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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., AngII, PDGF, TGF-β,
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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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-β 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-α
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-β1/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-α,
IL-1-β, 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 amongmacrophages, 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-Iannucci 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; AngII, Angiotensin

type II; PDGF, Platelet derived grow factor; TGF-β, Transforming grow factor β;

CTGF, connective tissue grow factor; TNF-α, Tumor necrosis factor α; IL-1-β,

Interleukin 1 β; 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 β1AR autoantibodies,
circulating fibrosis markers and atrial remodeling in patients
with paroxysmal atrial fibrillation (AF). Overexpressing
β1AR antibodies, which act as βAR 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-β, AngII, 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-β, transforming grow factor β; Ang II, angiotensin type II; 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

actin alpha 2 (biomarker of matrifibrocytes); α-SMA, α smooth muscle actin.

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.
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Choline Attenuates Cardiac Fibrosis 
by Inhibiting p38MAPK Signaling 
Possibly by Acting on M3 Muscarinic 
Acetylcholine Receptor
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1 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, 3 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 M3 muscarinic acetylcholine receptor (M3R) 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 M3R. Transverse aortic constriction (TAC) mouse model was 
established to simulate the cardiac fibrosis. Transforming growth factor (TGF)-β1 treatment 
was employed to induce proliferation of cardiac fibroblasts in vitro. Choline chloride and 
M3R antagonist 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) were used 
to unravel the potential role of M3R. Cardiac function was assessed by echocardiography 
and interstitial fibrosis was quantified by Masson staining. Protein levels of collagens I and 
III were determined by Western blot analysis. The role of M3R in the proliferation cardiac 
fibroblasts was validated by silencing M3R 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-β1/Smad pathway were analyzed. M3R protein 
was found abundantly in cardiac fibroblasts. M3R protein level, as identified by Western 
blotting, was higher in mice with excessive cardiac fibrosis and in TGF-β1-induced cardiac 
fibrosis as well. Choline significantly inhibited interstitial fibrosis, and this beneficial action 
was reversed by 4-DAMP. Production of collagens I and III was reduced after choline 
treatment but restored by 4-DAMP. Expression silence of endogenous M3R using siRNA 
increased the level of collagen I. Furthermore, the TGF-β1/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-β1/Smad2/3 and p38MAPK 
pathways. These findings unraveled a novel pharmacological property of choline linked to 
M3R, suggesting that choline regulates cardiac fibrosis and the associated heart diseases 
possibly by acting on M3R.
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INTRODUCTION
There are plenty of receptors that play an opposite or synergistic 
role in heart function (Pfleger et al., 2019). In the view of muscarinic 
acetylcholine receptors (MR), there are major subtypes (M2) 
and minor subtypes (M1, M3, maybe M5) 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 M3 muscarinic acetylcholine receptor (M3R) 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 M3R protected 
against cardiac ischemia, cardiac hypertrophy, and arrhythmias 
(Pan et al., 2012; Liu et al., 2013). Specifically, activation of M3R 
by choline or overexpression of M3R 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 M3R in cardiomyocytes, the function of M3R 
in cardiac fibroblasts and its potential role in cardiac fibrosis 
has not been exploited. Intriguingly, it has been documented 
that selective activation of M3R attenuates hepatic collagen 
deposition, bile ductule proliferation, and liver fibrosis (Khurana 
et al., 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 M3R participates in the 
proliferation of fibroblasts and collagen production. However, 
the role of M3R in cardiac fibrosis remained controversial and 
inadequately addressed.

It has been well recognized that transforming growth factor 
(TGF)-β1/Smad cascade governs cardiac fibroblast proliferation 
and collagen secretion. For example, activation of the TGF-β1/
Smad pathway promotes the growth of cardiac fibroblasts and 
collagen production (Zhang et al., 2016). In contrast, inhibition 
of TGF-β1/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 M3R 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-β1/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 μg/kg 4-DAMP). For 
co-administration of choline and 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 μg/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% CO2 
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-β1 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 M3 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 
(LVFS), 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-μm 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 μg) 
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), M3R (1;500), TGF-β1 (1:500), total Smad2/3 
(t-Smad2/3; 1:1,000), phosphorylated Smad1/3 (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 μg) 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-β1 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-β1: F: 
5’-CGCCTGCAGAGATTCAAGTCAAC-3’ and R: 5’-GTAT 

CAGTGGGGGTCAGCAGCC-3,’ and GAPDH: F: 5’-TCCCT 
CAAGATTGTCAGCAA-3’ and R: 5’-AGATCCACAACGG 
ATACATT-3.’

Immunofluorescence
Cardiac fibroblasts were cultured in an incubator for 48 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
Cardiac fibroblasts were transfected with an M3R small interference 
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 M3R 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-β1 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-β1 was purchased from PeproTech 
(#100-21, NJ, USA). Choline chloride was purchased from 
Sigma (C7527, ≧98% purity, USA). 4-DAMP was purchased 
from Abcam (ab120144, USA). Anti-M3 receptor antibody was 
provided by Alomone (AMR-006; Israel). Antibodies against 
t-Smad2/3 (#8685), p-Smad2/3 (#8828), TGF-β1 (#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 M3 Muscarinic 
Acetylcholine Receptor in Transforming 
Growth Factor Beta 1-Induced Cardiac 
Fibroblasts
Previous studies demonstrated that M3R 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 M3R in cardiac fibroblasts using 
cardiomyocytes as a positive control group. As shown in Figure 
1A, protein level of M3R in cardiac fibroblasts was within the 
same range as that in cardiomyocytes. We then treated cardiac 
fibroblasts with 20 ng/ml TGF-β1 for 48 h to promote their 
proliferation. The mRNA levels of TGF-β1 and collagen I were 
significantly higher in TGF-β1-treated cells than in non-treated 
control cells (Figures 1B, C). Moreover, TGF-β1 markedly 
elevated the protein level of M3R (Figure 1D). These findings 
support that M3R is expressed in cardiac fibroblasts and can be 
activated in response to TGF-β1 stimulation.

Effects of Choline on Protein Levels of 
Collagen in Cardiac Fibroblasts
In order to investigate the effects of M3R 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-β1 group, collagens I and III 
were significantly decreased by 1 mM choline, and this effect was 
abolished by adding 4-DAMP, a specific antagonist of M3R. These 
data suggested that activation of M3R significantly inhibits the 
secretion of collagen in cardiac fibroblasts.

Furthermore, the protein level of M3R was further up-regulated 
by choline in cardiac fibroblasts pretreated with TGF-β1, which 
was partially but significantly reversed by 4-DAMP (Figure 2E). 
These results suggest that M3R up-regulation and M3R activation 
are both involved in inhibiting collagen production in TGF-β1-
treated cardiac fibroblasts.

Because choline and 4-DAMP are not highly specific ligands 
for M3R, siRNA of M3R siRNA was used by transfection to 
specifically silence the expression of M3R, and to validate the 
effects of M3R on the proliferation of cardiac fibroblasts. We 
examined three M3R siRNAs and selected the one with the highest 
silencing efficacy from them for subsequent experiments (Figure 
2F). As expected, silence of M3R promoted collagen production 
in cardiac fibroblasts treated with M3R 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 

FIGURE 1 | Protein level of M3 muscarinic acetylcholine receptor (M3R) in transforming growth factor beta 1 (TGF-β1)-induced cardiac fibroblasts (CF). (A) Protein 
level of M3R in CF and cardiomyocytes (CM). n = 3. (B) Effect of TGF-β1 (20 ng/ml, 48 h) on messenger RNA level of TGF-β1. **p < 0.01 vs. Ctrl, n = 3. (C) Effect 
of TGF-β1 (20 ng/ml, 48 h) on mRNA level of collagen I. ***p < 0.001 vs. Ctrl, n = 3. (D) Effect of TGF-β1 (20 ng/ml, 48 h) on protein level of M3R 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-β1)-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-β1, n = 5.  
(B) Immunofluorescence for collagen I 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 μm. *p < 0.05 vs. Ctrl, #p < 0.05 vs. TGF-β1, n = 3. (C) Effect of choline on collagen I protein 
level in the different experimental groups. *p < 0.05 vs. Ctrl, ##p < 0.01 vs. TGF-β1, &&p < 0.01 vs. choline, n = 7. (D) Effect of choline on collagen III protein level in 
the different experimental groups. *p < 0.05 vs. Ctrl, #p < 0.05 vs. TGF-β1, &p < 0.05 vs. choline, n = 6. (E) Effects of choline (1 mM) and 4-DAMP (3 nM) on protein 
level of M3 muscarinic acetylcholine receptor (M3R) in TGF-β1-treated CF. *p < 0.05 vs. Ctrl, #p < 0.05 vs. TGF-β1, n = 5. (F) Protein level of M3R after transfecting 
with three fragments of M3R-siRNA. *p < 0.05 vs. Ctrl, n = 4. (G) Protein level of collagen I after transfecting M3R-siRNA-3. *p < 0.05 vs. Ctrl, n = 5.
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reversed by 4-DMAP (Figures 3B, C). No significant difference 
of the ratio of lung weight/body weight was found (Figure 3D). 
Echocardiographic data revealed that LVEF was increased, 
while the thickness of the posterior wall of the left ventricle was 
significantly reduced by choline. These effects were weakened by 
4-DAMP pretreatment (Figures 3F–H), suggesting that M3R 
antagonism accounts at least partially for the cardiac dysfunction 
in TAC mice and choline improves the impaired cardiac function.

Effects of Choline on Cardiac Interstitial 
Fibrosis
Masson staining shown in Figure 4A revealed that choline 
treatment decreased the collagen-enriched area and attenuated 
the inflammatory cell infiltration of myocardial fibrosis induced 
by TAC, which was reversed by 4-DAMP. Meanwhile, the protein 
levels of collagens I and collagen III were found significantly higher 
in the TAC group than in the sham group, and this TAC-induced 
collagen deposition was essentially inhibited in the choline group 

(Figures 4B, C). Meanwhile, protein level of M3R was increased in 
TAC mice compared to that in sham mice, and this upregulation 
was further exaggerated by choline but repressed by 4-DAMP 
(Figure 4D). These results suggest that choline suppresses, whereas 
M3R inhibition facilitates cardiac fibrosis.

Suppressive Effects of Choline on the 
Transforming Growth Factor Beta 1/
Smad Pathway in Cardiac Fibroblasts and 
Transverse Aortic Constriction Mice
The classical TGF-β1/Smad signaling pathway is a key determinant 
of cardiac fibrogenesis. Our Western blot results showed that the 
protein levels of TGF-β1 and Smad2/3 were significantly lower in 
the choline group than in the TGF-β1 group, 4-DAMP abolished 
the effects of choline (Figures 5A,  B). Similar results were 
consistently observed in TAC mice: the protein levels of TGF-β1 
and p-Smad2/3 were substantially increased in TAC mice relative 
to those in sham control group. Moreover, choline mitigated the 

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 μg/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). *p < 0.05, **p< 0.01 
vs. sham, #p < 0.05, ##p < 0.01 vs. TAC, &p < 0.05, &&p < 0.01 vs. choline, n = 6.
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TAC-induced upregulation TGF-β1 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 M3R 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-β1 
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 M3R activation inhibits activation of p38 and ERK1/2 
thereby MAPK signaling.

FIGURE 4 | Effects of choline on transverse aortic constriction (TAC)-induced myocardial fibrosis. (A) Representative heart section with Masson staining in the 
experimental groups, scale bar: 100 μm. **p < 0.01 vs. sham, ##p < 0.01 vs. TAC, &&p < 0.01 vs. choline, n = 5. (B) Effects of choline and 4-diphenylacetoxy-N-
methylpiperidine methiodide (4-DAMP) on the protein level of collagen I. *p < 0.05 vs. sham, #p < 0.05 vs. TAC, &p < 0.05 vs. choline, n = 8. (C) Effects of choline 
and 4-DAMP on the protein level of collagen III. **p < 0.01 vs. sham, ##p < 0.01 vs. TAC, n = 8. (D) Cardiac M3 muscarinic acetylcholine receptor protein level after 
TAC surgery and choline or 4-DAMP treatment. *p < 0.05 vs. sham, ##p < 0.01 vs.TAC, &&p < 0.01 vs. choline, n = 8.
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DISCUSSION
Although accumulating evidence has supported that M3R 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 M3R 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 

FIGURE 5 | Effects of choline and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) on protein levels of transforming growth factor beta 1 (TGF-β1)/
Smad2/3. (A) Effect of choline and 4-DAMP on TGF-β1 protein level in TGF-β1-induced cardiac fibroblasts (CF). *p < 0.01 vs. Ctrl, ###p < 0.001 vs. TGF-β1, n = 5. 
(B) Effect of choline and 4-DAMP on p-Smad2/3 protein level in TGF-β1-induced CF. ***p < 0.001 vs. Ctrl, #p < 0.05 vs. TGF-β1, &p < 0.05 vs. choline, n = 6.  
(C) Effects of choline and 4-DAMP on the protein level of TGF-β1 in transverse aortic constriction (TAC) mice hearts. *p < 0.05 vs. sham, ##p < 0.01 vs. TAC, &p < 
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.
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that M3R is expressed in cardiac fibroblasts of rodents, and either 
pharmacological inhibition or expression silence of M3R favors, 
while choline that has the potential to activate M3R limits cardiac 
fibrosis by inhibiting p38MAPK signaling.

It has been accepted that M2R is not the only functional subtype 
muscarinic and nicotinic acetylcholine receptors (mAChRs) in the 

heart (Saternos et al., 2018). Numerous studies have reported that 
M3R 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 M3R in cardiac fibroblasts, though it has been shown 
that M3R is expressed in certain types of non-cardiac fibroblasts. For 

FIGURE 6 | Effect of choline and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) on protein levels of p38MAPK and ERK1/2. (A) Effect of choline and 
4-DAMP on p-p38 protein level in transforming growth factor beta 1 (TGF-β1)-induced cardiac fibroblasts (CF). **p < 0.01 vs. Ctrl, ##p < 0.01 vs. TGF-β1, 
 &&p < 0.01 vs. choline, n = 5. (B) Effect of choline and 4-DAMP on p-ERK1/2 protein level in TGF-β1-induced CF. **p < 0.01 vs. Ctrl, ##p < 0.01 vs. TGF-β1, n = 6.  
(C) Effects of choline and 4-DAMP on the protein level of p-p38 in transverse aortic constriction (TAC) mice hearts. *p < 0.05 vs. sham, #p < 0.05 vs. TAC,  
&p < 0.05 vs. choline, n = 5. (D) Effects of choline and 4-DAMP on the protein level of p-ERK in TAC mice hearts. *p < 0.05 vs. sham, #P< 0.05 vs. TAC, n = 4.
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example, Pieper et al. demonstrated that M1, M2, and M3 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 M1 and 
M3 receptors, which promotes apoptosis in human skin fibroblast 
cells (Reina et al., 2010). Here, we demonstrate that M3R 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 M3R (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 
acting on M3R. This note was well supported by the data we obtained 
using M3R-selective antagonist 4-DAMP and M3R-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 M3R 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 p38α MAPK causes 
cardiac ventricular remodeling and fibrosis promotes cardiac 
hypertrophy via regulating interleukin-6 signaling. Conversely, 
fibroblast-specific p38α knockout mice exhibits marked 
protection against myocardial injury and fibrosis (Bageghni et al., 
2018). Moreover, a previous study also suggests that activation 
of M3R by choline relieves cardiac ischemia and hypertrophy by 
inhibiting p38MAPK signaling (Wang et al., 2012). The present 
study shows that the negative impact of M3R on p38MAPK also 
exists in cardiac fibroblasts.

