | Volume 11 | Article 641771


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

de Lucia et al.

Editorial: Cardiac Fibrosis: Lineage Tracing and Therapy

REFERENCES

Callegari, S., Macchi, E., Monaco, R., Magnani, L., Tafuni, A., Croci, S., et al.
(2020). Clinicopathological bird’s-eye view of left atrial myocardial fibrosis
in 121 patients with persistent atrial fibrillation: developing architecture
and main cellular players. Circ. Arrhythm. Electrophysiol. 13:e007588.
doi: 10.1161/CIRCEP.119.007588

Corradi, D., Callegari, S., Maestri, R., Benussi, S., and Alfieri, O. (2008). Structural
remodeling in atrial fibrillation. Nat. Clin. Pract. Cardiovasc. Med. 5, 782-796.
doi: 10.1038/ncpcardiol370

De Boer, R. A, De Keulenaer, G., Bauersachs, J., Brutsaert, D., Cleland, J. G.,
Diez, J., et al. (2019). Towards better definition, quantification and treatment of
fibrosis in heart failure. A scientific roadmap by the Committee of Translational
Research of the Heart Failure Association (HFA) of the European Society of
Cardiology. Eur. J. Heart Fail 21, 272-285. doi: 10.1002/ejhf.1406

Eschenhagen, T. (2018). A new concept of fibroblast dynamics in post-myocardial
infarction remodeling. J. Clin. Invest. 128, 1731-1733. doi: 10.1172/JCI121079

Frangogiannis, N. G. (2019). Can myocardial fibrosis be reversed? J. Am. Coll.
Cardiol. 73, 2283-2285. doi: 10.1016/j.jacc.2018.10.094

Fu, X, Khalil, H., Kanisicak, O., Boyer, J. G., Vagnozzi, R. J., Maliken, B. D., et al.
(2018). Specialized fibroblast differentiated states underlie scar formation in the
infarcted mouse heart. J. Clin. Invest. 128, 2127-2143. doi: 10.1172/JCI98215

Hanna, N., Cardin, S., Leung, T. K, and Nattel, S. (2004). Differences
in atrial versus ventricular remodeling in dogs
tachypacing-induced congestive heart failure. Cardiovasc. Res. 63, 236-244.
doi: 10.1016/j.cardiores.2004.03.026

Khalil, H., Kanisicak, O., Vagnozzi, R. J., Johansen, A. K., Maliken, B. D., Prasad,
V., etal. (2019). Cell-specific ablation of Hsp47 defines the collagen-producing
cells in the injured heart. JCI Insight 4:e128722. doi: 10.1172/jci.insight.128722

with  ventricular

mechanisms  of  atrial
3, 425-435.

Nattel, S. (2017). Molecular and cellular
fibrosis in atrial fibrillation. JACC Clin. Electrophysiol.
doi: 10.1016/j.jacep.2017.03.002

Sharma, K. and Kass, D. A. (2014). Heart failure with preserved
ejection  fraction: mechanisms, clinical features, and therapies.
Circ. Res. 115, 79-96. doi: 10.1161/CIRCRESAHA.115.3
02922

Silva, A. M., Teixeira, J. H., Almeida, M. 1., Goncalves, R. M., Barbosa, M. A., and
Santos, S. G. (2017). Extracellular Vesicles: Immunomodulatory messengers
in the context of tissue repair/regeneration. Eur. J. Pharm. Sci. 98, 86-95.
doi: 10.1016/j.€jps.2016.09.017

Ten Tusscher, K. H., and Panfilov, A. V. (2007). Influence of diffuse fibrosis on
wave propagation in human ventricular tissue. Europace 9 (Suppl. 6), vi38-45.
doi: 10.1093/europace/eum206

Conflict of Interest: MW was employed by the company Center for Biomarker
Research in Medicine, CBmed GmbH, Austria.

The remaining 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 de Lucia, Wallner, Corradi and Pironti. 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 Physiology | www.frontiersin.org

January 2021 | Volume 11 | Article 641771


https://doi.org/10.1161/CIRCEP.119.007588
https://doi.org/10.1038/ncpcardio1370
https://doi.org/10.1002/ejhf.1406
https://doi.org/10.1172/JCI121079
https://doi.org/10.1016/j.jacc.2018.10.094
https://doi.org/10.1172/JCI98215
https://doi.org/10.1016/j.cardiores.2004.03.026
https://doi.org/10.1172/jci.insight.128722
https://doi.org/10.1016/j.jacep.2017.03.002
https://doi.org/10.1161/CIRCRESAHA.115.302922
https://doi.org/10.1016/j.ejps.2016.09.017
https://doi.org/10.1093/europace/eum206
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

‘.\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 21 November 2019
doi: 10.3389/fphar.2019.01386

OPEN ACCESS

Edited by:

Gianluigi Pironti,
Karolinska Institutet (Ki),
Sweden

Reviewed by:

Jaromir Myslivecek,
Charles University,

Czechia

JoAnn Trial,

Baylor College of Medicine,
United States

*Correspondence:
Zhimin Du
adzm1956@126.com

tThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Cardiovascular and Smooth
Muscle Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 10 July 2019
Accepted: 31 October 2019
Published: 21 November 2019

Citation:

Zhao L, Chen T, Hang R, Li W, Guo J,
Pan Y, Du J, Zheng Y and Du Z
(2019) Choline Attenuates Cardiac
Fibrosis by Inhibiting pS8MAPK
Signaling Possibly by Acting on M
Muscarinic Acetylcholine Receptor.
Front. Pharmacol. 10:1386.

doi: 10.3389/fphar.2019.01386

Check for
updates

Choline Attenuates Cardiac Fibrosis
by Inhibiting p38MAPK Signaling
Possibly by Acting on M; Muscarinic
Acetylcholine Receptor

Lihui Zhao'?t, Tingting Chen"2t, Pengzhou Hang'?, Wen Li"?, Jing Guo'2, Yang Pan'?,
Jingjing Du'2, Yuyang Zheng'? and Zhimin Du"23*

! Institute of Clinical Pharmacology, the Second Affiliated Hospital of Harbin Medical University (The University Key Laboratory
of Drug Research, Heilongjiang Province), Harbin, China, 2 Department of Clinical Pharmacology, College of Pharmacy,
Harbin Medical University, Harbin, China, ° State Key Laboratory of Quality Research in Chinese Medicines, Macau University
of Science and Technology, Macau, China

Choline has been reported to produce a variety of cellular functions including
cardioprotection via activating M, muscarinic acetylcholine receptor (M5R) under various
insults. However, whether choline offers similar beneficial effects via the same mechanism
in cardiac fibrosis remained unexplored. The present study aimed to investigate the
effects of choline on cardiac fibrosis and the underlying signaling mechanisms, particularly
the possible involvement of M;R. Transverse aortic constriction (TAC) mouse model was
established to simulate the cardiac fibrosis. Transforming growth factor (TGF)-p1 treatment
was employed to induce proliferation of cardiac fibroblasts in vitro. Choline chloride and
MR antagonist 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) were used
to unravel the potential role of M,R. Cardiac function was assessed by echocardiography
and interstitial fibrosis was quantified by Masson staining. Protein levels of collagens | and
Il were determined by Western blot analysis. The role of M3R in the proliferation cardiac
fibroblasts was validated by silencing M;R with specific small interference RNA (siRNA).
Furthermore, the mitogen-activated protein kinase (MAPK) signaling pathway including
P38MAPK and ERK1/2 as well as the TGF-$1/Smad pathway were analyzed. M;R protein
was found abundantly in cardiac fibroblasts. M;R protein level, as identified by Western
blotting, was higher in mice with excessive cardiac fibrosis and in TGF-p1-induced cardiac
fibrosis as well. Choline significantly inhibited interstitial fibrosis, and this beneficial action
was reversed by 4-DAMP. Production of collagens | and lll was reduced after choline
treatment but restored by 4-DAMP. Expression silence of endogenous M;R using siRNA
increased the level of collagen I. Furthermore, the TGF-p1/Smad2/3 and the p38MAPK
pathways were both suppressed by choline. In summary, choline produced an anti-
fibrotic effect both in vivo and in vitro by regulating the TGF-$1/Smad2/3 and p38MAPK
pathways. These findings unraveled a novel pharmacological property of choline linked to
M;R, suggesting that choline regulates cardiac fibrosis and the associated heart diseases
possibly by acting on M;R.

Keywords: M, receptor, cardiac fibrosis, choline, collagen, p38MAPK

Frontiers in Pharmacology | www.frontiersin.org 8

November 2019 | Volume 10 | Article 1386


https://creativecommons.org/licenses/by/4.0/
mailto:dzm1956@126.com
https://doi.org/10.3389/fphar.2019.01386
https://www.frontiersin.org/article/10.3389/fphar.2019.01386/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01386/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01386/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01386/full
https://loop.frontiersin.org/people/768499
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.01386
https://www.frontiersin.org/journals/pharmacology#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.01386&domain=pdf&date_stamp=2019-11-21

Zhao et al.

Anti-Fibrosis Effect of Choline

INTRODUCTION

There are plenty of receptors that play an opposite or synergistic
roleinheartfunction (Pflegeretal.,2019).In the view of muscarinic
acetylcholine receptors (MR), there are major subtypes (M,)
and minor subtypes (M,, M;, maybe Mj;) in the heart, and the
physiological and pathophysiological roles of these receptors have
been uncovered (Colecraft et al., 1998; Shi et al., 1999; Hellgren
et al., 2000; Brodde et al., 2001; Hardouin et al., 2002; Hang et al.,
2013; Saternos et al., 2018). It has been reported that choline has
some effects on M, muscarinic acetylcholine receptor (M;R) in
cardiac myocytes (Shi et al., 1999). This compound has been
used as an agonist of muscarinic receptor in numerous published
studies (Hang et al., 2009; Wang et al., 2009; Zhao et al., 2010;
Liu L, 2017; Xu et al., 2019). Previous studies by our laboratory
and others have demonstrated that activation of M;R protected
against cardiac ischemia, cardiac hypertrophy, and arrhythmias
(Pan et al.,, 2012; Liu et al., 2013). Specifically, activation of M;R
by choline or overexpression of M;R in transgenic mice inhibits
cardiac apoptosis, inflammation, calcium overload, and ion
channel dysfunction (Yang et al., 2005; Liu et al., 2008; Liu et
al., 2011; Wang et al,, 2018). It is known that in the late phase
of cardiac ischemia or hypertrophy, cardiac fibroblasts play an
essential role in cardiac remodeling characterized by collagen
overproduction and accumulation leading to cardiac interstitial
fibrosis (Kong et al., 2014). While these studies primarily focused
on the effects of M;R in cardiomyocytes, the function of M;R
in cardiac fibroblasts and its potential role in cardiac fibrosis
has not been exploited. Intriguingly, it has been documented
that selective activation of M;R attenuates hepatic collagen
deposition, bile ductule proliferation, and liver fibrosis (Khurana
etal., 2013). In contrast, a study reported that cholinergic stimuli
mediated by muscarinic receptors induced the proliferation of
fibroblasts and myofibroblasts in airway (Pieper et al., 2007). A
study reported by Organ et al. demonstrated that the inbred mice
fed with choline has significantly enhanced cardiac fibrosis in a
transverse aortic constriction (TAC) model (Organ et al., 2016).
Another study conducted in a model of myocardial infarction
reported that choline promotes cardiac fibrosis (Yang et al,
2019). All these studies suggest that M R participates in the
proliferation of fibroblasts and collagen production. However,
the role of M;R in cardiac fibrosis remained controversial and
inadequately addressed.

It has been well recognized that transforming growth factor
(TGF)-B1/Smad cascade governs cardiac fibroblast proliferation
and collagen secretion. For example, activation of the TGF-p1/
Smad pathway promotes the growth of cardiac fibroblasts and
collagen production (Zhang et al., 2016). In contrast, inhibition
of TGF-B1/Smad limits the progression of cardiac fibrosis (Pan
et al,, 2011). In addition, many other signaling pathways have
also been uncovered to participate in the development and
progress of cardiac fibrosis. Among them, the mitogen-activated
protein kinase (MAPK) pathway constituted by p38MAPK, ERK,
and JNK is crucial to cardiac fibrosis and structural remodeling
(Wang et al, 2016). Importantly, modulation of the MAPK
pathway controls the pathological changes of cardiac fibrosis
(Pan et al., 2011).

Taken together the above background information, we set up
the present study focusing on the role of M,R in cardiac fibrosis
and the underlying mechanisms. Our results demonstrated for
the first time that choline significantly inhibits cardiac fibroblast
proliferation and collagen secretion, and this anti-fibrotic
property is likely ascribed to the inhibition of the TGF-f1/Smad
and MAPK pathways.

MATERIALS AND METHODS

Animals
Male Kunming mice and neonatal Sprague Dawley rats were
purchased from the Animal Center of the Second Affiliated
Hospital of Harbin Medical University (Harbin, China). The
mice were maintained under standard animal room conditions
(temperature, 21 + 1°C; humidity, 55 to 60%), with food and
water ad libitum. This study was conducted in strict accordance
with the recommendations of the National Institutes of Health’s
“Guidelines for the Care and Use of Laboratory Animals” (NIH
publication, revised 2011). The protocol was approved by the
Animal Care and Use Committee of Harbin Medical University.
A total of 32 mice of 20~25 g were used in our study. The
mice were anesthetized with 2,2,2-tribromoethanol (270 mg/kg)
and TAC model with excessive cardiac fibrosis was established
(Liu Y, 2017). The sham-operated control mice underwent
the same surgical procedures without ligation of the aortic
bundle. Three days after TAC, the mice were divided into four
experimental groups (n = 8): sham, TAC, TAC + choline (14
mg/kg), TAC + choline + 4-DAMP (4-diphenylacetoxy-N-
methyl-piperidine, 14 mg/kg choline, 0.7 pg/kg 4-DAMP). For
co-administration of cholineand 4-DAMP, 4-DAMP was injected
30 min before choline treatment and the administration method
was intraperitoneal injection. After 8 weeks, cardiac function
of the survived mice was examined by echocardiography. For
molecular biology studies, the hearts were isolated and then
quickly striped, cleared in cold buffer, and weighed after drying.
The left ventricle preparations were stored frozen in a —80°C
freezer for subsequent Western blot experiments.

Cell Culture and Treatment

Hearts of neonatal SD rats (1-3 days) were cut into pieces and
gathered in 50 ml centrifugal tube with 0.25% trypsin. The cell
suspensions was collected in Dulbecco’s modified Eagle’s medium
(DMEM, Corning, USA) supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. It was
then incubated in culture flasks for 2 h, to allow for fibroblasts
to adhere to the bottom of the culture flasks. Unattached
cardiomyocytes and other cells were removed. Isolated fibroblasts
were incubated at 37°C in a humidified atmosphere of 5% CO,
and 95% air and nourished at an interval of every 2-3 days. The
purity of cardiac fibroblasts used in our study was validated by
staining specific marker vimentin using immunofluorescence
(Figure S1). The cardiac fibroblasts were pre-treated with 3
nM 4-DAMP in the presence or absence of choline (1, 5, or
10 mM) for 1 h and then incubated with 20 ng/ml TGF-f1 for
48 h. 4-DAMP was dissolved in dimethyl sulfoxide (DMSO)
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and diluted to a final concentration of DMSO < 0.1%. The dose/
concentration of M, receptor 4-DAMP was selected according to
previous studies (Wang et al., 2012; Zhao et al., 2013).

Echocardiography and Histological
Analysis

Mice were anesthetized mice before echocardiography. Both
two-dimensional M-mode and three-dimensional Doppler
echocardiography were performed by using the Vevo 770
imaging system (VisualSonics, Toronto, Canada) to evaluate
cardiac diameter and the function of heart.

Echocardiographic parameters included left ventricular
ejection fraction (LVEF), left ventricular shortening score
(LVES), the left ventricular end-diastolic diameter (LVIDd), and
left ventricular end-systole diameter (LVIDs) For histological
analysis, the hearts were fixed with 4% paraformaldehyde
(pH 7.4) for 48 h. The tissue was soaked in paraffin, cut into
5-pum sections, and stained with Masson trichrome. Collagen
deposition was quantified by Image-Pro Plus software (Media
Cybernetics, Silver Spring, USA).

Western Blot

Total protein samples were extracted from cardiac tissues and
cardiac fibroblasts using lysis buffer. Protein sample (100 ug)
was fractionated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (10% polyacrylamide gels) and transferred to
nitrocellulose membrane. The membrane was blocked with 5%
nonfat milk at room temperature for 2 h. The membrane was
then incubated with primary antibodies for collagen I (1:500),
collagen III (1:500), MR (1;500), TGF-f1 (1:500), total Smad2/3
(t-Smad2/3; 1:1,000), phosphorylated Smadl/3 (p-Smad2/3;
1:1,000), t-ERK (1:1,000), p-ERK (1:1,000), t-P38 (1:1,000),
p-p38 (1:1,000), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:1,000) on a shaking bed at 4°C overnight. The
membrane was washed with PBS-Tween (0.5%) for three times
and then incubated with secondary antibodies in the dark at
room temperature for 1 h. Finally, the membranes were rinsed
with PBS-T three times before being scanned by Imaging System
(LI-COR Biosciences, Lincoln, NE, USA).

Ribonucleic Acid Extraction and Real-
Time Reverse Transcription Polymerase
Chain Reaction

Total RNA (0.5 pg) was extracted from cardiac fibroblasts
by using TRIzol™ Reagent (Thermo, USA) according to the
manufacturer’s protocol. RNA concentration was measured
and then reversely transcribed into complementary DNA. The
messenger RNA (mRNA) levels of collagen I, collagen III, and
TGF-PB1 were determined using SYBR Green I incorporation
method on LC480 Real-time PCR system (Roche, USA), with
GAPDH as an internal control. The sequences of the primer
pairs used in our study are as follow. Collagen I: forward
(F): 5-ATCAGCCCAAACCCCAAGGAGA-3 and reverse
(R): 5-CGCAGGAAGGTCAGCTGGATAG-3, TGF-pf1: F:
5-CGCCTGCAGAGATTCAAGTCAAC-3 and R: 5-GTAT

CAGTGGGGGTCAGCAGCC-3; and GAPDH: F: 5-TCCCT
CAAGATTGTCAGCAA-3 and R: 5-AGATCCACAACGG
ATACATT-3]

Immunofluorescence

Cardiacfibroblasts were cultured inanincubator for48 h, then washed
with PBS. Next, the cells were fixed with 4% paraformaldehyde
solution for 20 min, permeabilized with 1% Triton X-100 (prepared
by PBS) at room temperature for 60 min, and incubated with goat
serum (Solarbio, Beijing, China) at 37°C for 30 min, following
three washes with PBS. Subsequently, the cells were incubated with
collagen I antibody (1:500) at 4°C overnight, followed by incubation
with fluorescence secondary antibody (1:500) and Alexa Fluor®
488-conjugated goat anti-rabbit IgG (H + L) secondary antibody
(Life Technologies) as a control in the dark at room temperature for
1 h. 4,6-Diamidino-2-phenylindole (DAPI) (10 mg/ml, Beyotime,
Haimen, China) was used for nuclear staining. Images were obtained
using an Olympus microscope (Japan).

Small Interference Ribonucleic

Acid Transfection
Cardiacfibroblasts weretransfected withan M;Rsmallinterference
RNA (siRNA) or a scramble negative control (CTL) siRNA.
Three siRNAs were used to screen the most potent sequence
which was then used in subsequent experiments. The sequence
of selected MR siRNA was 5'-GCUACUGGCUGUGCUAUAUT
TAUAUAGCACAGCCAGUAGCTT-3." Cells were transfected
with 50 nM of siRNA using Lipofectamine 2000 (Invitrogen)
for 6 h, before replacing with the medium containing 1% bovine
serum. The cells were cultured for another 48 h. At 48 h after
transfection, the cells were stimulated with TGF-f1 for 24 h
and choline for an additional 24 h. The siRNA was constructed
by GenePharma and transfected into cells according to the
manufacturer’s instructions.