In the present study, we used choline as an agonist of M3R; 
however, it must be noted that though the ability of choline to 
activate M3R has been documented by numerous studies, this 
compound is not a selective M3R 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 
Ca2+ signals (Brailoiu et al., 2019). Evidence was provided in this 
study that choline mimics other Sig-1R agonists by potentiating 
Ca2+ 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 Ca2+ signals. It is also 
noted that this study reports a choline displacement of Sig-1R 
specific radioligand binding by [3H](+)-pentazocine with pKi 
value of around 3.3 mM, which is essentially in the same range 
of choline for M3R as reported by Shi et al. (1999). Together these 
findings, it appears that choline is a non-selective agonist for both 
M3R 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 M3R 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 M3R in mammalian 
hearts, which was verified the same group in 1996 in ventricular 
myocytes of rabbit hearts (Kan et al., 1996). The existence of 
M3R 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; Pönicke et al., 2003; Wang 
et al., 2004). Nevertheless, whether M3R 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 M3R in cardiac fibroblasts. Though our study does not provide 
conclusive evidence, the most rational and objective explanation 
of our data is the participation of M3R in cardiac fibrosis.

In addition to M2R and M3R, the heart also expressed other 
subtypes of mAChRs, including M1R (Colecraft et al., 1998; 
Hardouin et al., 2002) and M4R (Colecraft et al., 1998; Shi et al., 
2004; Wang et al., 2004). The presence of M1R and M2R 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 M1R coupled through Gq to phospholipase C-induced 
phosphoinositide hydrolysis. In contrast, a study suggests the 
absence of M1R 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/dtmax, and mean blood 
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pressure are similar between wild type and M1R-knockout mice. 
Second, administration of M1R-selective agonist McN-A-343 
increases hemodynamic function in wild-type mice but fails to 
cause any changes in M1R 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 M3R with the functional role of which being 
associated with the TGF-β1/Smad and p38MAPK pathways.
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Baopeng Tang1*
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Objective: Beta 1-adrenergic receptor autoantibodies (β1ARAbs) 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 β1ARAb
levels increase AF susceptibility by promoting atrial fibrosis.

Methods: A total of 70 patients with paroxysmal AF were continuously recruited. The
serum levels of β1ARAb and circulating fibrosis biomarkers were analyzed by ELISA.
Linear regression was used to examine the correlations of β1ARAb levels with left atrial
diameter (LAD) and circulating fibrosis biomarker levels. Furthermore, we established
a rabbit β1ARAb 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-β1, collagen I
and collagen III.

Results: Patients with a LAD ≥ 40 mm had higher β1ARAb levels than patients with
a smaller LAD (8.87 ± 3.16 vs. 6.75 ± 1.34 ng/mL, P = 0.005). β1ARAb 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 ± 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-β1, collagen I and collagen III.

Conclusion: Our clinical and experiential studies showed that β1ARAbs participate in
the development of AF and that the potential mechanism is related to the promotion of
atrial fibrosis.

Keywords: atrial fibrillation, β1-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 (β1AR) is a type of
transmembrane receptor belonging to the cardiovascular
G-protein-coupled receptor family. β1AR is the predominant
β-adrenoceptor subtype in the human heart, accounting for
60–70% and 70–80% of β-adrenoceptors in the human atrium
and ventricle, respectively (Wallukat, 2002). Early studies
have confirmed that elevated levels of autoantibodies against
β1AR (β1ARAbs) can induce cardiomyopathy and heart failure
(Wallukat et al., 1991). Current evidence from both clinical
studies and animal-model experiments has revealed that
β1ARAb is also of pathogenic importance in AF. Yalcin et al.
(2015a) found that serum β1ARAb levels were higher in patients
with paroxysmal AF (PAF) than in healthy controls, and β1ARAb
levels were an independent predictor of PAF occurrence.
Furthermore, Hu et al. (2016) demonstrated an ascending
gradient of serum β1ARAb levels from healthy control subjects
to PAF patients to patients with persistent AF. Additionally, the
area under the curve of β1ARAb 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 β1ARAbs
after immunization with the second extracellular loop (ECL2)
peptide of β1AR, and elevated β1ARAbs reduced the atrial
effective refractory period (AERP) and facilitated AF induction

Abbreviations: AERP, atrial effective refractory period; AF, atrial fibrillation;
β1AR, beta 1-adrenergic receptor; β1ARAb, 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;
LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic
dimension; MEA, multielectrode array; PAF, paroxysmal atrial fibrillation; PIIINP,
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-β1, transforming growth factor-β1.

(Li et al., 2015, 2016). However, the underlying pathogenetic
mechanisms of β1ARAb-mediated AF remains unclear.

Atrial fibrosis is one of the fundamental mechanisms of
AF (Burstein and Nattel, 2008), and previous studies showed
that β1ARAbs 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 β1ARAb-mediated AF. To
this end, we measured the levels of β1ARAb 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
β1ARAbs; in this model, we examined whether increased
expression of β1ARAbs 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: IACUC-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 β1ARAb, 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-H0183c, E-EL-H0196c, and
E-EL-H1470c; Beijing, China), and the kit used to measure
β1ARAbs 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 (Urumqi,
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

FIGURE 1 | Schematic of the study process. (A) study protocol diagram;
(B) ELISA results (β1ARAb OD values) in the two groups. *P < 0.05, control
group vs. immune group at the same time point. ELISA, enzyme-linked
immunosorbent assay; β1ARAb, beta 1-adrenergic receptor autoantibody;
OD, optical density.

immunized with 2 mg of the β1AR ECL2 peptide (amino acid
sequence: 197HWWRAESDEARRCYNDPKCCDFVTNR223;
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 β1AR 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
β1AR 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 β1ARAb 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

Frontiers in Physiology | www.frontiersin.org 3 February 2020 | Volume 11 | Article 7622

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


fphys-11-00076 February 10, 2020 Time: 14:58 # 4

Shang et al. Atrial Fibrosis in β1ARAbs-Mediated AF

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 × 6 electrodes, interelectrode
distance: 300 µm, electrode diameter: 30 µm) 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/P50)
(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 µm-
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-β1 (TGF-β1), collagen I
and collagen III; the protocols were as previously described
(Wang et al., 2017). Briefly, 40µg of protein was fractionated
by 12% SDS-PAGE and then transferred onto PVDF

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). ImageJ 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-β1 (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-β1, 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
I incorporation method. The relative expression levels of mRNAs
were calculated using the 2−11Ct 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 t-test. Classification data were presented
as proportions and evaluated by the chi-squared test or Fisher’s
exact test. Correlations between β1ARAb levels and other
parameters were ascertained by Pearson’s correlation coefficient
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 β1ARAbs (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-β1 5′-AGCTGTACATTGACTTCCGCAAGG-3′ 5′-CAGGCAGAAGTTGGCGTGGTAG-3′

Collagen I 5′-AACTTGCCTTCATGCGTCTG-3′ 5′-CCTCGGCAACAAGTTCAACA-3′

Collagen III 5′-CGGACTTGCAGGAATTACAGG-3′ 5′-TTTCCGTCTCTTCCAGGTTCA-3′

GADPH 5′-CAGGGCTGCTTTTAACTCTGG-3′ 5′-TGGAAGATGGTGATGGCCTT-3′

RT-PCR, reverse transcription polymerase chain reaction; TGF-β1, 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 (52.2) 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

CHA2DS2-VASc score 2.19 ± 1.84 2.09 ± 1.78 2.39 ± 1.99 0.518

HAS-BLED score 1.01 ± 1.07 0.94 ± 0.99 1.17 ± 1.23 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 5.13 ± 0.82 4.97 ± 0.59 5.44 ± 1.12 0.069

TG, mmol/L 1.59 ± 1.01 1.68 ± 1.14 1.39 ± 0.63 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

β1ARAbs, ng/mL 7.45 ± 2.33 6.75 ± 1.34 8.87 ± 3.16 0.005

PIIINP, ng/mL 17.09 ± 6.30 16.17 ± 4.72 18.96 ± 8.51 0.081

PICP, ng/mL 4.10 ± 0.81 4.03 ± 0.61 4.26 ± 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; β1ARAbs, beta 1-adrenergic receptor autoantibodies; PIIINP,
procollagen type β N-terminal peptide; PICP, procollagen type C-terminal peptide; Gal3, galectin-3.

Correlation of β1ARAb Levels With
Fibrosis and Clinical Indexes
As demonstrated in Figure 2, Pearson’s linear correlation analysis
showed that the serum β1ARAb 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). β1ARAb
levels did not correlate significantly with other clinical indexes,
including age, LVEF, hypertension, diabetes mellitus, coronary
heart disease, history of stroke, CHA2DS2-VASc score and HAS-
BLED score (Table 3).

Effect of β1ARAbs 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 β1AR ECL2
peptide, developed higher levels of β1ARAb 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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FIGURE 2 | Correlation of serum β1ARAb levels with echocardiographic indexes and fibrosis-related biomarkers (A, PIIINP; B, PICP; C, Gal3; D, LA diameter).
β1ARAb, beta 1-adrenergic receptor autoantibody; PIIINP, procollagen type III N-terminal peptide; PICP, procollagen type I C-terminal peptide; Gal3, galectin-3; LA,
left atrial.

TABLE 3 | Correlation analysis between β1ARAb 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

CHA2DS2-VASc −0.140 0.248

HAS-BLED −0.021 0.861

β1ARAb, 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
β1ARAb 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-β1, collagen I and collagen III were
significantly upregulated in the immune group compared with
the control group.

DISCUSSION

Main Finding
In the present study, we analyzed the relationship between
β1ARAbs and non-invasive atrial fibrosis indicators in patients
with PAF and examined the effects of atrial structural remodeling
in a rabbit model with enhanced β1ARAbs expression. The
major findings were as follows: (1) β1ARAb levels were
positively correlated with LA anterior-posterior diameter and
three circulating fibrosis markers (PIIINP, PICP, Gal3) in PAF
patients; (2) excessive expression of β1ARAbs increased LAD
and interstitial fibrosis and led to increased inducibility of
AF along with shortened AERP, slowed CV and increased
conduction heterogeneity.

β1ARAbs 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
β1ARAb levels have a positive linear correlation with LA
diameter but are not associated with other clinical manifestations
or comorbidities, suggesting that β1ARAbs 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 β1ARAb levels than patients with
PAF (Hu et al., 2016). At the same time, our finding might
also partly explain why elevated β1ARAb 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 (I)
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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FIGURE 4 | β1ARAbs reduced the LA conduction function. (A) Representative color maps of epicardial multielectrode activation in LA appendage; areas of
isochronal crowding were found in rabbits of immune group; (B) representative examples of conduction heterogeneity map in LA appendage; (C) recording
propagation map during sinus rhythm; (D) conduction maps of activation in LA appendage; β1ARAbs reduced CV (E) and increased conduction heterogeneity (F).
*P < 0.05, control group vs. immune group. β1ARAbs, beta 1-adrenergic receptor autoantibodies; LA, left atrial; CV, conduction velocity.

TABLE 4 | Echocardiographic differences between the two groups.

Parameters Control group Immune group

Baseline Endpoint P-value Baseline Endpoint P-value

LAD, mm 9.53 ± 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 β1ARAbs 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
PIIINP, 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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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 (40×); (C) angiogenesis (a, 20×), inflammatory cell infiltration (b, 40×), interstitial fibrosis (c, 40×) and
increased ECM (d, 40×) in the left atrium of the immune group; (D) representative images of picrosirius red staining (40×) and Masson’s trichrome staining (20×); (E)
quantitative assessment of atrial fibrosis between two groups; (F) correlation of β1ARAb 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; β1ARAb, beta 1-adrenergic receptor autoantibody; OD, optical
density.

2018). In our study, serum β1ARAb 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 β1ARAb 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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FIGURE 6 | Expression levels of TGF-β1, collagen I and collagen III in atrial tissues. (A) Western blotting results for TGF-β1, collagen I and collagen III in the two
groups. Relative protein and mRNA expression of TGF-β1 (B), collagen I (C), and collagen III (D) are shown, following normalization to GAPDH. *P < 0.05, control
group vs. immune group. TGF-β1, transforming growth factor-β1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Elevated β1ARAbs 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 β1ARAbs 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 β1ARAbs and a longer modeling time in our
study. These results suggest that β1ARAbs and AF may have a
dose-response relationship, as previous studies have also shown
a significant negative correlation between β1ARAb levels and
AERP (Li et al., 2015).

β1ARAbs Promote Atrial Structural
Remodeling and Related Mechanisms
Previous studies have fully demonstrated that the long-term
overexpression of β1ARAbs 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
β1ARAbs 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 β1ARAbs
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 β1ARAbs specifically bind to β1ARs and exhibit agonistic
activity against them, resulting in myocardial damage and
cardiac dysfunction (Wang et al., 2019). Since β1AR is one
of the predominant adrenergic receptors widely distributed
throughout the myocardial tissue, this might explain why
β1ARAbs 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 β1ARAb-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-β1 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-β1 were significantly elevated, indicating that the TGF-β1
signaling pathway is activated in the β1ARAb overexpression
model. A previous study found that β1ARAbs activated the
β1AR/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-β1, are secreted by fibroblasts in response to
stimulation by pathogenic factors (Fu et al., 2012; Cavin et al.,
2014). More interestingly, TGF-β1 can modulate cardiomyocyte
survival and activate fibroblasts (Zhang et al., 2018). Therefore,
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we speculated that active cardiac fibroblasts and TGF-β1 could
promote each other, forming a positive feedback loop that
promotes β1ARAb-induced atrial fibrosis and AF propensity,
but further verification is needed. In addition, previous research
also confirmed that β1ARAb activated the canonical cAMP/PKA
signaling pathway in cardiomyocytes, leading to functional
alterations in intracellular calcium handling (Jane-wit et al.,
2007). Sustained β1ARAb agonism eventually elicited caspase-3
activation and promoted cardiomyocyte apoptosis in vivo
(Jane-wit et al., 2007).

Therapeutic Implications of
β1ARAb-Mediated AF
Evidence from clinical and experimental studies illustrates that
immunoadsorption of circulating β1ARAbs 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 β1ARAbs produce downstream effects by stimulating
cardiac β1ARs, β-adrenoceptor inhibitors might be an effective
treatment for β1ARAb-mediated injury. Evidence from an
experimental study showed that nebivolol attenuates TGF-β1
pathways in a renovascular hypertension disease model (Ceron
et al., 2013). Further studies are needed to determine whether
β-adrenoceptor blockers have beneficial antifibrotic effects in a
β1ARAb 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 β1ARAb 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 β1ARAbs
in AF patients. Our experiment did not include groups with
different concentrations of β1ARAbs, meaning that it could not
address the dose-response relationship between β1ARAbs 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 β1ARAb-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, β1ARAb levels are positively correlated with
LAD and circulating fibrosis-related biomarkers in patients
with PAF. β1ARAb overexpression increases AF inducibility

by facilitating atrial fibrosis, TGF-β1 signaling activation and
collagen accumulation. Our results suggest that reversing atrial
fibrosis may be a potential therapeutic target for the upstream
prevention of β1ARAb-mediated AF.
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Myocardial contractile dysfunction in diabetic cardiomyocytes is a significant promoter of heart
failure. Herein, we investigated the effect of icariin, a flavonoid monomer isolated from
Epimedium, on diabetic cardiomyopathy (DCM) and explored the mechanisms underlying
its unique pharmacological cardioprotective functions. High glucose (HG) conditions were
simulated in vitro using cardiomyocytes isolated from neonatal C57 mice, while DCM was
stimulated in vivo in db/db mice. Mice and cardiomyocytes were treated with icariin, with or
without overexpression or silencing of Apelin and Sirt3 via transfection with adenoviral vectors
(Ad-RNA) and specific small hairpin RNAs (Ad-sh-RNA), respectively. Icariin markedly
improved mitochondrial function both in vivo and in vitro, as evidenced by an increased
level of mitochondrial-related proteins via western blot analysis (PGC-1a, Mfn2, and Cyt-b)
and an increased mitochondrial membrane potential, as observed via JC-1 staining. Further,
icariin treatment decreased cardiac fibrogenesis (Masson staining), and inhibited apoptosis
(TUNEL staining). Together, these changes improved cardiac function, according to multiple
transthoracic echocardiography parameters, including LVEF, LVSF, LVESD, and LVEDD.
Moreover, icariin significantly activated Apelin and Sirt3, which were inhibited by HG and
DCM. Importantly, when Ad-sh-Apelin and Ad-sh-Sirt3 were transfected in cardiomyocytes or
injected into the heart of db/db mice, the cardioprotective effects of icariin were abolished and
mitochondrial homeostasis was disrupted. Further, it was postulated that since Ad-Apelin
Abbreviations: DCM, Diabetic cardiomyopathy; ROS, reactive oxygen species; Cyt-b, cytochrome-b; DHE, dihydroethidium;
Ad-EV, Empty adenoviral vectors RNA; Ad-Apelin, recombinant adenoviral vector expressing Apelin; Ad-Sirt3, recombinant
adenoviral vector expressing Sirt3; Ad-sh Apelin, recombinant adenoviral vector expressing Apelin-specific small hairpin
RNA; Ad-sh-Sirt3, recombinant adenoviral vector expressing Sirt3-specific small hairpin RNA; LVEDD, left ventricular end-
diastolic diameter; LVESD, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; LVFS, left ventricular
fraction shortening; HG, high glucose.
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induced different results following increased Sirt3 expression, icariin may have attenuated
DCMdevelopment by preventingmitochondrial dysfunction through the Apelin/Sirt3 pathway.
Hence, protection against mitochondrial dysfunction using icariin may prove to be a promising
therapeutic strategy against DCM in diabetes.
Keywords: icariin, diabetic cardiomyopathy, DCM, mitochondrial dysfunction, cardiac dysfunction, Apelin/Sirt3
INTRODUCTION

In the present decade, the prevalence of diabetes and its
associated complications have been steadily increasing,
particularly within developing countries. In fact, diabetes has
been reported by the World Health Organization as the disease
requiring the most intervention; its microvascular and
macrovascular complications account for the most common
causes of death in patients with type 2 diabetes and heart
failure (Kosiborod et al., 2018). Despite the introduction of
antidiabetic drugs in the United States (US), deaths due to
heart failure in diabetic patients have not declined from 1985-
2015 (Cheng et al., 2018). Instead, diabetic cardiomyopathy
(DCM) has become a proximate cause of heart failure among
diabetic patients (Zamora and Villena, 2019), and is one of the
primary causes for the reduced functioning of diabetic
cardiomyocytes (Dillmann, 2019). To date, however, the
mechanism of DCM remains uncharacterized.

Mitochondria are critical organelles for energy production via
oxidative phosphorylation, a reaction that is conjugated with the
production of reactive oxygen species (ROS), which either
induces diverse molecular signals or cell persecution and death
in cardiomyocytes (Zhou and Tian, 2018). Recent studies have
revealed that high glucose (HG) concentrations induce a loss of
mitochondrial networks and increased reactive ROS in
cardiomyocytes (Evangelista et al., 2019). In addition,
increasing evidence demonstrates that mitochondrial
dysfunction contributes to the pathogenesis of DCM (Schilling,
2015; Verma et al., 2017; Zhou and Tian, 2018; Mahalakshmi and
Kurian, 2019). Alternatively, the overexpression of the
mitochondrial protein Mfn2 restores mitochondrial
dysfunction and prevents the development of DCM (Hu et al.,
2019). The mitochondrion-targeted methylglyoxal- sequestering
compound MitoGamide exhibits cardioprotective effects in an
experimental model of DCM (Tate et al., 2019), thereby
suggesting that the alleviation of mitochondrial dysfunction
may provide a novel therapeutic approach for reversing the
development of DCM.

Icariin (C33H40O15, ICA) is a flavonoid monomer isolated
from the herb Epimedium, and it has garnered attention for its
prospects in pharmacology, including its cardioprotective
functions (Zhou et al., 2014; Meng et al., 2015). Icariin protects
cardiomyocytes against oxidative stress by activating sirtuin-1
(Wu et al., 2018), thereby alleviating oxidative stress-induced
cardiac apoptosis via mitochondrial protection (Song et al.,
2016), and protects cardiomyocytes from apoptosis induced by
hypertrophy via inhibition of ROS-dependent JNK (Zhou et al.,
in.org 234
2014). However, the protective effect of icariin against DCM has
not yet been reported.

Similarly, Apelin contains a G-protein-coupled receptor, APJ,
and exhibits positive cardiovascular effects (Japp et al., 2010).
Apelin is a gene composed of 77 amino acid proproteins that are
readily cleaved into apelin-36, apelin-17, and apelin-13, which
are bioactive Apelin fragments (Bertrand et al., 2015). In
particular, apelin-13 is a predominant isoform of Apelin found
in cardiac tissue (Serpooshan et al., 2015). Apelin is also able to
mit igate HG-induced cardiac gap dysfunct ions in
cardiomyocytes via the AMPK pathway (Li et al., 2018). A
related study has shown that Apelin gene therapy alleviates
DCM through VEGF to increase myocardial vascular density
via Sirt3 upregulation (Zeng et al., 2014). Sirt3 is a nicotinamide
adenine dinucleotide (NAD+)-dependent deacetylase that is
highly conserved and localized in the mitochondrial matrix
(Hirschey et al., 2010; Heinonen et al., 2019). Further, Sirt3
activates PRDX3 to attenuate mitochondrial oxidative injuries
and apoptosis induced by ischaemia-reperfusion injury (Wang
et al., 2020). Hence, the upregulation of Sirt3 induced by Apelin
gene therapy has been shown to prevent heart failure by
increasing autophagy in patients with diabetes (Hou et al.,
2015). However, the role Apelin and Sirt3 take in protecting
against DCM via reducing mitochondrial dysfunction has not yet
been elucidated.

In the present study, we sought to define the protective effect
of icariin on DCM, while elucidating its underlying mechanism.
We hypothesized that icariin would effectively alleviate
mitochondrial dysfunction in cardiomyocytes during DCM
through Apelin/Sirt3 signalling.
MATERIALS AND METHODS

Reagents
Icariin (purity 98.75%) and JC-1 dye were purchased from
MedChem Express (MCE, NJ, USA). The dihydroethidium
(DHE) probe and mitochondria isolation kits were obtained
from Beyotime Biotechnology (Jiangsu, China). The in situ cell
death detection kit (Roche) was obtained from Sigma-Aldrich
(St. Louis, MO, USA); and the primary antibodies against Sirt3,
Sirt1, PGC-1a, Mfn2, Cyt-b, and b-actin, as well as the goat anti-
rabbit and goat anti-mouse secondary antibodies were obtained
from Abcam Biotechnology (Cambridge, MA, USA). The
primary antibody against Apelin was obtained from Signalway
Antibody (SAB, USA). Empty adenoviral vectors (Ad-EV) and
recombinant adenoviral vectors expressing Apelin (Ad-Apelin),
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Sirt3 (Ad-Sirt3) or Apelin-specific small hairpin RNA (Ad-sh-
Apelin), as well as Sirt3-specific small hairpin RNA (Ad-sh-
Sirt3), were purchased from Hanbio Technology Ltd. (Shanghai,
China). The titer of the adenoviruses was approximately
1.2×1010 PFU/mL.

Animal Experiments
Male db/db mice and db/+ mice (7 weeks old) were obtained
from the Model Animal Research Center of Nanjing University
(Nanjing, China). All animals received humanitarian care in
adherence with the Institutes of Shaoxing People's Hospital
Health Guidelines on the Use of Laboratory Animals. Both db/
+ mice and db/db mice were fed a normal diet for four weeks.
Thereafter, the adenovirus was injected into their myocardium.
Mice were anesthetized with 2.5% isoflurane, and maintained
under this condition for the duration of the operation. After the
heart was exposed, the adenovirus (using a 50mL needle,
Hamilton, 705RN, USA) was injected into the left ventricle free
wall (10 mL for each of four sites). Mice (every group n = 10) were
then treated with or without the icariin (30mg/kg) for an
additional 16 weeks.

Transthoracic Echocardiography
Recordings
A Philips iE33 system (Philips Medical, Best, Netherlands)
equipped with an s5-1 probe (12-14 MHz) was used to
measure the left ventricular end-diastolic diameter (LVEDD)
and left ventricular end-systolic diameter (LVESD). A computer
algorithm was used to assess the left ventricular ejection fraction
(LVEF) and left ventricular fraction shortening (LVFS).

Transmission Electron Microscopy
The left ventricle myocardial tissues were fixed, dehydrated
stepwise in an alcohol series, embedded, sectioned into 50-60
mm slices with an LKB-1 ultramicrotome, and double stained
with 3% uranyl acetate lead citrate. The morphological
mitochondrion changes in the myocardium were visualized
with an electron microscope (JEM-2000EX TEM, Tokyo, Japan).

Histological Analysis
The left ventricular myocardial tissues were embedded in
paraffin, and sectioned (5-mm thickness). Masson staining was
then implemented according to standard procedures to assess
cardiac collagen content.

Primary Culture of Neonatal
Cardiomyocytes
Primary cardiomyocyte cultures were obtained from the
ventricles of newborn (1-day-old) C57 mice according to a
previously published protocol (Sreejit et al., 2008). The
cardiomyocytes were incubated in a low-glucose medium (5.5
mmol/L glucose) or HG medium (25 mmol/L glucose) and
treated with or without 7.5mM, 15mM, or 30mM icariin for 12,
24 or 48 h. Cardiomyocytes were transfected with the adenovirus
(10 mL/mL, MOI: 100:1) in serum-free Dulbecco's Modified
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Eagle Medium (DMEM) for 6-8 h. The cells were then treated
with HG or normal medium with or without icariin for an
additional 24 h.

Determination of Apoptosis and ROS
Production in Cardiac Tissue and
Cardiomyocytes
Apoptosis in the myocardial tissue and cardiomyocytes was
determined by TUNEL staining using left ventricular
myocardial tissue embedded in paraffin according to the
manufacture's protocol. Dihydroethidium (DHE) staining was
used to detect intracellular levels of superoxide anions in frozen
sections of the tissues.

Mitochondrial Membrane Potential
Measurement
JC-1 staining and Mito-tracker Red CMXRos staining were used
to measure the mitochondrial membrane potential .
Cardiomyocytes were stained with 2.5 mmol/L JC-1 dye for
30 min at 37°C in the dark. The images were obtained using
fluorescence microscopy (400 ×).

Mitochondria Isolation
Mitochondria were isolated from fresh cardiac tissues and
cardiomyocytes using the Mitochondria Isolation Kit (Beyotime,
Jiangsu, China) according to the manufacturer's instructions.

Western Blotting Analysis
Protein samples were obtained from cardiac tissues and
cardiomyocytes, and their mitochondria were denatured via
boiling. Western blotting was carried out according to a
previously described protocol (Ni et al., 2019). The primary
antibodies used were Sirt3, Sirt1, Apelin, Mfn2, PGC-1a, Cyt-b
and b-actin.

Statistical Analysis
All experiments were repeated in triplicate. All data are
presented as mean ± standard deviation. Multiple groups were
compared using one-way ANOVA and the results were qualified
by Bonferroni following the event. Unpaired Student's t tests
were performed on the two groups. P values < 0.05 were
considered to be statistically significant.
RESULTS