Reagents

The recombinant human TGF-B1 was purchased from PeproTech
(#100-21, NJ, USA). Choline chloride was purchased from
Sigma (C7527, 298% purity, USA). 4-DAMP was purchased
from Abcam (ab120144, USA). Anti-M; receptor antibody was
provided by Alomone (AMR-006; Israel). Antibodies against
t-Smad2/3 (#8685), p-Smad2/3 (#8828), TGF-Bl (¥#3711),
p38MAPK (#9212), p-p38MAPK (#9211), t-ERK1/2 (#4695),
and p-ERK1/2 (#4370) were purchased from Cell Signaling
Technology (CST, USA). Anti-collagen I antibody was purchased
from Abcam (ab34710; Abcam, USA). Antibody against collagen
III was purchased from Proteintech (13548-AP; Wuhan, China).
Antibody against GAPDH was provided by ZSGB (TA-08; Beijing,
China). Fluorescent secondary antibodies were purchased from
LI-COR Biosciences (Lincoln, NE, USA).

Statistical Analysis

Data are presented as mean + SEM. Comparison between
two groups was performed using an unpaired Student’s t-test.
Comparisons among multiple groups were determined by
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one-way ANOVA followed by a post hoc Tukey test. The
randomized block ANOVA (repeated measures ANOVA) was
used for western blot data with a control value of 1 and no SEM
as described previously (Lew, 2007). A value of p < 0.05 was
considered statistically significant.

RESULTS

Protein Level of M; Muscarinic
Acetylcholine Receptor in Transforming
Growth Factor Beta 1-Induced Cardiac
Fibroblasts

Previous studies demonstrated that M;R is expressed in
cardiomyocytes; however, whether this subtype of MR is also
expressed in cardiac fibroblasts remained unknown. We therefore
firstly detected protein level of M;R in cardiac fibroblasts using
cardiomyocytes as a positive control group. As shown in Figure
1A, protein level of M;R in cardiac fibroblasts was within the
same range as that in cardiomyocytes. We then treated cardiac
fibroblasts with 20 ng/ml TGF-B1 for 48 h to promote their
proliferation. The mRNA levels of TGF-B1 and collagen I were
significantly higher in TGF-B1-treated cells than in non-treated
control cells (Figures 1B, C). Moreover, TGF-f1 markedly
elevated the protein level of M;R (Figure 1D). These findings
support that M,R is expressed in cardiac fibroblasts and can be
activated in response to TGF-p1 stimulation.

Effects of Choline on Protein Levels of
Collagen in Cardiac Fibroblasts

In order to investigate the effects of MR on the proliferation of
cardiac fibroblasts, we measured the protein levels of collagen I
after treatment with a muscarinic acetylcholine receptor agonist
choline at concentrations of 1, 5, and 10 mM. Both western blot

and immunofluorescence results showed that collagen I was
significantly decreased by 1 mM choline (Figures 2A, B). And
higher concentration of choline (5 and 10 mM) did not impose
further inhibitory effects on collagen I levels. We therefore used
1 mM choline for subsequent experiments. As shown in Figures
2C, D, compared with the TGF-p1 group, collagens I and III
were significantly decreased by 1 mM choline, and this effect was
abolished by adding 4-DAMDP, a specific antagonist of M;R. These
data suggested that activation of M,R significantly inhibits the
secretion of collagen in cardiac fibroblasts.

Furthermore, the protein level of M;R was further up-regulated
by choline in cardiac fibroblasts pretreated with TGF-B1, which
was partially but significantly reversed by 4-DAMP (Figure 2E).
These results suggest that M;R up-regulation and M,R activation
are both involved in inhibiting collagen production in TGF-p1-
treated cardiac fibroblasts.

Because choline and 4-DAMP are not highly specific ligands
for MR, siRNA of MR siRNA was used by transfection to
specifically silence the expression of M;R, and to validate the
effects of M;R on the proliferation of cardiac fibroblasts. We
examined three MR siRNAs and selected the one with the highest
silencing efficacy from them for subsequent experiments (Figure
2F). As expected, silence of M;R promoted collagen production
in cardiac fibroblasts treated with M;R siRNA compared with the
control group (Figure 2G).

Effects of Choline on Transverse Aortic
Constriction-Induced Cardiac Dysfunction
in Mice

As shown in Figure 3A, the heart size of TAC mice was obviously
larger than sham control mice but was markedly reduced by choline.
The effect of choline was abrogated by 4-DAMP. Consistently, both
the ratios of heart weight to body weight and left ventricular weight
to body weight of TAC mice were decreased by choline, which was
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FIGURE 1 | Protein level of M3 muscarinic acetylcholine receptor (M3R) in transforming growth factor beta 1 (TGF-p1)-induced cardiac fibroblasts (CF). (A) Protein
level of M3R in CF and cardiomyocytes (CM). n = 3. (B) Effect of TGF-p1 (20 ng/ml, 48 h) on messenger RNA level of TGF-B1. **p < 0.01 vs. Ctrl, n = 3. (C) Effect
of TGF-p1 (20 ng/ml, 48 h) on mRNA level of collagen I. ***p < 0.001 vs. Ctrl, n = 3. (D) Effect of TGF-p1 (20 ng/ml, 48 h) on protein level of MgR in CF. *p < 0.05 vs.
Ctrl, n = 4.
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FIGURE 2 | Effects of choline and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) on transforming growth factor beta 1 (TGF-p1)-induced collagen
secretion. (A) Effects of different concentrations of choline (1, 5, 10 mM) on protein level of collagen I. **p < 0.001 vs. Ctrl, #p < 0.01 vs. TGF-B1, n = 5.

(B) Immunofluorescence for collagen | in cardiac fibroblasts (CF). Images were obtained using fluorescence microscopy. Blue fluorescence indicates 4’,6-diamidino-
2-phenylindole, green fluorescence indicates collagen I, scale bars: 50 pm. “p < 0.05 vs. Ctrl, o < 0.05 vs. TGF-p1, n = 3. (C) Effect of choline on collagen | protein
level in the different experimental groups. *p < 0.05 vs. Ctrl, #p < 0.01 vs. TGF-p1, #p < 0.01 vs. choline, n = 7. (D) Effect of choline on collagen Il protein level in
the different experimental groups. *p < 0.05 vs. Ctrl, *p < 0.05 vs. TGF-p1, & < 0.05 vs. choline, n = 6. (E) Effects of choline (1 mM) and 4-DAMP (3 nM) on protein
level of M muscarinic acetylcholine receptor (M3R) in TGF-p1-treated CF. *p < 0.05 vs. Ctrl, *p < 0.05 vs. TGF-p1, n = 5. (F) Protein level of MsR after transfecting
with three fragments of M;R-siRNA. *p < 0.05 vs. Ctrl, n = 4. (G) Protein level of collagen | after transfecting M;R-siRNA-3. *p < 0.05 vs. Ctrl, n = 5.
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FIGURE 3 | Effects of choline on cardiac function of transverse aortic constriction (TAC) mice model. (A) Representative hearts from sham, TAC, and the mice
induced by TAC treated with choline (14 mg/kg per day) and 4-DAMP (0.7 pg/kg/day) for 8 weeks. (B) The ratio of heart weight/body weight (BW). (C) The ratio of
left ventricular weight (LVW)/BW. (D) The ratio of lung weight/body weight. (E) Representative echocardiographic images of mouse hearts in each group. (F) Left
ventricular ejection fraction (LVEF). (G) Systolic left ventricular internal diameter (LVID, s). (H) Diastolic left ventricular internal diameter (LVID, d). *o < 0.05, **p< 0.01
vs. sham, #p < 0.05, #p < 0.01 vs. TAC, ép < 0.05, %p < 0.01 vs. choline, n = 6.

reversed by 4-DMAP (Figures 3B, C). No significant difference ~ (Figures 4B, C). Meanwhile, protein level of M;R was increased in
of the ratio of lung weight/body weight was found (Figure 3D). ~ TAC mice compared to that in sham mice, and this upregulation
Echocardiographic data revealed that LVEF was increased,  was further exaggerated by choline but repressed by 4-DAMP
while the thickness of the posterior wall of the left ventricle was  (Figure 4D). These results suggest that choline suppresses, whereas
significantly reduced by choline. These effects were weakened by =~ M;R inhibition facilitates cardiac fibrosis.

4-DAMP pretreatment (Figures 3F-H), suggesting that M;R
antagonism accounts at least partially for the cardiac dysfunction

in TAC mice and choline improves the impaired cardiac function. Suppressive Effects of Choline on the

Transforming Growth Factor Beta 1/

Smad Pathway in Cardiac Fibroblasts and
Effects of Choline on Cardiac Interstitial Transverse Aortic Constriction Mice
Fibrosis The classical TGF-B1/Smad signaling pathwayisakey determinant
Masson staining shown in Figure 4A revealed that choline  of cardiac fibrogenesis. Our Western blot results showed that the
treatment decreased the collagen-enriched area and attenuated  protein levels of TGF-B1 and Smad2/3 were significantly lower in
the inflammatory cell infiltration of myocardial fibrosis induced  the choline group than in the TGF-B1 group, 4-DAMP abolished
by TAC, which was reversed by 4-DAMP. Meanwhile, the protein  the effects of choline (Figures 5A, B). Similar results were
levels of collagens I and collagen III were found significantly higher ~ consistently observed in TAC mice: the protein levels of TGF-p1
in the TAC group than in the sham group, and this TAC-induced ~ and p-Smad2/3 were substantially increased in TAC mice relative
collagen deposition was essentially inhibited in the choline group  to those in sham control group. Moreover, choline mitigated the
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TAC, n = 8. (D) Cardiac M; muscarinic acetylcholine receptor protein level after

TAC-induced upregulation TGF-B1 and p-Smad2/3 levels and
addition of 4-DAMP nearly entirely abolished the effects of
choline (Figures 5C, D).