Icariin Alleviated Cardiac Dysfunction and
Rescued Mitochondrial Dysfunction in db/
db Mouse Hearts
Icariin significantly increased cardiac function performance,
resulting in increased LVEF and LVFS, and decreased LVEDD
and LVESD in db/db mice. (Figures 1A–D, P < 0.05). As
demonstrated by Masson staining, collagen deposition was
reduced in the myocardium of icariin-treated db/db mice
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(Figure 1E). On the other hand, TUNEL staining revealed that
icariin treatment rescued the apoptotic rate of cardiomyocytes
(Figure 1F). Moreover, the myocardial tissue of db/db mice
showed a greater production of ROS, which was alleviated by
icariin, as shown by DHE staining (Figure 1G). TEM revealed
that in DCM, the fibrous region of mitochondria had an
uneven, more fragmented, and swollen appearance, causing
them to lose their recognizable crest; however, these
characteristics were significantly mitigated in icariin-treated
mice (Figure 1H). Further, the mitochondrial dynamics-
related protein, Mfn2, mitochondrial biogenesis regulation
protein, PGC‐1a, and mitochondrial gene, cytochrome-b
(Cyt-b), were upregulated in the icariin-treated db/db mice
(Figures 1I, J, P < 0.05). We also observed a downregulation
in the expression of the cardiac myocardium gene Apelin and
the mitochondrial matrix gene Sirt3 in the hearts of db/db
mice following DCM, but their expression increased following
icariin treatment. As previously reported, Sirt1 expression was
consistent with this change (Saito et al., 2016; Ding et al.,
2018) (Figures 1K, L, P < 0.05). These results indicated the
amelioration of excessive mitochondrial damage in DCM
following icariin treatment, which exerted cardioprotective
effects by reversing mitochondrial dysfunction in DCM and
may thus mediate Apelin to exert its positive effect.
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Icariin Rescued the Impaired Mitochondria
and Reduced Apoptosis in HG-Treated
Cardiomyocytes
We next sought to further confirm that mitochondrial dysfunction
is required for DCM in hyperglycemia. Firstly, we observed that the
number of HG-treated cardiomyocytes was significantly higher
following incubation with icariin for 12h, 24h, or 48 h at
concentrations of 7.5, 15, or 30 µM, compared to the HG group.
For all subsequent experiments, icariin was used at a concentration
of 30 µM (Figure 2A, P < 0.05). Secondly, we found that the
expression of mitochondrion-related proteins, including PGC‐1a,
Mfn2, and Cyt-b, decreased in HG- treated cardiomyocytes,
however, the expression of these proteins significantly increased
in the HG+ icariin group (Figures 2B, C, P < 0.05). As shown in
Figure 2E, icariin increased the mitochondrial membrane potential,
as revealed by the transition from red fluorescence to green
fluorescence via JC-1 staining, Meanwhile, staining the
mitochondria with MitoTracker Red (Figure 2D) revealed that
the loss of mitochondrial membrane potential significantly reduced
red fluorescence in the HG group, which was reversed following
treatment with icariin. Next, as expected, the level of apoptosis in
cardiomyocytes within the icariin + HG group was significantly
reduced relative to that of the HG group (Figure 2F). Similar to the
results obtained in the heart of db/dbmice, a marked decrease in the
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FIGURE 1 | Icariin improves the cardiac function in the diabetic heart, improves mitochondrial dysfunction in diabetic myocardium and increases Apelin expression.
Db/db mice (n = 10) were treated with icariin (30 mg/kg), db/+mice (n = 10). (A) LVEF (%) recordings; (B) LVFS (%) recordings; (C) LVESD (mm) recordings; (D)
LVEDD (mm) recordings; (E), Collagen deposition measured by Masson staining (blue indicates collagen deposition); (F) Apoptotic rate of cardiomyocytes measured
by TUNEL staining; (G) ROS production measured by DHE staining; (H), Mitochondrial morphology measured by TEM; (I) Protein expression with representative gel
blots of PGC‐1a, Mfn2, Cyt-b, and b-actin (loading control); (J) Relative levels of PGC‐1a, Mfn2, Cyt-b; (K), Protein expression with representative gel blots of
Apelin, Sirt1 and Sirt3; (L) Relative levels of Apelin, Sirt1 and Sirt3. #P < 0.05 vs db/+and *P < 0.05 vs db/db; experiments were performed in triplicate.
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expression of Apelin and Sirt3 was observed in the HG group
(Figures 2G, H, P < 0.05), while icariin treatment dramatically
alleviated the reduction in Apelin and Sirt3 expression, as previously
reported, Sirt1 expression was consistent with this change (Saito and
Frontiers in Pharmacology | www.frontiersin.org 537
Asai, 2016; Ding and Feng, 2018). Cumulatively, these results
confirm that in vitro icariin prevents HG-induced mitochondrial
dysfunction-mediated cardiac apoptosis and may regulate the
expression of Apelin and Sirt3.
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FIGURE 3 | Icariin fails to exert protective effects in cardiomyocytes transfected with Ad-sh-Apelin. Cardiomyocytes were transfected with Ad-EV, Ad-Apelin, and
Ad-sh-Apelin (10 mL/mL, MOI: 100:1) for 6-8 hours, and then incubated with or without icariin (30mM) under HG (25mmol/L) stimulation. (A) Protein expression with
representative gel blots of Apelin, Sirt3 (loading control); (B) Relative levels of Apelin and Sirt3; (C) Protein expression with representative gel blots of PGC‐1a, Mfn2,
Cyt-b, and b-actin (loading control); (D) Relative levels of PGC‐1a, Mfn2 and Cyt-b. (E) Mitochondrial membrane potential measured by MitoTracker Red staining.
(F) Mitochondrial membrane potential measured by JC-1 staining. (G) Apoptotic rate of cardiomyocytes measured by TUNEL assay. #P < 0.05 vs Con+Ad-EV and
*P < 0.05 vs HG+Ad-EV, experiments were performed in triplicate.
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FIGURE 2 | Icariin rescues impaired mitochondria, reduces apoptosis in cardiomyocytes, and increases Apelin expression. (A) Cardiomyocytes were treated with
7.5, 15, or 30 µM icariin for 24, 48, and 96 h, followed by DNA quantification to determine cell number/cell proliferation, after treatment with or without 25 mmol/L
HG. Cardiomyocytes were then incubated with or without icariin (30mM) under HG (25mmol/L) stimulation. (B) Protein expression with representative gel blots of
PGC‐1a, Mfn2, Cyt-b, and b-actin (loading control); (C) Relative levels of PGC‐1a, Mfn2, and Cyt-b. (D) Mitochondrial membrane potential measured by MitoTracker
Red staining; (E) Mitochondrial membrane potential measured by JC-1 staining. Magnification ×400; (F) Apoptotic rate of cardiomyocytes measured by TUNEL
staining. (G) Protein expression with representative gel blots of Apelin, Sirt1 and Sirt3, and b-actin (loading control); (H) Relative levels of Apelin, Sirt1 and Sirt3.
#P < 0.05 vs Con and *P < 0.05 vs HG; experiments were performed in triplicate.
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Apelin Inhibition Abolished the
Cardioprotective Effect of Icariin on
Mitochondrial Dysfunction in HG-Treated
Cardiomyocytes and Diabetic Mice
We next explored the molecular mechanisms underlying the
cardioprotective effects of icariin in HG-treated cardiomyocytes,
while also deciphering whether Apelin and Sirt3 are integral
components for the cardioprotective effects of icariin. As shown
in Figures 3A, B (P < 0.05), in HG-treated cardiomyocytes
without the overexpression of Apelin icariin treatment caused a
significant increase in the expression of PGC‐1a, Mfn2, and
Cyt-b, compared to the HG + Ad-EV group. Moreover, the HG +
Ad-Apelin group evidently expressed mitochondrion-related
proteins at levels comparable to, or greater than, that of the
HG + icariin group. Alternatively, Ad-sh-Apelin administration
significantly reversed the effect of icariin, thereby contributing to
the offsetting of its cardioprotective function, as demonstrated by
a decrease in mitochondrial membrane potential, as detected via
MitoTracker Red staining (Figure 3E) and JC-1 staining (Figure
3F). Moreover, cardiomyocyte apoptosis was increased in the
HG + icariin + Ad-sh-Apelin group compared to the HG +
icariin + Ad-EV group (Figure 3G). Interestingly, Apelin
significantly directed the expression of Sirt3 in Apelin-
Frontiers in Pharmacology | www.frontiersin.org 638
overexpressing HG-treated cardiomyocytes and the HG + Ad-
sh-Apelin + icariin group (Figures 3C, D, P < 0.05).

Subsequently, we explored whether icariin administration
could restore DCM without overexpression of Apelin in
diabetic hearts. As shown in Figures 4A, D (P < 0.05), Apelin
inhibition counteracted the cardioprotective effects of icariin
shown by a significant decrease in LVEF and LVFS and an
evident increase in LVEDD and LVESD, compared to the HG +
icariin + Ad-EV group. Furthermore, the alleviation of
mitochondrial dysfunction in DCM by icariin was eliminated
following an injection of Ad-sh-Apelin to db/db mice, as
indicated by a greater decrease in mitochondrial protein
expression (PGC‐1a, Mfn2, and Cyt-b) (Figures 4E, F P <
0.05), and increased production of ROS (Figure 4I). The
mitochondria were also characterized by a greater loss of
cristae, as well as increased swelling and significant distortion
(Figure 4J). Moreover, increased mitochondrial dysfunction
resulted in a greater level of collagen deposition in the heart
tissue (Figure 4K) and increased cardiomyocyte apoptosis
(Figure 4L). Although the expression of Sirt3 and Apelin in db/
db mice injected with Ad-sh-Apelin was less than that in the db/db
+ icariin group (Figures 4G, H, P < 0.05), when Apelin was
silenced in db/db mice or cardiomyocytes, icariin treatment failed
to improve mitochondrial dysfunction and cardiac dysfunction.
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FIGURE 4 | Icariin fails to exert protective effects in diabetic mice injected with Ad-sh-Apelin. Db/+mice (n = 10) and db/db mice (n = 10) fed with or without icariin
(30 mg/kg) were injected with Ad-EV, Ad-Apelin, Ad-sh-Apelin (10 mL at each of four sites, 1.2×1010 PFU/mL) into the left ventricle free wall. (A) LVEF (%) recordings;
(B) LVFS (%) recordings; (C) LVESD (mm) recordings; (D) LVEDD (mm) recordings; (E) Protein expression with representative gel blots of PGC‐1a, Mfn2, Cyt-b, and
b-actin (loading control); (F) Relative levels of PGC‐1a, Mfn2 and Cyt-b; (G) Protein expression with representative gel blots of Apelin, Sirt3 and b-actin (loading
control); (H) Relative levels of Apelin and Sirt3. (I) ROS production measured by DHE staining; (J) Mitochondrial morphology measured by TEM; (K) Collagen
deposition measured by Masson staining (blue indicates collagen deposition). (L) Apoptotic rate of cardiomyocytes measured by TUNEL staining. #P < 0.05 vs db/+
+Ad-EV and *P < 0.05 vs db/db+Ad-EV; experiments were performed in triplicate.
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Apelin/Sirt3 signaling Is Involved in Icariin-
Mediated Mitigation of Mitochondrial and
Cardiac Dysfunction
Our previous results demonstrated that icariin alleviated DCM
by increasing the expression of Apelin. In addition, we found that
the expression level of Sirt3, a gene located in the mitochondrial
matrix, changed with the expression of Apelin. Hence, we next
explored the role of Sirt3 in the cardioprotective effect of icariin
in HG-treated cardiomyocytes. As shown in Figures 5A, B (P <
0.05), although Sirt3 overexpression increased the expression of
the mitochondrial proteins PGC‐1a, Mfn2, and Cyt-b, a
significant decrease occurred when Apelin expression was
silenced in HG-treated cardiomyocytes (Figures 5C, D, P <
0.05). This was also demonstrated by the decrease in
mitochondrial membrane potential, as assessed by MitoTracker
Red staining (Figure 5E) and JC-1 staining (Figure 5F), as well
as the increase in apoptosis of cardiomyocytes (Figure 5G).

To further elucidate the role of Sirt3 in the mitochondrion-
protective role against DCM following icariin treatment, the
hearts of db/db mice were injected with Ad-sh-Sirt3, Ad-Sirt3,
Ad-Apelin, or Ad-sh-Apelin. Consistent with previous results,
Frontiers in Pharmacology | www.frontiersin.org 739
Sirt3 elicited a marked effect when Apelin was not silenced.
However, in the db/db + Ad-sh-Apelin + Ad-Sirt3 +icariin
group, a significant decrease in LVEF and LVFS (Figures 6A,
B, P < 0.05) as well as an evident increase in LVEDD and LVESD
(Figures 6C, D, P < 0.05) were found relative to the results in the
db/db + Ad-Sirt3 + icariin group. In addition, a lower expression
of the mitochondrial proteins (Figures 6E, F, P < 0.05) and
greater ROS production were revealed via DHE staining
(Figure 6I). Additionally, the interfibrillar mitochondria
displayed less uniformity and more fragmentation as well as a
swollen appearance, as seen in the TEM analysis (Figure 6J).
Lastly, increased apoptosis of the cardiomyocytes was
demonstrated via TUNEL staining (Figure 6L), resulting in
more collagen deposition in myocardial tissue, as measured by
Masson staining (Figure 6K), due to adverse cardiac
dysfunction. As expected, Sirt3 expression decreased when Ad-
Sirt3 was transfected into the cardiomyocytes under the
prerequisite of silent Apelin expression (Figures 6G, H,
P < 0.05). Taken together, these results suggested that Apelin/
Sirt3 signaling is directly responsible for the cardioprotective
effects of icariin in DCM and under hyperglycemic conditions.
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FIGURE 5 | Icariin mitigates mitochondrial dysfunction through the Apelin/Sirt3 pathway. Cardiomyocytes were transfected with Ad-EV, Ad-Apelin, Ad-sh-Apelin,
Ad-sh-Sirt3, or Ad-Sirt3 (10 mL/mL, MOI: 100:1) for 6-8 hours, and incubated with or without icariin (30 mM) under HG (25 mmol/L) stimulation. (A) Protein
expression with representative gel blots of PGC‐1a, Mfn2, Cyt-b and b-actin (loading control); (B) Relative levels of PGC‐1a, Mfn2 and Cyt-b; (C) Protein expression
with representative gel blots of Apelin, Sirt3, b-actin (loading control); (D) Relative levels of Apelin and Sirt3; (E) Mitochondrial membrane potential measured by
MitoTracker Red staining. (F) Mitochondrial membrane potential measured by JC-1 staining; (G) Apoptotic rate of cardiomyocytes measured by TUNEL assay.
#P < 0.05 vs Con+Ad-EV and *P < 0.05 vs HG+Ad-EV; experiments were performed in triplicate.
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DISCUSSION

DCM is characterized by cardiac structural and functional
abnormalities in diabetic patients without ischaemic or
hypertensive heart disease (Jia et al., 2018). The researchers
from the Framingham Heart Disease study were the first to
report that the risk of heart failure in type 2 diabetes increases by
2-8 times, with 19% of individuals presenting symptoms of heart
failure (Kannel et al., 1974). According to the latest report, the
economic costs of diabetes and its complications account for an
extensive global burden, especially in developing countries
(Seuring et al., 2015). However, to date, no specific therapy or
western medicine strategy has been shown to cure or alleviate
DCM. In addition, a clear molecular mechanism for DCM has
not been defined. In the present study, we systematically
demonstrated that the cardioprotective effect of icariin against
DCM relies on preventing mitochondrial dysfunction through
the activation of Apelin/Sirt3 signaling.

Several previous studies have focused on mitochondria as a
promising target for the treatment of DCM as mitochondrial
dysfunction has been found to be associated with cardiovascular
abnormalities in diabetes, which leads to DCM (Ni et al., 2016;
Fan et al., 2017; Evangelista et al., 2019; Tang et al., 2019). In our
study, mitochondrial dysfunction was apparent in the HG-
treated cardiomyocytes and DCM, as demonstrated by the
downregulated expression of the mitochondrial dynamic-
related protein Mfn2, mitochondrial biogenesis regulation
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protein PGC‐1a, and mitochondrial gene Cyt-b. This was also
revealed by the increased production of ROS from the
mitochondria as determined by DHE staining, and by the loss
of uniform appearance and development of more fragmented
swelling within interfibrillar mitochondria, loss of discernible
ridges as assessed by TEM, and decreased mitochondrial
membrane potential as assessed by JC-1 staining and
MitoTracker Red staining (Figures 1H–J, 2A–D). Moreover,
the expression of Apelin and Sirt3 was downregulated in HG-
treated cardiomyocytes and DCM. Mounting evidence suggests
that Apelin acts as an important adipokine against diabetes
(Castan-Laurell et al., 2011; Czarzasta et al., 2019). Hence, as
expected, the overexpression of Apelin reversed the
mitochondrial dysfunction (Figures 3A–F). Our findings
suggest that the endogenous activation of Apelin may be a
potential therapeutic target for DCM.

Many studies have demonstrated that icariin, a polyphenol
flavonoid (Meng et al., 2015), protects cardiomyocytes from
injury and, therefore, elicits cardioprotective effects (Ke et al.,
2015; Zheng et al., 2019). Interestingly, we found that icariin
restored the cardiac function in DCM, as demonstrated by the
decrease in LVEF and LVFS (Figures 1A, B) and the evident
increase in LVEDD and LVESD (Figures 1C, D). Additionally,
icariin alleviated mitochondrial dysfunction in HG-treated
cardiomyocytes and the myocardium of db/db mice based on
the expression of mitochondrial-related proteins, PGC‐1a, Mfn2
and Cyt-b, demonstrated with JC-1 staining, DHE staining, and
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FIGURE 6 | Icariin mitigates adverse cardiac dysfunction through the Apelin/Sirt3 signalling pathway. Db/+mice (n = 10) and db/db mice (n = 10) were injected with
Ad-EV, Ad-Apelin, Ad-sh-Apelin,Ad-Sirt3 or Ad-sh-Sirt3 (10 mL at each of four sites, 1.2 × 1010 PFU/mL) into the left ventricle free wall, and treated with or without
icariin (30 mg/kg). (A) LVEF (%) recordings; (B) LVFS (%) recordings; (C) LVESD (mm) recordings; (D) LVEDD (mm) recordings; (E) Protein expression with
representative gel blots of PGC‐1a, Mfn2, Cyt-b and b-actin(loading control); (F) Relative levels of PGC‐1a, Mfn2, and Cyt-b; (G) Protein expression with
representative gel blots of Apelin, Sirt3 and b-actin (loading control); (H) Relative levels of Apelin and Sirt3. (I) ROS production measured by DHE staining; (J)
Mitochondrial morphology measured by TEM; (K) Collagen deposition measured by Masson staining (blue indicate collagen deposition). (L) Apoptotic rate of
cardiomyocytes measured by TUNEL staining. #P < 0.05 vs db/++Ad-EV and *P < 0.05 vs db/db+Ad-EV; experiments were performed in triplicate.
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TEM. (Figures 1E–I, 2A–D). Surprisingly, icariin treatment was
found to reduce the expression of Apelin and Sirt3 in HG-treated
cardiomyocytes and db/db mice myocardium. (Figures 1K, L,
2F, G).

Emerging studies suggest that sirtuins play a critical role in
diabetes (Turkmen, 2014). Sirtuins contain Sirt3 in the
mitochondria (Javadipour et al., 2019), which is widely
expressed in the heart. Moreover, Sirt3 has been found to
prevent the development of DCM in the heart (Sun et al.,
2018). In this study, we found that the overexpression of Sirt3
in HG-treated cardiomyocytes alleviated mitochondrial
dysfunction (Figures 5A, B, E, F), compared to that achieved
in the HG + Ad-EV group. More importantly, icariin increased
the expression of Sirt3 (Figures 2F, G, 3K, L), however, it did not
affect the activity of Sirt3 in Ad-sh-Apelin transfected samples,
HG-treated cardiomyocytes (Figures 3C, D) or in db/db mice
injected with Ad-sh-Apelin (Figures 4G, H). Despite the
overexpression of Sirt3, icariin had no cardioprotective effect in
the presence of Apelin inhibition (Figures 5A–G, 6A–L). Such
findings strongly suggest that Apelin/Sirt3 signaling mediates the
Frontiers in Pharmacology | www.frontiersin.org 941
cardioprotective effects of icariin against the development of
DCM (Figure 7).
CONCLUSIONS

In the present study, we revealed that icariin can alleviate
mitochondrial dysfunction and decrease apoptosis and adverse
cardiac dysfunction in DCM. In addition, we found that its
mechanisms are associated with Apelin/Sirt3 signaling. Together,
the findings of this study demonstrate that icariin may serve as a
promising therapeutic agent for the treatment and prevention
of DCM.
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Non-excitable cells (NECs) such as cardiac myofibroblasts that are electrotonically
coupled to cardiomyocytes affect conduction velocity (θ) by representing a capacitive
load (CL: increased membrane to be charged) and a resistive load (RL: partial
depolarization of coupled cardiomyocytes). In this study, we untangled the relative
contributions of both loading modalities to NEC-dependent arrhythmogenic conduction
slowing. Discrimination between CL and RL was achieved by reversibly removing the RL
component by light activation of the halorhodopsin-based hyperpolarizing membrane
voltage actuator eNpHR3.0-eYFP (enhanced yellow fluorescent protein) expressed in
communication-competent fibroblast-like NIH3T3 cells (3T3HR cells) that served as a
model of coupled NECs. Experiments were conducted with strands of neonatal rat
ventricular cardiomyocytes coated at increasing densities with 3T3HR cells. Impulse
conduction along preparations stimulated at 2.5 Hz was assessed with multielectrode
arrays. The relative density of 3T3HR cells was determined by dividing the area showing
eYFP fluorescence by the area covered with cardiomyocytes [coverage factor (CF)].
Compared to cardiomyocytes, 3T3HR cells exhibited a depolarized membrane potential
(−34 mV) that was shifted to −104 mV during activation of halorhodopsin. Without
illumination, 3T3HR cells slowed θ along the preparations from ∼330 mm/s (control
cardiomyocyte strands) to ∼100 mm/s (CF = ∼0.6). Illumination of the preparation
increased the electrogram amplitudes and induced partial recovery of θ at CF > 0.3.
Computer simulations demonstrated that the θ deficit observed during illumination was
attributable in full to the CL represented by coupled 3T3HR cells with θ showing a
power-law relationship to capacitance with an exponent of −0.78 (simulations) and
−0.99 (experiments). The relative contribution of CL and RL to conduction slowing
changed as a function of CF with CL dominating at CF ≤ ∼0.3, both mechanisms
being equally important at CF = ∼0.5, and RL dominating over CL at CF > 0.5.
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The finding that RL did not affect θ at CFs ≤ 0.3 is explained by the circumstance
that, at the respective moderate levels of cardiomyocyte depolarization, supernormal
conduction stabilized propagation. The findings provide experimental estimates for
the dependence of θ on membrane capacitance in general and suggest that the
myocardium can absorb moderate numbers of electrotonically coupled NECs without
showing substantial alterations of θ.

Keywords: heart, fibroblasts, myofibroblasts, conduction velocity, membrane capacitance, optogenetics,
computer modeling, arrhythmia

INTRODUCTION

Heart rhythm disorders are frequent complications of cardiac
disease. The initiation of reentrant arrhythmias such as
flutter and fibrillation results from slow conduction of
the cardiac action potential and conduction block (Kleber
and Rudy, 2004). Classically, the velocity of conduction is
determined primarily by the density and kinetics of voltage-
gated channels carrying inward currents, as well as by the
level of gap junctional coupling between cardiomyocytes
(CMCs) (Shaw and Rudy, 1997; Rohr et al., 1998). More
recently, it was shown both in vitro and in vivo that
conduction velocity (θ) can be modulated by non-excitable
cells (NECs) such as myofibroblasts and macrophages
that are coupled to CMCs by gap junctions (Rohr, 2009;
Hulsmans et al., 2017).

Electrotonic coupling of NECs to CMCs slows impulse
conduction based on two main mechanisms: (1) NECs like
myofibroblasts exhibit a reduced (less negative) membrane
potential (Vm) compared to CMCs (Salvarani et al., 2017).
Accordingly, they induce partial CMC depolarization upon
establishment of heterocellular electrotonic coupling. The extent
of CMC depolarization depends on the difference between
the membrane potentials of the two cell types (1Vm) and
the relative magnitudes of the CMC membrane resistance, the
NEC membrane resistance, and the gap junctional conductance
(Jousset et al., 2016; Kucera et al., 2017). The NEC-dependent
reduction of the resting membrane potential (RMP) of coupled
CMCs induces sodium channel inactivation and hence reduces
θ (Miragoli et al., 2006). The effect of such “resistive loading,”
that is, the reduction of the RMP of CMCs by coupled, less
polarized cells, has been investigated before using bioengineered
strands of CMCs that were coated with cardiac myofibroblasts
known to establish heterocellular electrotonic coupling. With
increasing myofibroblast density, θ was reported to first slightly
increase and then monotonically decrease, thereby reproducing
the phenomenon of supernormal conduction that characterizes
the response of θ to increasing CMC depolarization as induced,
for example, by a gradual increasing extracellular potassium
concentration (Kagiyama et al., 1982; Shaw and Rudy, 1997; Rohr
et al., 1998; Miragoli et al., 2006; Jacquemet and Henriquez,
2008). (2) Even if NECs were to display a Vm similar to the
RMP of CMCs, and hence, sodium-channel availability would
not be compromised, electrotonic coupling between the two
cell types would still be expected to slow conduction because

the membrane capacitance of NECs will be charged during
activation of coupled CMCs, which results in a reduction of
the amount of depolarizing current available for an efficient
downstream depolarization of CMCs as shown before in
computer simulations (Jacquemet and Henriquez, 2008).

By contrast to the established role of resistive loading of
CMCs by coupled NECs in conduction slowing, experimental
data that characterize the contribution of capacitive loading
to conduction slowing are, to our knowledge, still lacking. In
excitable cells, the membrane capacitance (Cm) delays the onset
of the action potential upstroke due to a prolongation of the
foot potential. This results in slowing of conduction, with θ

generally being assumed to show an inverse proportionality
to Cm in cardiac tissue (Matsumoto and Tasaki, 1977). The
same proportionality is expected to govern conduction in nerve
fibers (Hartline and Colman, 2007). For the case of NECs being
electrotonically coupled to CMCs, previous in silico studies
predicted θ to be inversely proportional to the square root
of Cm of coupled NECs with the magnitude of the effect
on conduction being dependent on the coupling conductance
between the two cell types (Plonsey and Barr, 2000; Jacquemet
and Henriquez, 2008). However, earlier theoretical work suggests
that the relationship between θ and tissue capacitance does not
necessarily follow an inverse law or an inverse square root law
but more generally a power law with an exponent between −1/2
and −1 and that this power-law relationship depends on the
density and kinetic properties of the voltage-gated channels in
addition to purely passive electrical properties (Huxley, 1959;
Jack et al., 1983).

Whereas the results of previous computer simulations
underline the importance of capacitive loading of CMCs by
coupled NECs in proarrhythmic slowing of conduction, a lack of
appropriate methodologies has precluded a direct experimental
assessment of theoretical predictions in the past. This situation
has markedly changed with the advent of optogenetics that we
use in this study to experimentally untangle the differential
contributions of capacitive versus resistive loading to conduction
slowing induced by NECs coupled to CMCs. The results
show that NEC-dependent capacitive loading slows θ in a
∼1/Cm fashion. At low NEC densities, this effect is offset by
resistive loading that stabilizes θ due to supernormal conduction,
whereas at higher NEC densities, both capacitive and resistive
loading synergistically reduce θ. Being aware of the complex
interactions between the two loading conditions is expected
to contribute to the general understanding of the effects that
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NECs coupled to CMCs exert on cardiac impulse propagation in
health and disease.

MATERIALS AND METHODS

Production of Lentiviral Expression
Vectors for the Halorhodopsin Gene
eNpHR3.0
The plasmids pLenti-CMV-GFP-Puro-(658-5) (Addgene,
ref. #17448) and pLenti-CaMKIIa-eNpHR3.0-EYFP-WPRE
(Addgene, ref. #20946) were combined into the customized
lentiviral expression vector pLenti-CMV-eNpHR3.0-Puro.
This vector induced the expression of the enhanced version
of halorhodopsin (HR) (eNpHR3.0) under the CMV (human
cytomegalovirus) promoter with the puromycin resistance
gene serving to create a 3T3 cell line stably expressing HR.
Molecular cloning was performed using classical techniques
and by employing the In-Fusion strategy (Takara Bio Europe,
Saint-Germain-en-Laye, France).

Lentivirus Production
The lentiviral expression vector was cotransfected in HEK293
cells with the plasmids encoding for the vesicular stomatitis
virus G protein (pMD2.G, Addgene ref. #12259) and the Gag
and Pol polyproteins and the Tat and Rev proteins of human
immunodeficiency virus type 1 (pCMVR8.74, Addgene ref.
#22036). HEK293 cells (3–6 × 107 cells) were grown and
transfected in Dulbecco modified Eagle medium (DMEM)
(ThermoFisher, Reinach, Switzerland) supplemented with
10% fetal bovine serum (Bioswisstech Ltd., Schaffhausen,
Switzerland) and 0.5 mmol/L sodium pyruvate (Merck, Buchs,
Switzerland). Transfection was performed with Transit-
LT1 reagent (Mirus Bio LLC, Madison, MI, United States)
composed of a mixture of lipids and proteins/polyamines.
After transfection, the medium was collected for 2 days and
stored at 4◦C until the day of ultracentrifugation (74,000 g
for 2 h at 4◦C) to isolate the viral particles. The lentiviral
particles were resuspended in an appropriate volume of sterile
phosphate-buffered saline and stored at −80◦C. Titration
was performed by transducing HEK293 cells followed by
assessing the transducing units (T.U.), which ranged from 108

to 1010 T.U./mL. Production, purification, and titration were
adapted from Hewinson et al. (2013).

Generation of 3T3HR Cells
NIH3T3 cells (mouse embryonic fibroblast cell line) were
stably transduced (puromycin selection) with HR-expressing
lentiviral particles to generate a cell line that we named
3T3HR. For this purpose, NIH3T3 cells (Y. Zimmer lab, DBMR,
University of Bern, Switzerland) were kept in culture medium
consisting of DMEM (ThermoFisher, Reinach, Switzerland)
supplemented with 10% fetal bovine serum (Bioswisstech Ltd.,
Schaffhausen, Switzerland), 10 U/mL penicillin, 10 µg/mL
streptomycin (Bioswisstech Ltd., Schaffhausen, Switzerland),
and 0.5 mmol/L sodium pyruvate (Merck, Buchs, Switzerland).

During transduction, the cell culture medium was replaced by
supplemented medium containing polybrene (8 µg/mL; Santa
Cruz, Heidelberg, Germany) and lentiviral particles (multiplicity
of infection, MOI, ranging between 3 and 8). This medium was
replaced after 18 h with normal supplemented DMEM. Cells
were cultured at 37◦C, 5% CO2 in culture medium supplemented
with puromycin (2 µg/mL; Santa Cruz, Heidelberg, Germany)
until reaching confluency after 4 to 7 days. Thereafter, the
transduced cells (3T3HR cells) were dissociated, centrifuged
(1,000 revolutions per min for 10 min), resuspended in cell
culture medium containing 20% fetal bovine serum and 10%
dimethyl sulfoxide at 106 cells/mL, and finally stored in liquid
nitrogen. For use in experiments, 3T3HR cells were defrosted and
kept in supplemented DMEM medium containing puromycin
(2 µg/mL) for 1 week. The cell monolayers were dissociated
using trypsin-EDTA solution (Merck, Buchs, Switzerland). The
resulting cell suspension was centrifuged, and the cell pellet
resuspended in supplemented cell culture medium M199 (for
composition cf. below). After determination of the cell count with
a hemocytometer, 3T3HR cells were seeded at defined densities
onto CMC strand preparations (see below) or on glass coverslips
(25 cells/mm2) for patch clamp experiments.