Suppressive Effects of Choline on
Mitogen-Activated Protein Kinase
Signaling in Cardiac Fibroblasts and
Transverse Aortic Constriction Mice

It is well known that the MAPK signaling pathway plays
an important role in myocardial ischemia and cardiac
hypertrophy. We therefore next explored the potential

relationship between M;R and MAPK signaling. On one hand,
the ratio of p-p38/t-p38, and of p-ERK1/2/t-ERK1/2 in the
choline group were significantly lower than in the TGF-p1
group, while 4-DAMP eliminated the suppressive effect of
choline on p-p38, it failed to affect the effect of choline on
p-ERK1/2 (Figures 6A, B). On the other hand, protein levels
of p-p38MAPK and p-ERK were increased in the TAC group
compared with the sham group, and choline abrogated such
increases while 4-DAMP partially prevented the suppressive
effect of choline (Figures 6C, D). These findings suggesting
that M;R activation inhibits activation of p38 and ERK1/2
thereby MAPK signaling.

Frontiers in Pharmacology | www.frontiersin.org

14

November 2019 | Volume 10 | Article 1386


https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

Anti-Fibrosis Effect of Choline

)
&
¢ &
A > N SO
&“éo Q& ’QO\\ )(c“Q % V.
° <0 RS &

2.0
-
re
Na-RE
O3
HEN
22
4]
Q
(4
B .
&
o\ N \\00 <}\$
& R & &
& & S
4 2\ ® »

p-Smad2/3 | S SRR S S | 52/60kDa

GAPDH [ -| 36kDa

g
@
1

*k%

- 0N

o o
r T
*

protein level
P

Relative p-Smad2/3

C & @
& o & 5 3
o‘,v «V‘ xO * xb;'

GAPDH |\ G e S | 36kDa

2.5- *
= &
2 _ 20
w @
0,5
'e £ i
2 2 10 L
i1
3 205
4
0.0
%“'f g é‘& v“g
W
x x!
.Qe
&
S
D o
o
¢ N
AP
N
& ¥ © SF
O., & Xo xb‘

p-Smad2/3 | — m— —— -| 52/60kDa
t-Smad2/3 |— —_— — -| 52/60kDa

GAPDH |0 St s s | 36kD2

® 2.04 *
3
© g 1.5
&3
& .S 1.0 ul
7] i
Q =
29
E . 0.5
7]
x 0.0-
& I
q,"‘o <¥ o\\(‘ V$§
o b.'o
x X
<&
N\
©
<O

FIGURE 5 | Effects of choline and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) on protein levels of transforming growth factor beta 1 (TGF-p1)/
Smad2/3. (A) Effect of choline and 4-DAMP on TGF-B1 protein level in TGF-p1-induced cardiac fibroblasts (CF). *p < 0.01 vs. Ctrl, ##p < 0.001 vs. TGF-p1, n = 5.
(B) Effect of choline and 4-DAMP on p-Smad?2/3 protein level in TGF-p1-induced CF. ***p < 0.001 vs. Ctrl, #p < 0.05 vs. TGF-p1, & < 0.05 vs. choline, n = 6.

(C) Effects of choline and 4-DAMP on the protein level of TGF-p1 in transverse aortic constriction (TAC) mice hearts. *p < 0.05 vs. sham, #p < 0.01 vs. TAC, ép <
0.05 vs. choline, n = 6. (D) Effects of choline and 4-DAMP on the protein level of p-smad2/3 in TAC mice hearts. *p < 0.5 vs. sham, #p < 0.05 vs. TAC, n = 4.

DISCUSSION

Although accumulating evidence has supported that M;R is
expressed in cardiomyocytes of both human and rodents (Gadbut
and Galper, 1994; Hellgren et al., 2000; Wang et al., 2001; Stengel
et al, 2002; Willmy-Matthes et al., 2003; Wang et al., 2004;

Abramochkin et al., 2012), its expression, and function in
cardiac fibroblasts remained vaguely understood. To shed light
on this issue, we conducted the present study focusing on the
possible role MR in regulating proliferation and collagen
production of rat cardiac fibroblasts in vitro and cardiac fibrosis
in TAC mice in vivo. The results demonstrated for the first time
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that MR is expressed in cardiac fibroblasts of rodents, and either
pharmacological inhibition or expression silence of M;R favors,
while choline that has the potential to activate M,R limits cardiac
fibrosis by inhibiting p38MAPK signaling.

It has been accepted that M,R is not the only functional subtype
muscarinic and nicotinic acetylcholine receptors (mAChRs) in the

heart (Saternos et al., 2018). Numerous studies have reported that
M,R plays an important role in heart diseases (Filatova et al., 2017;
Xue et al,, 2017). However, these studies primarily focused on
cardiomyocytes and no studies have reported the expression and
function of M;R in cardiac fibroblasts, though it has been shown
that M;Ris expressed in certain types of non-cardiac fibroblasts. For
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example, Pieper et al. demonstrated that M,, M,, and M, receptors
are expressed at the mRNA level in lung fibroblasts. They also
found that cholinergic stimuli mediated by muscarinic receptors
cause remodeling in chronic airway disease (Pieper et al., 2007).
Reina et al. reported that pilocarpine activates muscarinic M, and
M, receptors, which promotes apoptosis in human skin fibroblast
cells (Reina et al., 2010). Here, we demonstrate that MR proteins
are presented in both cardiac fibroblasts and cardiomyocytes with
similar abundance. Previous studies by ours and other laboratories
suggest that choline produces a protective effect against cardiac
hypertrophy by activating M;R (Wang et al, 2012; Liu et al,
2013; Xu et al., 2019). For example, Xu et al. observed significant
attenuation of cardiac fibrosis after choline treatment in cardiac
hypertrophy model (Xu et al,, 2019). However, the mechanism
for the anti-fibrotic effect of choline is unclear. The present study
provided direct evidence of the anti-fibrotic effect of choline via
actingon M,R. This note was well supported by the data we obtained
using M;R-selective antagonist 4-DAMP and M;R-specific siRNA.
Notably, we found that 1 mM choline produced maximum anti-
fibrotic effects and increasing concentrations up to 10 mM did not
yield further effects. As already mentioned earlier, two published
studies demonstrated that choline promotes cardiac fibrosis in
mouse models of TAC and myocardial infarction as well (Organ
et al., 2016; Yang et al., 2019), which is in contradiction to the
findings presented in the present study. The discrepancy could be
explained by the following possibilities. First, in the two published
studies, the authors ascribed the results to the microbiome
conversion of choline to trimethylamine N-oxide (TMAO) as the
animals were fed with choline diet; in other words, the observed
enhancement of cardiac fibrosis by choline diet is primarily caused
by TMAO. However, such an explanation might not be applied to
our case because in our in vivo experiments, choline chloride was
intraperitoneally injected into mice, and it is unlikely that choline
undergoes microbiome conversion to TMAO. Second, in our in
vitro study, fibroblasts were incubated directly with choline and
again it is unlikely for choline to convert to TMAO either. Third,
the fact that the beneficial action of choline was efficiently reversed
by 4-DAMP suggests that in our models, choline likely acts directly
on M;R without an involvement of TMAO or other factors.

It is well established that the MAPK pathway plays
an important role in cardiac fibrosis by modulating the
proliferation and differentiation of cardiac fibroblasts (Chang
et al, 2018). Cardiac fibroblast-specific p38a MAPK causes
cardiac ventricular remodeling and fibrosis promotes cardiac
hypertrophy via regulating interleukin-6 signaling. Conversely,
fibroblast-specific p38a knockout mice exhibits marked
protection against myocardial injury and fibrosis (Bageghni et al.,
2018). Moreover, a previous study also suggests that activation
of M;R by choline relieves cardiac ischemia and hypertrophy by
inhibiting p38MAPK signaling (Wang et al., 2012). The present
study shows that the negative impact of MR on p38MAPK also
exists in cardiac fibroblasts.

In the present study, we used choline as an agonist of M;R;
however, it must be noted that though the ability of choline to
activate MR has been documented by numerous studies, this
compound is not a selective MR agonist. Instead, choline has been
shown to produce a variety of cellular functions. For instance, it

was demonstrated that choline can be uptaken by transporters and
then it activates sigma-1 receptors (Sig-1R), a group of integral
membrane proteins of endoplasmic reticulum and potentiates
Ca?* signals (Brailoiu et al., 2019). Evidence was provided in this
study that choline mimics other Sig-1R agonists by potentiating
Ca?* signals evoked by the inositol 1,4,5-trisphosphate receptors.
The authors conclude that choline is an endogenous agonist of
Sig-1Rs linking extracellular stimuli to Ca?" signals. It is also
noted that this study reports a choline displacement of Sig-1R
specific radioligand binding by [*H](+)-pentazocine with pKi
value of around 3.3 mM, which is essentially in the same range
of choline for M;R as reported by Shi et al. (1999). Together these
findings, it appears that choline is a non-selective agonist for both
M;R and Sig-1R and maybe for other receptors too. Another
study demonstrated that Sig-1R knockout mice have significantly
increased cardiac fibrosis and collagen deposition in the hearts,
indicating an involvement of Sig-1R in regulating cardiac fibrosis
(Abdullah et al., 2018). A most recent report demonstrates that
BD1047 (an antagonist of Sig-1R can cause an increase in atrial
fibrosis contributing to exacerbating atrial fibrillation (Ye et al.,
2019). Due to the present lack of subtype-selective mAChR
agonists, we employed choline as a partial agonist of M;R in the
present study. Precaution must therefore be taken in interpreting
our results obtained with choline in terms of the mechanism of
action; in other words, the present study does not exclude the
possibility of choline to interact with Sig-1R and produce the
anti-fibrotic action. Nonetheless, it should also be noted that there
has not been any evidence for the presence of Sig-1R in cardiac
fibroblasts, with which the present study was conducted.

The study reported by Jaiswal et al. in 1989 (Jaiswal et al.,
1989) stands the first evidence for functional M;R in mammalian
hearts, which was verified the same group in 1996 in ventricular
myocytes of rabbit hearts (Kan et al., 1996). The existence of
M;R in cardiomyocytes has been recognized by several more
confirmative studies from multiple research groups with
pharmacological, functional, and molecular evidence (Hellgren
et al., 2000; Oberhauser et al., 2001; Ponicke et al., 2003; Wang
et al., 2004). Nevertheless, whether M;R also exists in cardiac
fibroblasts remained unknown prior to the present study; thus,
we present here the first evidence for the expression and function
of M;R in cardiac fibroblasts. Though our study does not provide
conclusive evidence, the most rational and objective explanation
of our data is the participation of M;R in cardiac fibrosis.

In addition to M,R and M,R, the heart also expressed other
subtypes of mAChRs, including MR (Colecraft et al., 1998;
Hardouin et al.,, 2002) and MR (Colecraft et al., 1998; Shi et al,,
2004; Wang et al., 2004). The presence of M;R and M,R proteins
on the surface membrane of the cultured rat ventricular myocytes
was confirmed by immunofluorescence (Colecraft et al., 1998).
The study suggests that the positive chronotropic effect of
mAChR activation on the contractions is mediated through
the M,R coupled through Gq to phospholipase C-induced
phosphoinositide hydrolysis. In contrast, a study suggests the
absence of MR expression in mouse heart (Hardouin et al,
2002). This conclusion was primarily based on the following two
pieces of evidence. First, basal values of heart rate, developed left
ventricular pressure, left ventricular dP/dt,,,,, and mean blood
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pressure are similar between wild type and M,R-knockout mice.
Second, administration of M R-selective agonist McN-A-343
increases hemodynamic function in wild-type mice but fails to
cause any changes in MR knockout mice.

Regarding the statistical analysis applied to western blots,
calculating the average of all data from different batches of
experiments represents an appropriate and more powerful
analysis. However, in our study, western blot experiments
presented too much variability in batches of experiments, so we
normalized the data to control in each western blot gel firstly,
then analyzed the normalized data from different batches. This
might represent a limitation of the study, which should be
validated in future study.

In conclusion, our study suggests that choline significantly
inhibits cardiac fibroblast proliferation and collagen secretion
likely via activating M,R with the functional role of which being
associated with the TGF-p1/Smad and p38MAPK pathways.
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Objective: Beta 1-adrenergic receptor autoantibodies (31ARAbs) have been identified
as a pathogenic factor in atrial fibrillation (AF), but the underlying pathogenetic
mechanism is not well understood. We assessed the hypothesis that elevated p1ARADb
levels increase AF susceptibility by promoting atrial fibrosis.

Methods: A total of 70 patients with paroxysmal AF were continuously recruited. The
serum levels of B1ARAb and circulating fibrosis biomarkers were analyzed by ELISA.
Linear regression was used to examine the correlations of 1ARAD levels with left atrial
diameter (LAD) and circulating fibrosis biomarker levels. Furthermore, we established
a rabbit B1ARAb overexpression model. We conducted electrophysiological studies
and multielectrode array recordings to evaluate the atrial effective refractory period
(AERP), AF inducibility and electrical conduction. AF was defined as irregular, rapid
atrial beats > 500 bpm for > 1000 ms. Echocardiography, hematoxylin and eosin
staining, Masson'’s trichrome staining, and picrosirius red staining were performed to
evaluate changes in atrial structure and detect fibrosis. Western blotting and PCR were
used to detect alterations in the protein and mRNA expression of TGF-1, collagen |
and collagen III.

Results: Patients with a LAD > 40 mm had higher B1ARADb levels than patients with
a smaller LAD (8.87 4+ 3.16 vs. 6.75 + 1.34 ng/mL, P = 0.005). B1ARAb levels
were positively correlated with LAD and circulating biomarker levels (all P < 0.05).
Compared with the control group, the rabbits in the immune group showed the
following: (1) enhanced heart rate, shortened AERP (70.00 + 5.49 vs. 96.46 4+ 3.27 ms,
P < 0.001), increased AF inducibility (55% vs. 0%, P < 0.001), decreased conduction
velocity and increased conduction heterogeneity; (2) enlarged LAD and elevated systolic
dysfunction; (3) significant fibrosis in the left atrium identified by Masson’s trichrome
staining (15.17 £+ 3.46 vs. 4.92 + 1.72%, P < 0.001) and picrosirius red staining
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(16.76 £ 6.40 vs. 4.85 £ 0.40%, P < 0.001); and (4) increased expression levels of
TGF-B1, collagen | and collagen lII.

Conclusion: Our clinical and experiential studies showed that 1ARAbs participate in
the development of AF and that the potential mechanism is related to the promotion of

atrial fibrosis.

Keywords: atrial fibrillation, g1-adrenergic receptor autoantibody, atrial fibrosis, circulating fibrosis biomarker,

autoimmune

INTRODUCTION

Atrial fibrillation (AF), the most common clinical cardiac
arrhythmia, has high morbidity, disability and mortality and
has become a serious public health issue and socioeconomic
burden worldwide (Chugh et al., 2014; Ribeiro and Otto, 2018).
To date, the pathophysiological mechanisms of AF initiation
and progression have not been completely elucidated. Emerging
evidence indicates that autoimmunity mechanisms play an
important role in the development of AF and might be a direct
cause of and contributor to AF in some patients (Stavrakis et al.,
2009; Lee et al., 2011; Gollob, 2013).

The beta 1-adrenergic receptor (B1AR) is a type of
transmembrane receptor belonging to the cardiovascular
G-protein-coupled receptor family. p1AR is the predominant
B-adrenoceptor subtype in the human heart, accounting for
60-70% and 70-80% of B-adrenoceptors in the human atrium
and ventricle, respectively (Wallukat, 2002). Early studies
have confirmed that elevated levels of autoantibodies against
B1AR (B1ARADs) can induce cardiomyopathy and heart failure
(Wallukat et al., 1991). Current evidence from both clinical
studies and animal-model experiments has revealed that
B1ARAD is also of pathogenic importance in AF. Yalcin et al.
(2015a) found that serum B1ARADb levels were higher in patients
with paroxysmal AF (PAF) than in healthy controls, and f1ARAb
levels were an independent predictor of PAF occurrence.
Furthermore, Hu et al. (2016) demonstrated an ascending
gradient of serum B1ARADb levels from healthy control subjects
to PAF patients to patients with persistent AF. Additionally, the
area under the curve of 1ARAD concentration predicted AF
recurrence after cryoablation in patients with PAF (Yalcin et al.,
2015b). Evidence from experiments in a rabbit autoimmune
model showed that animals developed high titers of B1ARAbs
after immunization with the second extracellular loop (ECL2)
peptide of BIAR, and elevated f1ARAbs reduced the atrial
effective refractory period (AERP) and facilitated AF induction

Abbreviations: AERP, atrial effective refractory period; AF, atrial fibrillation;
BI1AR, beta I-adrenergic receptor; P1ARADb, beta 1-adrenergic receptor
autoantibody; CV, conduction velocity; ECG, electrocardiogram; ECL2,
second extracellular loop; ECM, extracellular matrix; ELISA, enzyme-linked
immunosorbent assay; Gal3, galectin-3; H&E, hematoxylin and eosin; LA, left
atrial; LAD, left atrial diameter; LVEDD, left ventricular end-diastolic dimension;
LVEE left ventricular ejection fraction; LVESD, left ventricular end-systolic
dimension; MEA, multielectrode array; PAF, paroxysmal atrial fibrillation; PITINP,
procollagen type III N-terminal peptide; PICP, procollagen type I C-terminal
peptide; RAD, right atrial diameter; RT-PCR, real-time polymerase chain reaction;
RVD, right ventricular diameter; TGF-B1, transforming growth factor-p1.

(Li et al,, 2015, 2016). However, the underlying pathogenetic
mechanisms of B1ARAb-mediated AF remains unclear.

Atrial fibrosis is one of the fundamental mechanisms of
AF (Burstein and Nattel, 2008), and previous studies showed
that BIARAbs could induce cardiomyopathy by promoting
ventricular fibrotic structural remodeling (Matsui et al., 1999;
Giménez et al., 2005). Thus, we hypothesize that atrial fibrosis
might be an important mechanism in 1ARAb-mediated AF. To
this end, we measured the levels of B1ARADb in patients with PAF
and analyzed their correlation with the presence of atrial fibrosis
via non-invasive assessments that included echocardiographic
LA diameter and circulating fibrosis biomarkers. Furthermore,
we established a rabbit model by passive immunization against
B1ARAbs; in this model, we examined whether increased
expression of B1ARADs plays a role in atrial fibrotic remodeling.

MATERIALS AND METHODS

Ethics Committee Approval

The protocol for the clinical study was approved by the
Medical Ethics Committee of the First Affiliated Hospital of
Xinjiang Medical University (Approval Number: 20170213-
02) and conformed to the principles of the Declaration of
Helsinki. All participants provided written informed consent
for participation. The protocol for the experimental study was
approved by the Institutional Animal Care and Use Committee
of the First Affiliated Hospital of Xinjiang Medical University
(Approval Number: TACUC-20170420-03) and conformed to
the principles of the International Association of Veterinary
Editors’ Consensus Guidelines as well as the Basel Declaration.
Anesthesia procedures were performed with pentobarbital
sodium (30 mg/kg) via the marginal ear vein, and pentobarbital
sodium was given as needed to maintain the depth of
anesthesia during surgery. All efforts were made to minimize
animal suffering.

Study Population and Data Collection

From July 2017 to March 2018, 70 consecutive patients who
were newly diagnosed with PAF and were admitted to the
Heart Center of the First Affiliated Hospital of Xinjiang
Medical University were recruited. PAF was defined as AF
episodes cardioverted within 7 days after onset, as stated
by the 2016 European Society of Cardiology AF guidelines
(Kirchhof et al., 2016). Patients with autoimmune diseases,
heart failure with reduced ejection fraction, history of acute
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coronary syndrome, severe valvular heart disease, or infectious
diseases were excluded from our study. Participants underwent
echocardiographic examination by experienced sonographers
with a GE Vivid E9 ultrasound instrument (GE Vingmed
Ultrasound, Horten, Norway). Information on demographic and
clinical characteristics was obtained for all recruited patients.

Enzyme-Linked Immunosorbent Assay
(ELISA)

A 5 mL peripheral vein blood sample from each patient was
collected in a non-anticoagulant blood-collection tube in the
morning after a 12 h fast. The blood was centrifuged at 3000 rpm
for 10 min to obtain the serum, which was then stored at -
80°C until processing. The serum levels of B1ARADb, procollagen
type III N-terminal peptide (PIIINP), procollagen type I
C-terminal peptide (PICP), and galectin-3 (Gal3) were measured
quantitatively using ELISA kits according to the manufacturer’s
instructions. PIIINP, PICP and Gal3 were analyzed using kits
produced by Elabscience (E-EL-HO0183c, E-EL-H0196¢, and
E-EL-H1470c; Beijing, China), and the kit used to measure
B1ARADs was from Cusabio (CSB-E15079h; Wuhan, China).