CMC Cell Strands
Neonatal rat ventricular CMC cultures were prepared using
established protocols and following Swiss guidelines for animal
experimentation under the license BE27/17 of the State
Veterinary Department of the Canton of Bern (Rohr et al.,
2003). In short, the ventricles of the hearts of 8 to 10
neonatal rats (Wistar, 1 day old) were minced with scissors,
and the resulting tissue pieces dissociated in Hanks balanced
salt solution (HBSS) (without Ca2+ and Mg2+; Bioconcept
AG, Allschwil, Switzerland) that contained trypsin (0.1%;
Merck, Buchs, Switzerland) and pancreatin (120 µg/mL;
Merck, Buchs, Switzerland). After centrifugation, the dissociated
cells were resuspended in medium M199 with Hanks salts
(Merck, Buchs, Switzerland) that was supplemented with
penicillin (20 U/mL; Merck, Buchs, Switzerland), vitamin B12
(2 µg/mL; Merck, Buchs, Switzerland), bromodeoxyuridine
(100 µmol/L; Merck, Buchs, Switzerland), vitamin C (18 µmol/L;
Merck, Buchs, Switzerland), epinephrine (10 µmol/L; Merck,
Buchs, Switzerland), L-glutamine (680 µM/L; Merck, Buchs,
Switzerland), and 10% neonatal calf serum (NCS; Bioswisstech
Ltd., Schaffhausen, Switzerland). The cell suspension underwent
differential preplating in cell culture flasks for 120 min
in order to separate CMCs from fibroblasts. Cell densities
in the supernatant containing predominantly CMCs were
determined with a hemocytometer and adjusted by dilution
as to result in the required seeding density (5,000 cells/mm2).
Cardiomyocyte cell cultures were kept in the incubator at
36◦C in a humidified atmosphere containing 0.8% CO2.
The culture medium was exchanged 24 h after seeding
with supplemented medium M199 (cf. above) containing
5% NCS and every other day thereafter. At the time of
the initial medium exchange, preparations were inspected
by phase contrast microscopy for the presence of non-
uniformities in cell density and the presence of holes.
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Preparations exhibiting these defects were excluded from further
experiments. Experiments were performed 72 to 96 h after
seeding of the CMCs.

Patterned Growth Strand Preparations
Cardiomyocyte cell strands measuring 7.45 by 0.4 mm were
produced using standard photolithography, with patterns being
centered on the rows of electrodes on the multielectrode array
(MEA) substrates (Rohr et al., 2003). A schematic illustration of
the preparations is presented in Supplementary Figure S1.

CMC-3T3HR Cell Strands
3T3HR cells were seeded at densities ranging from 250 to
2500 cells/mm2 onto the 24-h-old CMC cell strands. Cultures
were incubated for 3 h to permit stable adherence of 3T3HR
cells to CMCs. Thereafter, the medium was replaced with fresh
supplemented cell culture medium lacking bromodeoxyuridine.
Preparations were kept in the incubator at 36◦C in a humidified
atmosphere containing 0.8% CO2 for a further 48 h before
conducting the experiments.

Determination of the Coverage Factor
The coverage factor (CF), that is, the relative cell membrane
area of 3T3HR cells in respect to the cell membrane area of
CMCs (area 3T3HR cells/area CMCs) of the preparations used
in the MEA experiments, was determined by imaging the cell
strands on an inverted microscope equipped for epifluorescence
(Zeiss Axiovert 200M; excitation 482/35 nm; dichroic 499;
emission 536/40 nm). Images were acquired with a cooled
CCD camera (Spot RT-KAI2000; Spot Diagnostic Instruments,
Sterling Heights, MI, United States). 3T3HR cells were identified
based on their eYFP fluorescence. With the objective used
(2.5×, 0.075 N.A.), two images covered the entire length of the
strands. They were stitched using Image Composite Editor (ICE;
Microsoft, Redmond, WA, United States) and segmented with
Ilastik (EMBL, Heidelberg, Germany), an interactive software
that is trained to distinguish between fluorescent (foreground)
and non-fluorescent areas (background). The segmented images
were then processed using ImageJ (NIH, Bethesda, MD, United
States), and the result, that is, the area covered by 3T3HR cells,
was divided by the area of the CMC strand. An example of a
preparation is presented in Supplementary Figure S2.

Conduction Measurements With
Multielectrode Arrays
Impulse propagation characteristics in strands of CMCs
(controls) and strands of CMCs coated with 3T3HR cells
were determined using a custom-built MEA system. The
electrode layout of the MEA substrates was designed to our
specification (EPFL, Neuchâtel, Switzerland) and is shown in
Supplementary Figure S1. It consisted of four rows of recording
electrodes that were regularly spaced (interelectrode distance:
0.5 mm) and terminated on either side by a stimulation dipole
being positioned at 1 mm from the last recording electrode.
Stimulation of the preparations and electrogram recordings
were performed with a custom-built stimulation/recording

system that provided an internal gain of 1,000. Stimulation
dipoles and stimulation parameters (frequency, amplitude,
duration) were software selectable. After digitization, data
were transferred via a USB link to a PC that permitted
following ongoing experiments in real time and was used
for storing the data for later offline analysis using custom
written software.

Experiments were performed in an incubator (36◦C, 0.8%
CO2) with preparations being stimulated by bipolar voltage
pulses (±1 V; 4 ms) applied at 2.5 Hz to a stimulation
electrode. After a prestimulation period of 50 s that allowed
conduction to reach steady state, the recording was started,
and the preparations subjected to a dark (20 s)–light (4 s)–
dark (25 s) protocol. Preparations were illuminated by a high-
brightness LED assembly (Luxeon Star 7 LEDs, SR-02-LO040;
590 nm, Lumileds, San Jose, CA, United States) equipped with
a multilens collimating system (Cell Cluster Concentrator Optic
# 263; Polymer Optics Ltd., Coventry, United Kingdom) that
produced a spatially uniform light beam with a diameter of
∼10 mm that covered the entire preparation. Maximal light
intensities reached at the level of the preparations amounted
to 10.4 mW/mm2. To minimize warming of the preparation
by the powerful light source, four fans removed the heat
from the source. To ensure efficient heat removal, temperature
was continuously monitored at the level of the MEA during
the experiments.

Conduction velocities were assessed by software-based
detection of local activation times defined by the minimum of the
first derivative of the electrogram. From these data, conduction
velocities were derived from the slope of a linear fit to the distance
versus activation time plots.

Whole-Cell Patch Clamp Recordings
For patch clamp experiments, low-density CMC and 3T3HR
cell cultures grown on glass coverslips were mounted in an
experimental superfusion chamber (Rohr, 1986) and placed on
the stage of an inverted microscope (Nikon Eclipse, TE2000-E,
Nikon, Egg, Switzerland). Halorhodopsin was activated by a high-
power LED (595 nm; Thorlabs, Thorlabs GmbH, Bergkirchen,
Germany) that was coupled into the epi-illumination path of
the microscope where it passed through an excitation filter
(600/43 nm, Semrock, Rochester, NY, United States) followed
by a dichroic mirror (570 nm, Semrock, Rochester, NY,
United States). Light was projected onto the preparation by
a 40× − 0.65 N.A. objective (Nikon). Maximal light power
reached with this configuration at the level of the preparation
was 8.9 mW/mm2. Preparations were superfused at 2 to
3 mL/min with HBSS containing 1% NCS at room temperature.
Patch pipettes were pulled from borosilicate glass capillaries
(GC150F-10, Harvard Apparatus, Holliston, MA, United States)
with a horizontal puller (DMZ; Zeitz Instruments, Martinsried,
Germany). The patch pipette filling solution contained (in
mmol/L) K-aspartate 120, NaCl 10, Mg ATP 3, CaCl2 1, EGTA 10,
and HEPES 5 (pH 7.2; free Ca2+ concentration of ∼35 nmol/L).
Pipette resistances ranged from 2 to 15 M�. Pipettes were
positioned with a motorized micromanipulator (MP-225; Sutter
Instrument Company, Novato, CA, United States). Pipette
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potentials were zeroed before cell contact, and measured
potentials were corrected for the liquid junction potential
(12.4 mV) as calculated by pCLAMP software (Molecular
Devices LLC, San Jose, CA, United States). Analog signals
were amplified, filtered (1 kHz), and digitized (2.9 kHz) with a
HEKA EPC-10 patch clamp amplifier (HEKA Elektronik GmbH,
Lambrecht, Germany). Data were stored on a computer for
offline analysis with Patchmaster (V 2.15) and Fitmaster (V 2.53)
software (HEKA).

Electrophysiological properties of 3T3HR cells were assessed
using standard whole-cell patch clamp recording techniques.
Seal resistances ranged from 2 to 10 G�. After rupture of
the membrane, series resistance, membrane capacitance, and
the liquid junction potential were compensated. Membrane
resistances and cell capacitances were calculated by Patchmaster.
Current-to-voltage (I–V) relationships were obtained by applying
continuous voltage ramp protocols where, starting from a
holding potential of −70 mV, the membrane was clamped
to −100 and ramped to 50 mV within 1.2 s (slew rate
of 125 mV s−1). In case of 3T3HR cells, ramps were
performed first in the dark and then in presence of HR-
activating light (590 nm). The light intensity used in the
experiments (8.9 mW/mm2) has been shown before to cause
maximal activation of the optogenetic actuator eNpHR3.0-
eYFP (Zhang et al., 2019). In agreement with these data,
we found previously in eNpHR3.0-eYFP–transduced cardiac
myofibroblasts that photocurrents saturate at light intensities
≥3.5 mW/mm2. Net whole-cell currents were normalized to cell
capacitance and are reported as pA/pF. The magnitude of the
HR-dependent chloride pump current and its reversal potential
were calculated from the difference between the I–V curves
measured in the presence of light and in the dark. The time course
and size of light-induced hyperpolarizations was measured in
current clamp mode (I = 0). Maximal light-induced voltage
changes were determined 0.5 s after the start of illumination,
which corresponds to ∼5 × the activation time constant (cf.
Supplementary Figure S4).

Computer Simulations of Conduction
Monodomain computer simulations of action potential
propagation were conducted in a fiber containing 100 CMCs,
each having a length of 60 µm and a capacitance CCMC of
28.8 pF. Ion currents of CMCs were based on a model that
was designed to reproduce findings in strands of neonatal rat
ventricular myocytes cocultured with myofibroblasts (Jousset
et al., 2016). The lumped gap junctional and myoplasmic
conductance between CMCs was adjusted to 0.38 µS to replicate
the mean control θ measured in the present study in the absence
of 3T3HR cells.

Coating of CMC cell strands with 3T3HR cells at different
CFs was simulated by connecting each CMC laterally to a 3T3HR
cell having a capacitance C3T 3HR = CF · CCMC. Ion currents
of the 3T3HR cells (Idark: total dark current; IHR: HR-induced
light-activated current) were modeled based on current–voltage
relationships (normalized to cell capacitance) as obtained in
patch clamp experiments. Dark conditions were simulated by
setting IHR to 0. The absolute membrane current of 3T3HR cells

was obtained by multiplying it by C3T 3HR. In an additional set of
simulations, both Idark and IHR were set to 0, which resulted in
purely capacitive cells having the same RMP as CMCs.

3T3HR cells were connected to CMCs by a conductance
gCMC−3T 3HR of 72 nS and scaled by the CF. Scaling both
C3T 3HR and gCMC−3T 3HR by the CF ensured that the time
constant determining the passive loading of 3T3HR cells
(C3T 3HR/gCMC−T 3HR) remained invariant at 0.4 ms, a value
based on previous experimental observations in our laboratory
(Salvarani et al., 2017). In additional simulations, the effects of
a decreased CMC-3T3HR coupling (1.2 nS) on conduction were
investigated. 3T3HR cells were not connected to each other.

Different CFs were modeled by scaling the capacitance of
the 3T3HR cells, their ionic currents, and their intercellular
coupling conductance to the CMCs. This approach represents
a homogenization of the distribution of the 3T3HR cells. In
a previous study using a detailed cellular structure model, we
observed that a random distribution of myofibroblasts on CMCs
leads to only minimal spatial variations of the RMP (<0.1 mV)
and to equally spaced isochrones at a macroscopic level (Jousset
et al., 2016). Thus, the homogenized model is adequate for
characterizing macroscopic θ.

Simulations were started with a period of no stimulation
(2 s) to allow the CMCs and the 3T3HR cells to reach their
respective RMPs and to ascertain the absence of spontaneous
activity. The fiber was then stimulated by a rectangular current
pulse applied to the first CMC. The intensity and duration of
the stimulus were adjusted in each simulation to ensure that
a propagated action potential was properly initiated without a
major stimulation artifact.

Activation time was defined as the time at which the
membrane potential of CMCs surpassed –35 mV during
depolarization. Conduction velocity was computed by linear
regression of activation time versus distance between cell 25 and
cell 75 to exclude stimulation artifacts and sealed-end effects.
In the CMC model, the Na+ current (INa) was represented
using a Hodgkin–Huxley formalism with three activation gates
(m) and two inactivation gates (h and j) (Luo and Rudy, 1991;
Jousset et al., 2016). The availability of INa was calculated as
the product of the steady-state values of h and j at the RMP.
Extracellular potentials were reconstructed at a distance of 5 µm
from the 50th cell of the fiber using the method of Plonsey and
Barr (Plonsey and Barr, 2000) and assuming an extracellular
resistivity of 100 � cm.

The system of differential equations was integrated
numerically using a constant time step of 0.005 ms. Gating
variables were integrated using the method of Rush and Larsen
(1978) and membrane potentials were determined using the
forward Euler method. All simulations were run using MATLAB
(The MathWorks, Natick, MA, United States).

Statistical Analysis
Normal distribution of data was assessed using the Shapiro–
Wilk test. Data comparison was performed with the Student
t-test (homoscedastic or heteroscedastic where appropriate).
Differences were considered significant at p < 0.05.
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FIGURE 1 | Electrophysiological characterization of 3T3HR cells. (A) Fluorescence image of an HR-expressing 3T3 cell (green) overlaid on a phase contrast image.
(B) Current-to-voltage relationships of 3T3HR cells in the dark (black) and during activation of HR (red) (n = 8; mean ± SD; SD spread indicated by a light-red and
gray band; voltage clamp protocol shown in the inset). (C) Difference current (Ilight − Idark ) induced by activation of HR at saturating light intensities (590 nm;
8.9 mW/mm2; n = 8; mean ± SD). The linear fit (stippled black line) indicates that the actuator-induced outward current reverses at ∼−235 mV. (D) Membrane
potentials (Vm) of single 3T3HR cells before, during, and after HR activation (n = 7: 590 nm; 8.9 mW/mm2).