Experimental Animals and Design

Sixteen male New Zealand white rabbits (each weighing
3.0-3.5 kg at baseline) were obtained from the Experimental
Animal Center of Xinjiang Medical University (Urumgqj,
China) and were randomly divided into two groups: a control
group and an immune group. The generation of the animal
model followed the protocols of previous studies (Li et al,
2014, 2015, 2016), and a flow chart of the experimental design
is shown in Figure 1A. The immune group was initially

A Control | Echocardiography |
(n=8) l
} I I I Excise tissue
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I L J
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FIGURE 1 | Schematic of the study process. (A) study protocol diagram;
(B) ELISA results (31ARAb OD values) in the two groups. *P < 0.05, control
group vs. immune group at the same time point. ELISA, enzyme-linked
immunosorbent assay; p1ARAD, beta 1-adrenergic receptor autoantibody;
OD, optical density.

immunized with 2 mg of the B1AR ECL2 peptide (amino acid
sequence:  '“HWWRAESDEARRCYNDPKCCDFVTNR??3;
98.13% purity, synthesized by Biosynthesis Biotechnology
Inc., Beijing, China) in 1 mL of complete Freund’s adjuvant
(Sigma-Aldrich, St. Louis, MO, United States) at 0 weeks and was
boosted with 2 mg of the B1AR ECL2 peptide and incomplete
Freund’s adjuvant (2 mg in 1 mL; Sigma-Aldrich, St. Louis, MO,
United States) three times, spaced 2 week apart. Rabbits in the
control group received an equal amount of adjuvant without the
B1AR ECL2 peptide at the same time points. Blood samples were
collected from both groups every 2 weeks in an awake state before
injection, and the serum p1ARADb levels were measures by ELISA
and expressed as optical density values based on previous studies
(Li et al., 2015). Transthoracic echocardiographic examination
was performed at baseline and repeated at 8 weeks after the first
immunization. Atrial electrophysiological studies, multielectrode
array (MEA) measurement and histological analyses were
performed at 8 weeks.

Echocardiography

Echocardiographic examinations of all rabbits were performed
with a PHILIPS HD11XE transthoracic doppler ultrasound
imaging system (Philips Inc., Bothell, WA, United States) with
an S12-4 scan probe by an experienced sonographer who was
blinded to the nature of the animal experiment. After the rabbits
were anesthetized, the hair in the anterior chest area was shaved,
the rabbits were placed in the left lateral decubitus position,
and the measurements were taken. The left atrial diameter
(LAD), right atrial diameter (RAD), left ventricular end-diastolic
dimension (LVEDD), left ventricular end-systolic dimension
(LVESD), right ventricular diameter (RVD), and left ventricular
ejection fraction (LVEF) were measured. Each result was
recorded as the average across three consecutive cardiac cycles.

Electrophysiological Measurement

Under anesthesia, surface electrocardiogram (ECG) leads were
placed onto the extremities of the animals and connected to
a computer-based multichannel physiological laboratory system
(LEAD-7000, Jinjiang Electronic Science and Technology Inc.,
Chengdu, China) to record the heart rate for 5 min. Spontaneous
arrhythmia episodes within 5 min were also documented. Then,
the neck region was shaved, iodine disinfectant was applied, and
an incision was made. The right jugular vein was isolated and
intubated with a 4F sheath. The quadripolar electrode catheter
entered the right atrium under the control of ECG, and the atrial
potential was recorded in combination with surface ECG.

AERP and AF inducibility were measured as described in our
previous study (Wang et al., 2017). AERP was conducted with
a programmed train of eight basic stimuli (S1-S1 = 260 ms)
followed by one extra stimulus (S2) with an initial pacing length
of 200 ms and 5 ms decrements until S2 failed to capture the
depolarization. The longest S1-S2 interval was defined as the
AERP. The AERP was measured three times, and the average
value was calculated. The inducibility of AF was assessed by
burst pacing to the right atrium (twofold threshold current, cycle
length 50 ms, duration 30 s per bout), and this treatment was
repeated 5 times for each rabbit. AF inducibility was calculated
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as the percentage of successfully recorded AF. AF was defined
as irregular, rapid atrial beats > 500 beats per minute (bpm)
for more than 1000 ms (Yang et al, 2018). Other types of
arrhythmias induced in the rabbit were defined as follows: (1)
atrial premature beat: a premature P wave that is morphologically
a variant or replica of the P waves of the baseline rhythm; (2)
sinus tachycardia: regular, rapid heart rate > 250 bpm with 1:1
atrioventricular conduction arising from the sinus node; and (3)
atrial flutter: regular, rapid atrial beats > 250 bpm with distinct P
waves between variable QRS cycles (Curtis et al., 2013).

Flexible MEA Recording

MEA measurement was performed at sinus rhythm following
electrophysiological study to record the conduction and
conduction heterogeneity of the LA appendage epicardial surface
in vivo. The chest of each rabbit was opened by cutting the
center of the sternum, and the heart was exposed. A flexible
MEA chip with 36 electrodes (6 x 6 electrodes, interelectrode
distance: 300 pm, electrode diameter: 30 um) was positioned at
the surface of the LA appendage (Supplementary Figure S1).
When the unipolar electrograms of the MEA recording were
stable, recordings were taken to generate an activation map
and calculate the conduction velocity (CV). The inhomogeneity
index was calculated as a variation coefficient of CV (P5_95/Psq)
(Lammers et al., 1990). Data were collected at 10 kHz per channel
and analyzed with Cardio2D + software (Multi Channel Systems,
Reutlingen, Germany).

Histological Collection and Processing

The animals were sacrificed with high doses of pentobarbital
sodium at the end of the experiment, and the hearts were
quickly removed. The left atrial tissues were divided into
small pieces, fixed in paraformaldehyde for histological staining,
frozen in liquid nitrogen, and stored at —80°C for protein
and mRNA analysis.

Atrial tissues were fixed in 4% paraformaldehyde for 24 h and
then embedded in paraffin. The atrial tissue was sliced into 5 pm-
thick cross-sections to visualize the cell structure. The sections
were deparaffinized and subjected to hematoxylin and eosin
(H&E) staining, Masson’s trichrome staining, and picrosirius red
staining for assessment of basic tissue structure and detection of
fibrosis following the methods of our previous study (Wang et al.,
2017). Digital photographs were taken under a Leica microscope
(DM2500, Wetzlar, Germany). The distribution of collagen area
was measured by two staining methods (Masson’s trichrome
staining and picrosirius red staining). The histopathological
sections were analyzed using Image-Pro Plus software (version
6.0, Media Cybernetics, United States). The collagen area was
calculated as the area of positive collagen staining divided by the
entire myocardial area (%).

Western Blotting Analysis

Western blot analysis was performed to detect the expression
levels of transforming growth factor-B1 (TGF-B1), collagen I
and collagen III; the protocols were as previously described
(Wang et al., 2017). Briefly, 40g of protein was fractionated
by 12% SDS-PAGE and then transferred onto PVDEF

membranes. The membranes were blocked with 5% non-fat
milk for 2 h and then incubated with primary antibodies
overnight at 4°C. After being washed, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies for 2 h. Finally, the membranes were visualized
with chemiluminescence reagents (EMD Millipore, Billerica,
MA, United States). Image] 1.41 Software (NIH, Bethesda,
MD, United States) was used to analyze the density of the
Western blotting bands. The primary antibodies were as
follows: anti-TGF-p1 (1:1000; Abcam, Cambridge, MA,
United States), anti-collagen I (1:1000; Abcam, Cambridge,
MA, United States) and anti-collagen III (1:1000; Bioss, Beijing,
China) antibodies. All protein expression levels were normalized
to the GAPDH expression level (1:1000; Goodhere Biotech,
Hangzhou, China).

Real-Time Polymerase Chain Reaction
(RT-PCR)

RT-PCR was used to quantitatively describe the mRNA
expression of TGF-B1, collagen I and collagen III. Total RNA
was extracted with TRIzol Reagent (Ambion, Austin, TX,
United States) according to the manufacturer’s instructions. RT-
PCR was performed on an ABI QuantStudio 6 Flex RT-PCR
System (Applied Biosystems, United States) with the SYBR Green
Iincorporation method. The relative expression levels of mRNAs
were calculated using the 27 22¢ method. GAPDH was used
as the internal control. The primers for related genes are listed
in Table 1.

Statistical Analysis

Data analysis was performed using SPSS software (version 23.0,
SPSS Inc., Chicago, IL, United States). Continuous data are
presented as the means and standard deviations and were
evaluated by Student’s ¢-test. Classification data were presented
as proportions and evaluated by the chi-squared test or Fisher’s
exact test. Correlations between P1ARAb levels and other
parameters were ascertained by Pearson’s correlation coeflicient
or Spearman’s rank correlation coefficient. A two-tailed P < 0.05
was considered statistically significant.

RESULTS

Clinical Characteristics of the Study

Population

This study enrolled 70 patients with PAF; their baseline clinical
characteristics are described in Table 2. According to LA
anteroposterior diameter, participants were divided into two
groups: a group with LA diameter < 40 mm (n = 47) and a
group with LA diameter > 40 mm (n = 23). Patients with atrial
enlargement had a higher level of P1ARADbs (8.87 £ 3.16 vs.
6.75 + 1.34 ng/mL, P = 0.005) and a lower LVEF (60.21 =+ 4.87 vs.
62.95 £ 5.47%, P = 0.045) than those without atrial enlargement.
No differences in age, sex, comorbidity, blood biochemical
parameters or fibrosis-related biomarkers were observed between
the two groups (all P > 0.05).
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TABLE 1 | Primer sequences for RT-PCR.

Genes Forward Reverse

TGF-g1 5-AGCTGTACATTGACTTCCGCAAGG-3 5-CAGGCAGAAGTTGGCGTGGTAG-3
Collagen | 5-AACTTGCCTTCATGCGTCTG-3 5-CCTCGGCAACAAGTTCAACA-3
Collagen Il 5'-CGGACTTGCAGGAATTACAGG-3' 5-TTTCCGTCTCTTCCAGGTTCA-3
GADPH 5'-CAGGGCTGC AACTCTGG-3 5-TGGAAGATGGTGATGGCCTT-3

RT-PCR, reverse transcription polymerase chain reaction;, TGF-B1, transforming growth factor-beta 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

TABLE 2 | The clinical characteristics of the study population.