RESULTS

Electrophysiological Characterization of
3T3HR Cells
An image of an HR-expressing single 3T3 cell (3T3HR) is
shown in Figure 1A. The optogenetic actuator fused to eYFP
is uniformly expressed as evidenced by the homogeneous green
fluorescence. Currents recorded during application of voltage
ramps (-100 to 50 mV within 1.2 s) are shown in Figure 1B
and indicate slight outward rectification of currents at positive
potentials. Membrane potentials of 3T3HR cells in absence of HR
activation ranged from -26 to -44 mV (average, 35.0 ± 5.4 mV;
n = 7), membrane capacitances from 43 to 78 pF mV (average,
64.7 ± 11.3, n = 7), and input resistances from 0.5 to 1.4 G�
(0.95 ± 0.33 G�, n = 7). During HR activation at saturating
light intensities (590 nm; 8.9 mW/mm2), the current-to-voltage
(I–V) curve was shifted upward due to the light-induced Cl−
pump current produced by HR. A linear fit applied to the HR-
dependent current indicated a reversal potential at approximately
−235 mV (Figure 1C). In current clamp mode with I = 0,
activation of HR caused a significant hyperpolarization of the
membrane potential of 3T3HR cells from −35.0 ± 5.4 mV
(dark conditions) to −103.9 ± 31.9 mV (illuminated; n = 7;

p = 0.0017), with average membrane potentials before and after
HR activation (−35.0 ± 5.4 mV vs. −35.0 ± 4.4 mV) being
identical (Figure 1D). As shown in Supplementary Figure S3,
the magnitude of IHR showed a close to linear dependence
on the level of expression of the optogenetic reporter, which
ranged from 3.0 to 33.3 (a.u.) with IHR measured at a clamp
potential of 0 mV increasing from 0.53 pA/pF to 2.58 pA/pF
(linear fit: slope 0.06, r2 = 0.81, n = 5). Time constants of the
light-induced hyperpolarizing responses were 94.3 ± 46.4 ms
(on-response; n = 18) and 137.7 ± 58.9 ms (off-response; n = 15;
Supplementary Figure S4). Supplementary Figure S5 depicts an
example of a 3T3HR cell–CMC cell pair with the contact region
showing discrete immunofluorescence staining for connexin43.

HR Activation Only Partially Restores θ in
3T3HR–CMC Strand Preparations
Impulse conduction along strands of CMCs coated at increasing
densities with 3T3HR cells was assessed using a MEA system.
Conduction velocities (θ) in strands of CMCs were not
significantly altered by illumination (dark: 333± 59 mm/s; light-
on: 338 ± 54 mm/s; n = 25). Also, electrogram amplitudes
(1.5 ± 0.8 mV; n = 25) and downstroke times (time from the
maximum to the minimum of the electrogram; 0.29 ± 0.04 ms;
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n = 25) remained unchanged. By contrast, CMC strands coated
with 3T3HR cells showed a distinct response to HR activation
as is illustrated in Figure 2 for a preparation with a CF of
0.65. The center panel of Figure 2A depicts the preparation
with green fluorescent 3T3HR cells and the positioning of the
stimulation (blue disk) and recording electrodes (red dots).
Impulse conduction under control, that is, dark conditions, was
uniform and, as expected for heterocellular preparations, slow
(108 mm/s; left panel). Uniform illumination of the cell strand
(590 nm; 10.4 mW/mm2) caused, as shown in the right-hand
panel, a substantial acceleration of θ to 221 mm/s. The temporal
profile of the light-induced change in impulse conduction is
shown in Figure 2B. θ responded to illumination with an
instantaneous increase by over 100% and promptly returned to

preillumination values after switching off the light. Apart from
accelerating conduction, activation of HR was accompanied by a
several-fold increase of the electrogram amplitude as exemplified
by the electrogram of electrode #3 in Figure 2C. When averaging
all electrograms (n = 8) of this preparation, amplitudes increased
∼4.4-fold from 0.66 ± 0.13 mV in the dark to 2.88 ± 0.49 mV
during HR activation (p < 2.3× 10−6).

Partial Restoration of Conduction
Velocity During HR Activation Depends
on 3T3HR Cell Density
Compared to conduction velocities measured in CMC
preparations without 3T3HR cells (333 ± 6 mm/s; n = 25),

FIGURE 2 | Multielectrode array–based assessment of conduction in heterologous CMC-3T3HR cell strands. (A) Electrograms measured along a 400-µm-wide
strand of CMCs coated with 3T3HR cells (center panel: fluorescence image of 3T3HR cells with red dots indicating recording sites and the blue disk denoting the
stimulation dipole). Compared to the control recordings in the dark (left panel; stimulation artifact marked with blue backdrop), electrical activation of the preparation
was accelerated during HR stimulation (right panel). (B) Time course of the increase of conduction velocity (θ) during transient light stimulation of HR (yellow bar;
590 nm; 10.4 mW/mm2). (C) Time course of the change of electrogram amplitude as recorded by electrode #3 during light stimulation of HR (yellow bar, same
experiment).
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strands coated with 3T3HR cells exhibited slow conduction.
The degree of conduction slowing was correlated to 3T3HR cell
density, and values as low as 100 mm/s were observed at the
largest CFs used (Figure 3A, black symbols). When removing
the depolarizing effect of 3T3HR cells on coupled CMCs by
activating HR, θ consistently increased for CFs > 0.3 (Figure 3A,
red symbols). As shown in Figure 3B, the increase of θ was
correlated to the density of 3T3HR cells in both absolute and
relative terms. At high 3T3HR cell coverage, the light-induced
increase of θ relative to initial values in the dark was as high as
160%. Despite this substantial recovery of conduction during
light activation of HR, there remained a θ deficit in respect
to CMC cell strands that was positively correlated to 3T3HR
cell density (Figure 3C). At the highest 3T3HR cell densities
tested, θ remained depressed by ∼40% (as opposed to ∼70%
in absence of HR stimulation), which, as demonstrated by the
simulations presented in the following section, reflects capacitive
loading of the CMCs by electrotonically coupled 3T3HR cells.
Finally, IHR activation by light not only accelerated conduction
but, due to the removal of partial inactivation of the sodium

current in coupled CMCs, caused a CF-dependent increase in
peak-to-peak amplitudes of the electrograms that increased
several-fold at large CFs compared to peak-to-peak amplitudes
in the dark (Figure 3D).

In silico Assessment of Conduction in
Heterologous CMC-3T3HR Cell Strands
The plausibility of the argument that activation of HR exposes the
capacitive load (CL) of 3T3HR cells exerted on coupled CMCs by
removing their depolarizing effect, that is, their resistive load (RL)
component, was evaluated by comparing experimental findings
to in silico models of conduction along strands of CMCs coupled
to non-excitable 3T3HR cells.

Ion currents present in CMCs were based on our previously
developed model (Jousset et al., 2016). In simulated CMC control
strands, intercellular coupling was adjusted as to replicate control
conduction velocities observed in CMC strand preparations
devoid of 3T3HR cells (experimentally observed velocities:
333 ± 6 mm/s; n = 25; lumped myoplasmic and junctional

FIGURE 3 | Dependence of conduction velocities and electrogram amplitudes on the coating density of 3T3HR cells. (A) Conduction velocities as a function of the
CF in the dark (black dots) and during HR activation (red dots; 590 nm; 10.4 mW/mm2). (B) Increase of conduction velocities in CMC-3T3HR cell strands in response
to illumination (left ordinate: red symbols, absolute increase in mm/s; right ordinate: yellow diamonds, relative increase in respect to conduction velocities measured
in the dark). (C) Persistent deficit of conduction velocities during HR activation in CMC-3T3HR cell strands as compared to control CMC strands (left ordinate: red
symbols, persistent conduction slowing in absolute values; right ordinate: yellow diamonds, persistent conduction slowing relative to CMC control strands; the
stippled line refers to conduction velocities measured in CMC control strands). (D) Relative increase of electrogram amplitudes in response to HR activation plotted
as a function of 3T3HR cell density.
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conductance between myocytes in the model of 0.3817 µS yielded
an overall θ of 339 mm/s). The ion currents of 3T3HR cells
were modeled as a function of the membrane potential based on
the patch clamp experiments presented in Figure 1. Figure 4A
shows the mean total dark current density (Idark, black) and
the mean HR-mediated current density (IHR, black) induced by
illumination, together with the fitted functions used to represent
these currents in the model (red).

The effects of increasing densities of 3T3HR cells on θ and
the RMP of CMCs are shown in Figure 4B. Simulations were
run in the absence of light (black symbols), in the presence
of the light-induced IHR (red symbols), and for two different
levels of heterocellular gap junctional coupling. The coupling
conductance of 72 nS (filled symbols) was based on values found
before in pairs of CMCs coupled to non-excitable myofibroblasts
(Salvarani et al., 2017). Additionally, we performed simulations
at very low levels of intercellular coupling [open symbols;
1.2 nS corresponding to ∼12 connexons when assuming a single
connexon conductance of 100 pS (Valiunas et al., 1997)].

At normal levels of CMC-3T3HR coupling and in absence of
IHR, increasing the CF led to a prominent conduction slowing

(339 mm/s to 67 mm/s) because the moderately polarized 3T3HR
cells (Vm of the isolated model 3T3HR cell:−32.3 mV) induced a
reduction of the RMP of CMCs from −79.9 mV to −59.9 mV.
This depolarization caused partial inactivation of the sodium
channels as quantified by INa availability (bottom panel of
Figure 4B). For CFs > 0.6, INa was almost fully inactivated,
and slow conduction was essentially supported by the L-type
Ca2+ current, which is in agreement with previous findings
with CMC strands being depolarized by a rise in [K+]o or
CMC strands coated with myofibroblasts (Rohr et al., 1998;
Miragoli et al., 2006). During HR activation, the depolarizing
effect of 3T3HR cells on coupled CMCs was entirely suppressed,
INa availability fully restored, and conduction accelerated for
CFs > 0.3. Importantly, and in agreement with the experiments
(Figure 3), θ did not fully return to levels observed in control
CMC strands indicating that CMC depolarization, that is,
resistive loading, was not the only determinant of 3T3HR cell–
induced conduction slowing.

To investigate whether the reduction of θ persisting in the
presence of IHR was due to the CL exerted by the 3T3HR cells on
coupled CMCs, both Idark and IHR of 3T3HR cells were set to 0,

FIGURE 4 | Computer simulations of 3T3HR cell electrophysiology and impulse conduction. (A) Mean current-to-voltage relationships of 3T3HR cells during voltage
clamp ramps in the absence of light (Idark , top) and during HR activation with light (net light induced HR pump current, IHR, bottom). The black curves denote mean
values (n = 8), whereas the red curves represent the fitted functions used in the 3T3HR cell model [Idark = 0.46862·eV/33 .751 + 0.018636·V + 0.42087;
IHR = 0.0072742 · (V + 229.95)]. (B) Conduction velocity (top), RMP (middle), and INa availability (bottom) versus CF for CMC-3T3HR cell strands exhibiting normal
(72 ns = 720 connexons; solid lines) and reduced gap junctional coupling (1.2 ns = 12 connexons; stippled lines). Simulations refer to dark conditions (black), light
stimulation (red), and to the case of purely capacitive 3T3HR cells (blue). At CFs > 0.7, spontaneous activity occurred in the dark, and θ at a stable RMP could not be
determined anymore.
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resulting in 3T3HR cells that acted in a purely capacitive manner
(Figure 4B, blue symbols). While this intervention did not affect
the RMP of coupled CMCs, it led to a slowing of conduction
that was virtually identical to that observed in the presence
of both Idark and IHR. This finding supports the conclusion
that the incomplete recovery of θ observed in CMC-3T3HR cell
preparations during activation of IHR was primarily caused by the
CL imposed by the 3T3HR cells on the coupled CMCs.

At low levels of CMC-3T3HR cell coupling (Figure 4B, open
symbols), increasing the density of 3T3HR cells first led to a slight
increase and then a moderate decrease of conduction velocities
to 280 mm/s, which was paralleled by a steady decrease of the
RMP of CMCs from −79.9 to −68.0 mV and a reduction of INa
availability to 36.5%. The phenomenon of a transient increase of
θ at CFs < 0.3 is reminiscent of supernormal conduction and
is explained by the fact that the depolarization caused by the
3T3HR cells brought the RMP of CMCs closer to the threshold
of INa activation. Because INa inactivation at these low CFs was
still moderate, the reduction of the source current necessary to
activate INa prevailed, and hence, θ increased at CF < 0.3.

For the case of weak coupling of 3T3HR cells to CMCs,
θ returned to control values during HR activation. This is in
contrast to the experimental observations and suggests that the
coupling conductance between CMCs and 3T3HR cells in the
experimental preparations was closer to 72 nS than 1.2 nS and
that robust heterocellular coupling is prerequisite for 3T3HR cells
to exert a significant CL on neighboring CMCs.

3T3HR Cell–Induced Electrogram
Amplitude Changes: Simulation Versus
Experiment
3T3HR cell density-dependent changes in peak-to-peak
electrogram amplitude were investigated by computing

electrograms at a distance of 5 µm from the middle of the
strand (CMC-3T3HR cell coupling conductance of 72 nS). As
shown in Figure 5A, electrogram amplitudes decreased with
increasing 3T3HR cell densities from 9.6 µV (control) to 0.94 µV
at a CF of 0.7. This decrease was nearly fully reversed upon
HR activation. Specifically, at the highest 3T3HR cell densities,
electrogram amplitudes were restored by more than 94% as
compared to control conditions (Figure 5B, upper panel). The
computed relative changes in electrogram amplitudes upon IHR
activation (Figure 5B, lower panel) were in qualitative agreement
with the experimental values, indicating that the parameters
chosen for the cell models were adequate. For simulations using
a very low coupling conductance (1.2 nS), the effects of resistive
loading by coupled 3T3HR cell were, as expected, reduced (9.7 µV
to 4.7 µV; Supplementary Figure S6).

3T3HR Cell–Induced Conduction Slowing:
Simulation Versus Experiment
A direct comparison of experimental and simulated conduction
velocities for different 3T3HR cell densities is shown in
Figure 6A. Within the range of CFs present in experiments
(0.25 < CF < 0.65), simulation (solid curves) and experiments
(single symbols) showed a high degree of overlap. As
hypothesized, the θ deficit persisting during activation of
IHR (light-on conditions; red symbols) was closely matched by
the simulation data describing capacitive loading (red line).
The effects of resistive loading (green symbols) were obtained
by subtracting the normalized velocities obtained during IHR
activation from the normalized velocities in the dark and adding
an offset of 100% to the results. Again, the results closely matched
the simulation data of the effect of resistive loading on impulse
propagation (green line). The overlay of all signals shown in
Figure 6B illustrates that resistive loading (sigmoidal) and

FIGURE 5 | Simulated extracellular electrograms. (A) Electrograms under dark conditions (light off, black) and during light stimulation (light on, red) for increasing
CFs and a CMC-3T3HR cell coupling conductance of 72 ns. (B) Corresponding electrogram amplitudes (top) and relative amplitude changes upon illumination (blue,
bottom) versus CF. The green symbols represent the values observed in the experiments.