Characteristics Total participants (n = 70) LA anteroposterior diameter P-value
<40 mm (n = 47) >40 mm (n = 23)
Age, years 60.57 + 13.25 60.17 + 13.47 61.39 + 13.04 0.720
Male, n (%) 39 (55.7) 27 (57.4) 12 (52.2) 0.677
Hypertension, n (%) 33 (47.1) 21(44.7) 12 (62.2) 0.555
Diabetes mellitus, n (%) 15 (21.4) 10 (21.3) 5(21.7) 0.965
Coronary heart disease, n (%) 12 (17.1) 8(17.0) 4(17.4) 0.969
History of stroke, n (%) 14 (20.0) 7(14.9 7 (30.4) 0.127
CHA,DS,-VASC score 219+1.84 2.09 +£1.78 2.39 +£1.99 0.518
HAS-BLED score 1.01 £1.07 0.94 +0.99 117 +£1.28 0.386
LVEF, % 62.05 + 5.40 62.95 £+ 5.47 60.21 + 4.87 0.045
ALT, U/L 20.00 + 5.46 19.75 £ 5.60 20.52 £ 5.25 0.583
FBG, mmol/L 513 +0.82 4.97 +£0.59 544 +£1.12 0.069
TG, mmol/L 1.59 £+ 1.01 1.68 £ 1.14 1.39 £ 0.68 0.168
TC, mmol/L 3.76 £ 0.96 3.78 £0.88 3.73+1.12 0.855
LDLC, mmol/L 2.35+0.78 2.33+0.76 2.40+0.85 0.745
HDLC, mmol/L 1.11 £ 0.31 1.13 £0.33 1.09 £ 0.27 0.602
B1ARAbs, ng/mL 7.45 +2.33 6.75 +1.34 8.87 £ 3.16 0.005
PIINP, ng/mL 17.09 £ 6.30 16.17 £ 4.72 18.96 + 8.51 0.081
PICP, ng/mL 410 £ 0.81 4.03 £ 0.61 426 +1.11 0.254
Gal3, ng/mL 2.02 +£0.34 1.96 + 0.29 2.13+0.40 0.058

Values are presented as the mean + SD, or n (%). LA, left atrial; LVEF, left ventricular ejection fraction; ALT, alanine transferase; FBG, fasting blood glucose; TG, triglyceride;
TC, total cholesterol; LDLC, low-density lipoprotein cholesterol; HDLC, high-density lipoprotein cholesterol; f1ARAbs, beta 1-adrenergic receptor autoantibodies; PIINE,
procollagen type B N-terminal peptide; PICF, procollagen type C-terminal peptide; Gal3, galectin-3.

Correlation of $1ARADb Levels With

Fibrosis and Clinical Indexes

As demonstrated in Figure 2, Pearson’s linear correlation analysis
showed that the serum B1ARADb levels were positively correlated
with LA diameter and circulating biomarkers (LA diameter:
r = 0.272, P = 0.023; PIIINP: r = 0.694, P < 0.001; PICP:
r = 0.316, P = 0.008; Gal3: r = 0.545, P < 0.001). B1ARADb
levels did not correlate significantly with other clinical indexes,
including age, LVEE, hypertension, diabetes mellitus, coronary
heart disease, history of stroke, CHA,DS,-VASc score and HAS-
BLED score (Table 3).

Effect of f1ARAbs on Atrial

Electrophysiology

All rabbits in both groups survived through the entire
research period. From the second week onward, the rabbits
in the immune group, immunized with the B1AR ECL2
peptide, developed higher levels of f1ARAb than the control
group (Figure 1B).

Spontaneous AF episodes were observed in two rabbits in the
immune group in the observational period prior to the invasive
electrophysiological study, but the rate difference between groups
was not statistically significant (2/8 vs. 0/8, P > 0.05). Compared
with the control group, the immune group showed a significantly
increased heart rate (207.13 £ 8.63 vs. 177.13 + 6.17 bpm,
P < 0.001), shortened AERP (70.00 = 5.49 vs. 96.46 =+ 3.27 ms,
P < 0.001), and increased rate of induced AF (55% vs. 0%,
P < 0.001) 8 weeks after immunization (Figure 3).

Figures 4A-C demonstrate the conduction activation maps
and CV maps of the LA appendage epicardial surface; a
slower CV (34.38 £ 8.48 vs. 61.50 £ 13.40 cm/s, P < 0.001,
Figures 4D,E) and greater conduction inhomogeneity index
(2.63 £ 0.40 vs. 1.52 £ 0.25, P < 0.001, Figures 4D,F) were
observed in the immune group than in the control group.

Changes in Echocardiography
Parameters

Table 4 and Figure 5A show echocardiographic changes. In the
immune group, increases in LAD, RAD, LVEDD, and LVESD
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TABLE 3 | Correlation analysis between $1ARAD levels and clinical indexes in
patients with PAF.

r P-value
Age —0.009 0.939
LVEF —0.108 0.374
Hypertension —0.070 0.564
Diabetes mellitus -0.187 0.121
Coronary heart disease 0.024 0.841
History of stroke 0.140 0.249
CHA,DS,-VASC —0.140 0.248
HAS-BLED —0.021 0.861

PTARAD, beta 1-adrenergic receptor autoantibody; LVEF, left ventricular ejection
fraction.

and a decrease in LVEF were observed compared with the
baseline levels. Compared to the control group, the immune
group had significant increases in LAD, LVEDD, and LVESD
and a significant decrease in LVEF after 8 weeks. There were
no significant differences in LAD, RAD, LVESD, RVD, or LVEF
between the baseline and endpoint in the control group, although
LVEDD slightly increased after 8 weeks.

Histopathological Changes

In the control group, H&E staining showed that the
cardiomyocytes were arranged neatly, and there was a small
amount of connective tissue in the extracellular matrix (ECM,
Figure 5B). However, the interstitial structure was disordered
in the immune group, with extensive fibrous tissue hyperplasia
accompanied by inflammatory cell infiltration and increased
angiogenesis (Figure 5C).

Additionally, increased collagen accumulation in the ECM
in the immune group was observed by Masson’s trichrome
staining (15.17 % 3.46 vs. 4.92 &+ 1.72%, immune and control
groups, respectively, P < 0.001) and picrosirius red staining
(16.76 £ 6.40 vs. 4.85 £ 0.40%, immune and control groups,
respectively, P < 0.001, Figures 5D,E). Correlation analysis
showed a significant positive correlation between circulating
B1ARAD levels at 8 weeks and total fiber area (r = 0.895 and
0.786 for Masson’s trichrome staining and picrosirius red stain,
respectively, both P < 0.001, Figure 5F).

Fibrosis-Related Protein and Gene

Expression

As shown in Figure 6, the messenger RNA and protein
expression levels of TGF-B1, collagen I and collagen IIT were
significantly upregulated in the immune group compared with
the control group.

DISCUSSION
Main Finding

In the present study, we analyzed the relationship between
B1ARADs and non-invasive atrial fibrosis indicators in patients
with PAF and examined the effects of atrial structural remodeling
in a rabbit model with enhanced B1ARADbs expression. The
major findings were as follows: (1) BLIARAD levels were
positively correlated with LA anterior-posterior diameter and
three circulating fibrosis markers (PIIINP, PICP, Gal3) in PAF
patients; (2) excessive expression of BIARAbs increased LAD
and interstitial fibrosis and led to increased inducibility of
AF along with shortened AERP, slowed CV and increased
conduction heterogeneity.

f1ARADbs in AF Patients

Fibrosis is an important part of atrial remodeling in AF, and
an increased LA diameter is a simple indicator of severe
atrial structural remodeling and interstitial fibrosis or scarring
(Liao et al, 2017). In addition, left atrium enlargement is
the pathological basis and a major determinant of AF and
its progression. Our study reported for the first time that
BL1ARAb levels have a positive linear correlation with LA
diameter but are not associated with other clinical manifestations
or comorbidities, suggesting that f1ARAbs may cause atrial
structural remodeling and might be involved in the development
of AF. This result supports the previous observation that patients
with persistent AF have higher B1ARAD levels than patients with
PAF (Hu et al,, 2016). At the same time, our finding might
also partly explain why elevated B1ARAbD levels increased the
AF recurrence rate after cryoablation in a previous study (Yalcin
et al., 2015b), as enlarged LA size is a well-known, consistent,
independent predictor of recurrence following ablation in AF;
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FIGURE 3 | Electrophysiology measurements of the two groups. Comparison of heart rate (A), AERP (B), and AF inducibility (C) between the two groups;
spontaneous APBs (D) and AF (E) observed in the immune group; representative sinus rhythm (F), sinus tachycardia (G), AFL episode (H) and AF episode (1)
induced after burst pacing. *P < 0.05, control group vs. immune group. AERP, atrial effective refractory period; AF, atrial fibrillation; APB, atrial premature beat; AFL,

atrial flutter.
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TABLE 4 | Echocardiographic differences between the two groups.

Parameters Control group Immune group
Baseline Endpoint P-value Baseline Endpoint P-value

LAD, mm 9.583 £0.43 9.77 £0.82 0.211 9.13 £0.64 10.93 + 0.99* 0.012
RAD, mm 9.63 £+ 0.71 10.53 + 1.22 0.081 9.40 + 1.11 11.23 £ 0.96 0.004
LVEDD, mm 15.18 £ 0.83 16.05 £ 0.89 0.047 14.56 £ 0.97 16.89 £ 0.44* 0.001
LVESD, mm 10.67 + 0.86 11.42 £1.08 0.158 9.99 £ 0.97 12.94 +£1.02* <0.001
RVD, mm 8.33 + 0.59 8.55 + 0.62 0.153 8.16 £ 0.62 8.61+0.34 0.054
LVEF, % 65.12 £ 5.14 63.71 £ 6.82 0.682 67.43 £5.77 54.47 + 9.68" 0.001

*P < 0.05 compared with the control group at the same time point. LAD, left atrial diameter; RAD, right atrial diameter; LVEDD, left ventricular end-diastolic dimension;
LVESD, left ventricular end-systolic dimension; RVD, right ventricular diameter; LVEF, left ventricular ejection fraction.

its predictive ability has been confirmed in large observational
studies and meta-analyses (Zhuang et al., 2012; Jin et al., 2018).
Furthermore, Duan et al. (2019) found that in hypertrophic
cardiomyopathy patients, those with LA diameters > 50 mm
had significantly higher levels of B1ARAbs than those with
smaller LA diameters [52.78 (46.76, 58.34) vs. 45.03 (36.74,
55.44) ng/mL, P = 0.042]. Our result was similar to that
of a recently published study investigating the association of
another G-protein-coupled receptor autoantibody (against the
M2-muscarinic acetylcholine receptor) with atrial fibrosis in
AF patients; a positive correlation was found between serum

autoantibody levels and collagen volume in LA appendages
(Ma et al., 2019).

The main feature of atrial fibrosis is increased collagen
deposition in the ECM, and human atrial fibrosis is mainly
composed of types I and III collagen (Boldt et al., 2004). In the
process of atrial fibrosis development, components for collagen
synthesis, secretion, renewal, and deposition, such as PICP and
PITINP, are released into the blood and can be used as circulating
biomarkers (Dilaveris et al., 2019). Gal3, a member of the galectin
family, is elevated in fibrotic conditions and highly expressed
in fibrotic cardiac tissues (Calvier et al., 2013; Clementy et al,,
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density.

FIGURE 5 | Schematic diagram of echocardiography results and histopathological changes in atrial tissues. (A) increased LAD and reduced cardiac function in the
immune group; (B) representative images of H&E staining (40x); (C) angiogenesis (a, 20x), inflammatory cell infiltration (b, 40x), interstitial fibrosis (c, 40x) and
increased ECM (d, 40x) in the left atrium of the immune group; (D) representative images of picrosirius red staining (40x) and Masson'’s trichrome staining (20x); (E)
quantitative assessment of atrial fibrosis between two groups; (F) correlation of $1ARAb OD values of 8 weeks with total collagen area. *P < 0.05, control group vs.
immune group. LAD, left atrial diameter; H&E, hematoxylin and eosin; ECM, extracellular matrix; B1ARAb, beta 1-adrenergic receptor autoantibody; OD, optical
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2018). In our study, serum B1ARAb levels were correlated with
the levels of three fibrosis-related biomarkers. To date, however,
there have been conflicting results regarding the predictive value
of circulating biomarkers in atrial fibrosis. Data from patients
undergoing cardiac surgery demonstrated that serum PICP levels
correlated significantly with the percentage of LA fibrosis from
atrial biopsy specimens (Swartz et al., 2012). Nevertheless, other
studies failed to verify the correlation between these biomarkers
and fibrosis as assessed by LA low-voltage area (Begg et al., 2017).
A convincing explanation is that the blood levels of fibrosis-
related biomarkers are susceptible to non-cardiac fibrosis, and

systemic fibrosis masks their peripheral levels (Begg et al.,
2018). In our study, we pre-excluded patients with severe heart
failure and those with autoimmune or infectious diseases; only
patients newly diagnosed with PAF were included. We hoped
that, once diseases which could cause non-atrial fibrosis were
mainly eliminated, the levels of these biomarkers could indicate
the severity of atrial fibrosis. In addition, our results showed
only weak to moderate correlations between B1ARAD levels and
non-invasive atrial fibrosis indexes, although the correlations
were statistically significant. The clinical significance must be
interpreted with caution.
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Elevated $1ARAbs Increase AF

Susceptibility in an Animal Model

We observed spontaneous AF in two immunized rabbits,
although the intergroup difference in proportion was not
statistically significant (2/8 vs. 0/8). Nonetheless, this finding
suggested that elevated B1ARADbs might be a direct cause of AF.
We also evaluated the AF propensity of these animals, and the
results showed that the heart rate was enhanced and AERP was
shortened after immunization, which was similar to the results
of a previous study (Li et al., 2015). However, we observed
a much higher rate of induced AF (22/40) than reported in
that previous study (1/24), probably because we used a higher
dose of injected P1ARADbs and a longer modeling time in our
study. These results suggest that B1ARAbs and AF may have a
dose-response relationship, as previous studies have also shown
a significant negative correlation between B1ARAD levels and
AERP (Lietal, 2015).

f1ARAbs Promote Atrial Structural

Remodeling and Related Mechanisms

Previous studies have fully demonstrated that the long-term
overexpression of B1ARAbs can cause ventricular structural
changes and contribute to cardiomyopathy and heart failure
progression (Jahns et al, 2004; Zuo et al, 2011). Our results
were consistent with those of previous studies and generally
corresponded to the expected results, with LVEDD and LVESD
being increased and LVEF being decreased in the immune group
after 8 weeks. In this present study, we focused on the structural
changes in the atrium, and we found that overexpression of
P1ARAbs led to atrial structural remodeling, manifested by
increased LA diameter, heavy collagen deposition in the ECM,
and increased protein and mRNA expression of collagen I
and III, indicating that the heart damage caused by P1ARAbs
includes both atrial and ventricular damage. This result was

also consistent with the reduction in CV and the increase
in conduction heterogeneity in the immune group on MEA
recording, as extensive atrial fibrosis leads to disturbances in
electrical conduction, and fibrous scars impede the normal
conduction of atrial myocytes. Previous studies have verified
that P1ARAbs specifically bind to B1ARs and exhibit agonistic
activity against them, resulting in myocardial damage and
cardiac dysfunction (Wang et al, 2019). Since Bl1AR is one
of the predominant adrenergic receptors widely distributed
throughout the myocardial tissue, this might explain why
B1ARADs also damage the atrium. Our results were similar
to those of a previous study in an autoimmune myocarditis
rat model, in which researchers found that the inducibility of
AF was dependent on atrial structural remodeling rather than
inflammation (Hoyano et al., 2010).

Our study did not delve into the mechanism-based signaling
pathways that regulate B1ARAb-mediated atrial fibrosis.
However, numerous studies have shown that at the cellular
and molecular levels, various cardiac damage and pathogenic
factors cause atrial fibrosis through the shared mechanism
of fibroproliferative signaling, and TGF-B1 is a key mediator
of ECM protein expression and fibrosis (Lijnen et al., 2000).
In our models, the protein and mRNA expression levels of
TGF-B1 were significantly elevated, indicating that the TGF-B1
signaling pathway is activated in the B1ARADb overexpression
model. A previous study found that B1ARADbs activated the
B1AR/cAMP/PKA pathway and promoted the proliferation
and activation of cardiac fibroblasts (Lv et al., 2016). Activated
cardiac fibroblasts are characterized by increased synthesis of
collagen I and III and increased deposition of those proteins in
the ECM (Cavin et al., 2014). In addition, many cytokines, such
as IL-6 and TGF-B1, are secreted by fibroblasts in response to
stimulation by pathogenic factors (Fu et al., 2012; Cavin et al,,
2014). More interestingly, TGF-f1 can modulate cardiomyocyte
survival and activate fibroblasts (Zhang et al., 2018). Therefore,
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we speculated that active cardiac fibroblasts and TGF-p1 could
promote each other, forming a positive feedback loop that
promotes B1ARAb-induced atrial fibrosis and AF propensity,
but further verification is needed. In addition, previous research
also confirmed that 1 ARAD activated the canonical cAMP/PKA
signaling pathway in cardiomyocytes, leading to functional
alterations in intracellular calcium handling (Jane-wit et al.,
2007). Sustained P1ARAb agonism eventually elicited caspase-3
activation and promoted cardiomyocyte apoptosis in vivo
(Jane-wit et al., 2007).

Therapeutic Implications of
f1ARAb-Mediated AF

Evidence from clinical and experimental studies illustrates that
immunoadsorption of circulating B1ARAbs improved cardiac
function in cardiomyopathy (Matsui et al., 2006; Nagatomo
et al, 2017). However, immunoadsorption therapy has the
shortcomings of high cost, logistical challenges, and considerable
time and labor requirements; oral drug treatment is increasingly
coming to the fore (Jahns et al, 2006; Wess et al, 2019).
Since P1ARAbs produce downstream effects by stimulating
cardiac B1ARs, B-adrenoceptor inhibitors might be an effective
treatment for Pl1ARAb-mediated injury. Evidence from an
experimental study showed that nebivolol attenuates TGF-B1
pathways in a renovascular hypertension disease model (Ceron
et al., 2013). Further studies are needed to determine whether
p-adrenoceptor blockers have beneficial antifibrotic effects in a
BLARAD overexpression model.

Limitations

Our study has several limitations that should be mentioned.
First, the cross-sectional study design did not allow us to
address the causal relationship between B1ARAD levels and atrial
fibrosis in PAF patients, however, we compensated by performing
animal experiments. Second, we did not apply more-accurate
methods to evaluate the severity of atrial fibrosis, such as cardiac
magnetic resonance imaging, electrophysiological mapping, or
atrial tissue biopsy. Therefore, further larger-sample cohort
studies of healthy controls and different types of AF patients are
necessary to demonstrate the clinical significance of f1ARAbs
in AF patients. Our experiment did not include groups with
different concentrations of f1ARAbs, meaning that it could not
address the dose-response relationship between B1ARAbs and
AF. Numerous effectors and mechanisms, such as inflammatory
reactions and cardiomyocyte apoptosis, are involved in the
progression of cardiac fibrosis (Kong et al., 2014); whether
these mechanisms are involved in 1ARAb-induced atrial fibrosis
remains unclear and needs to be addressed in further research.
Additionally, our study lacks pharmacological data; therefore, the
results cannot be directly used in clinical practice.

CONCLUSION

In conclusion, B1ARAD levels are positively correlated with
LAD and circulating fibrosis-related biomarkers in patients
with PAF. B1ARADb overexpression increases AF inducibility

by facilitating atrial fibrosis, TGF-p1 signaling activation and
collagen accumulation. Our results suggest that reversing atrial
fibrosis may be a potential therapeutic target for the upstream
prevention of B1ARAb-mediated AF.
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