Frontiers in Physiology | www.frontiersin.org 10 March 2020 | Volume 11 | Article 19452

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


fphys-11-00194 March 24, 2020 Time: 16:1 # 11

De Simone et al. Impulse Conduction and Membrane Capacitance

FIGURE 6 | Conduction velocities in 3T3HR-coated CMC cell strands in experiments and computer simulations. (A) Normalized conduction velocities versus CF in
experiments (dots) versus simulations (curves). Top panel: light-off conditions (black); middle panel: light-on conditions (red); bottom panel: difference between
light-off and light-on conditions corresponding to the effect of resistive loading on θ (green). (B) Overlay of the curves shown in panel (A). (C) Normalized θ versus CF
in experiments (dots, same data and layout as in panel A). Black curve: quadratic fit. Red curve: power function fit. Green curve: computed as in panels A,B from the
fitted functions. (D) Overlay of the curves shown in panel (C).

capacitive loading (monotonic) are equally effective in slowing
conduction at a CF of ∼0.5. At lower 3T3HR cell densities,
capacitive loading prevails over resistive loading in slowing
conduction and vice versa at CFs > 0.5.

Figures 6C,D illustrate an additional quantification based on
curve fitting. Experimental values obtained in the dark were fitted
with a polynomial function (r2 = 0.78). The data obtained during

illumination representing capacitive loading were fitted by a
power function (r2 = 0.51) based on theoretical considerations by
Huxley (Huxley, 1959). The power function related θ to the total
membrane capacitance present, that is, 1 (for the CMCs) + CF
(for the 3T3HR cells). From the fitted functions, the expected
effect of resistive loading (CMC depolarization) was calculated
as described above. Besides confirming that the effect of IHR on
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θ is larger for higher 3T3HR cell densities, the analysis permitted
the estimation of the power law exponent describing the effect of
membrane capacitance on θ. For the experimental data presented,
a value of −0.99 was obtained (95% confidence interval = −1.42
to −0.57). For the simulations (red curve in Figure 6A), the
same fitting procedure resulted in an exponent of −0.71 (95%
confidence interval =−0.73 to−0.68).

DISCUSSION

The present study was designed with the goal to experimentally
determine the relative contributions of resistive versus capacitive
loading to conduction slowing as induced in cardiac tissue by
electrotonically coupled NECs (Miragoli et al., 2006; Kucera et al.,
2017). The results demonstrate that capacitive loading of CMCs
by coupled NECs is similarly important for conduction slowing
as resistive loading.

Membrane Capacitance and Impulse
Propagation: Theoretical Aspects
From a theoretical point of view, it is known for many
decades that the membrane capacitance of excitable cells affects
propagation. Quantitatively, this problem was addressed by
Hodgkin in 1959, as reviewed in Jack et al. (1983). For a
homogeneous, infinitely long, and uniform excitable structure
(such as a non-myelinated axon), the inverse square law
relating θ and axial resistance can be easily derived from cable
theory. However, for the same uniform excitable structure, the
relation between θ and membrane capacitance cannot be derived
analytically. The problem arises from the kinetic behavior, that is,
the time dependence of the ion currents underlying the action
potential. While membrane capacitance directly influences the
speed at which the membrane is charged (and discharged) by
ion currents, the time-dependent gating of currents (mainly of
INa, the primary ion current determining θ) exerts a feedback
on the rate of rise of the action potential upstroke. Nevertheless,
based on the theoretical considerations of Hodgkin, the relation
between θ and capacitance is expected to follow a power law
behavior with an exponent between −1/2 and −1, depending on
the nature of the ion currents. However, the exact exponent can
only be determined empirically for a given excitable preparation
or mathematical model.

Membrane Capacitance and Impulse
Propagation: Existing Experimental
Evidence
Membrane capacitance dependent changes in impulse
propagation are expected to occur when the membrane area of
conducting structures increases while, simultaneously, the total
amount of transmembrane currents available to charge the cells to
the activation threshold remains unchanged. Such a mechanism
has been proposed to underlie, for example, stretch-dependent
slowing of conduction in cultured mouse CMCs with unfolding
of caveolae being the source of the increased membrane area
(Pfeiffer et al., 2014). The same situation is present when NECs

or cells exhibiting a reduced excitability compared to CMCs are
electrotonically coupled to the latter by either gap junctions or
nanotubular structures (Davis and Sowinski, 2008; Quinn et al.,
2016). Non-excitable cells that have been shown to establish
heterocellular electrotonic coupling to CMCs include cardiac
myofibroblasts (Miragoli et al., 2006; Quinn et al., 2016; Salvarani
et al., 2017), HeLa cells expressing connexin43 (Gaudesius et al.,
2003), macrophages (Hulsmans et al., 2017), and NIH3T3 cells
(Haraguchi et al., 2010; Nussinovitch et al., 2014). Because these
cell types commonly exhibit a reduced membrane potential
compared to CMCs, their net effect on impulse propagation is
determined not only by representing an additional capacitance
(CL) but also by their depolarizing effect on coupled CMCs
(RL). To complicate matters further, the two effects are not
simply additive because, in contrast to the theoretically expected
gradual slowing of conduction with increasing membrane
capacitance, increasing levels of membrane depolarization of
CMCs by coupled NECs will result in a biphasic change of
conduction due to the phenomenon of supernormal conduction
(Kagiyama et al., 1982; Shaw and Rudy, 1997; Rohr et al., 1998;
Jacquemet and Henriquez, 2008).

Untangling the Relative Contributions of
Resistive and Capacitive Loading to
Conduction
In the past, experimental characterizations of the effects
of NECs coupled to CMCs on impulse propagation were
necessarily limited to descriptions of the combined effect of
both resistive and capacitive loading because experimental
techniques suitable to differentiate between RL and CL were
missing. Ideally, deciphering the individual contributions of
RL and CL would consist of reversibly annihilating either
the resistive or the capacitive component. Whereas the latter
approach is inconceivable, removing the depolarizing effect of
NECs on coupled CMCs can be achieved by letting NECs
express an optogenetic membrane voltage actuator such as
eNpHR3.0 (Gradinaru et al., 2010) that hyperpolarizes NECs
during illumination into the range of RMPs of CMCs, thereby
removing the RL component and, consequently, unmasking the
role of capacitive loading in impulse conduction slowing.

Choice of Experimental NEC Model
Even though the effects of coupled NECs on cardiac impulse
propagation have been extensively characterized in the past with
primary cardiac myofibroblasts (Gaudesius et al., 2003; Miragoli
et al., 2006; Rosker et al., 2011; Salvarani et al., 2017), we resorted
to NIH3T3 cells as a model for NECs in this study because
pilot experiments had shown that a uniform transduction of
cardiac myofibroblasts with eYFP- eNpHR3.0 was difficult to
achieve. By contrast, NIH3T3 cells permitted to establish a cell
line that stably expressed eYFP-eNpHR3.0 (3T3HR cells). This
ascertained that light activation of HR involved all NECs present
in the heterologous cell strands, which was a prerequisite for
attributing observed effects of HR activation in full to the NECs.
As shown in this study, 3T3HR cells exhibited I–V relationships
and membrane potentials (∼−35 mV) similar to that of
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myofibroblasts [∼−27 mV (Salvarani et al., 2017)]. Also, 3T3HR
cells reduced θ in heterologous strand preparations by more
than 60% at the highest seeding densities used, which matches
previous findings with cardiac myofibroblasts (Miragoli et al.,
2006). Finally, the small electrogram amplitudes found in slowly
conducting preparations indicated that slow conduction, similar
to myofibroblasts, was dependent on sodium current inactivation
secondary to 3T3HR cell–induced CMC depolarization, that is,
resistive loading. Overall, these findings suggested that primary
cardiac myofibroblasts can be substituted by 3T3HR cells when
probing the relative contributions of CL and RL to conduction
slowing in coupled CMCs.

Whereas in the study by Miragoli et al. (2006) myofibroblast
density was given as cell count per area, we used a different
measure in this study, that is, the CF (CF: area covered by
3T3HR cell divided by area covered by CMCs). The rationale of
using this measure relates to the fact that it is ultimately the
relative size of the membrane areas of the two cell types and
not the cell count that determines the extent of resistive and
capacitive loading.

Light Stimulation of 3T3HR Cells: Effects
at the Single-Cell Level and in
Multicellular Preparations
Light activation of single 3T3HR cells caused their Vm to
shift from ∼−35 to ∼−104 mV. While this degree of
hyperpolarization eliminates resistive loading of CMCs by
coupled 3T3HR cells, the question arises whether light activation
may in fact lead to a hyperpolarization of CMCs relevant for
conduction (Funken et al., 2019). As reported before (Salvarani
et al., 2017), CMC membrane potential changes induced by
coupled NECs depend on the relative sizes of the membrane
resistance of NECs (∼950 M�), the membrane resistance of
CMCs [∼290 M�, from Salvarani et al. (2017)], and the gap
junctional resistance [14 M�, from Salvarani et al. (2017)]. Given
these resistances, light-activated 3T3HR cells (Vm of −104 mV)
would hyperpolarize coupled CMC (RMP of−80 mV) by∼5 mV
for a CF of 1 and by maximally 3 mV for the highest CFs
used in this study (0.7), which is in the same range as in the
simulations (∼1 mV at a CF of 0.7) and excludes a relevant effect
of 3T3HR cells being hyperpolarized by light beyond the RMP of
CMCs on conduction.

Illumination of strand preparation coated with 3T3HR cells
caused a CF-dependent increase of electrogram amplitudes
and an acceleration of impulse conduction. At the highest
3T3HR:CMC ratios used, electrogram amplitudes increased∼10-
fold, and θ increased by up to 120 mm/s (absolute) or
up to 2.8-fold (relative). Both of these effects are consistent
with the concept that light stimulation of 3T3HR cells
caused normalization of the RMP of coupled CMCs and
hence lead to a recovery of sodium current availability.
As hypothesized, this illumination-induced annihilation of
resistive loading of CMCs by coupled 3T3HR cells was
not sufficient to fully restore θ to values measured in
control CMC cell strands. The respective deficit, which likely
represented the contribution of capacitive loading to impulse

conduction slowing, amounted to ∼30% at the highest 3T3HR
CFs investigated.

Effects of Resistive and Capacitive
Loading on Conduction: Experiment and
Computer Simulation
Because there exists no experimental approach to prove directly
that the residual conduction slowing observed during light
stimulation of 3T3HR cells reflects the capacitive load component
exerted by NECs on coupled CMCs, we tested this hypothesis
in computer simulations of fibers of CMCs only and fibers of
CMCs coated at increasing densities with 3T3HR cells. The model
was based on a previously developed CMC model (Jousset et al.,
2016) and a model of 3T3HR cells specifically developed for this
study that was based on our patch clamp data. Simulated 3T3HR
cells were coupled to CMCs with a conductance of 72 nS as
determined before in myofibroblast–CMC cell pairs (Salvarani
et al., 2017) and, for comparison purposes, at a reduced coupling
conductance of 1.2 nS. The latter assumption of heterocellular
coupling strength was inadequate because, unlike experimental
findings, θ was largely unaffected at CFs up to 0.5, and at larger
CFs, activation of 3T3HR cells led to an almost full recovery
of conduction. By contrast, results from simulations using a
heterocellular coupling conductance of 72 nS closely reflected the
experimental findings.

Starting from control conduction velocities as determined in
CMC strands, non-stimulated 3T3HR cells reduced θ in a CF-
dependent manner from ∼340 mm/s to less than 100 mm/s,
thereby closely mimicking experimental observations made
before with myofibroblasts. The CF-dependent decrease of θ

showed multiple phases with a slow initial decline (CF < 0.3)
being followed by a steep decrease that leveled off at CFs > 0.6.
When removing the RL component by simulating 3T3HR cell
activation, the moderate decay of θ at CFs < 0.3 remained
largely unchanged. On close inspection, conduction velocities
during simulated illumination were in fact slightly lower than
those obtained in dark conditions, which can be explained by the
loss of the support by supernormal conduction that is afforded,
in the dark, by the depolarizing influence of 3T3HR cells on
coupled CMCs. The steep decline of conduction velocities at
0.3 < CF < 0.6 was explained by the equally steep decline
of sodium current availability due to resistive loading of the
CMCs by coupled 3T3HR cells. Upon illumination, sodium
current availability was fully restored, as were the simulated
electrogram amplitudes. By contrast and in agreement with
experiments, θ was only partially restored with the deficit being
likely due to the continued presence of capacitive loading. That
this was indeed the correct explanation was demonstrated by
the finding that coupling of cells acting as pure capacitances
slowed conduction in a manner indistinguishable from light-
activated 3T3HR cells. The isolation of the effect of resistive
loading on propagation by subtracting the results obtained under
light-on conditions (CL) from those obtained during light-off
conditions (RL + CL) showed a slight acceleration of θ in the
range 0 < CF < 0.3 reminiscent of NEC-induced supernormal
conduction (Miragoli et al., 2006).
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At maximal CFs tested, RL contributed ∼50% and CL
∼30% to overall conduction slowing (−80%). Differences in the
CF dependence of the two components (monophasic for CL,
multiphasic for RL) caused the two components to crossover at a
CF of∼0.5. Below this value, conduction slowing was dominated
by CL, whereas above, RL became increasingly important.

The comparison of experimental and simulation results
showed convergence for all parameters investigated including
changes in electrogram amplitudes and the dependence of
conduction velocities on CFs in the presence and absence of
resistive loading. Of particular interest for this study, fitting
the CL-dependent conduction slowing to a power function
unveiled θ to be inversely proportional to Cm

−0.99 (experimental
data; 95% confidence interval = Cm

−1.42 to Cm
−0.57) and

Cm
−0.71 (simulation: 95% confidence interval = Cm

−0.73 to
Cm
−0.68). These experimental results, even though displaying

a broad confidence interval because of data scattering, provide
for the first time a “wet” verification of the longstanding
theoretical prediction that membrane capacitance determines
cardiac θ according to a power law with an exponent
between−1/2 and−1.

To test whether findings obtained with 3T3HR cells are
relevant for other types of NECs as well, results were
compared to HR-transduced cardiac myofibroblasts (MFBHR).
The comparison showed that, at equal levels of depression
of conduction in the dark, light activation of HR caused
similar increases of θ with the resistive and capacitive loading
components of 3T3HR cells matching those of MFBHR cells
(Supplementary Figure S7). This suggests that the conclusions
drawn from 3T3HR cell experiments in the present study are likely
valid for other NECs that exhibit a depolarized phenotype and
establish heterocellular electrotonic coupling with CMCs.

LIMITATIONS OF THE STUDY

The main limitation of this study in respect to describing
the dependence of θ on membrane capacitance refers to the
problem of obtaining exact values of the cell membrane areas
of CMCs and 3T3HR cells. Whereas the CMC strands were
formed by continuous cell monolayer, taking the area of these
strands as a measure of CMC capacitance likely represented
an underestimate because CMCs forming these monolayers are
known to overlap to a certain extent. Similarly, the determination
of the cell area covered by 3T3HR cell based on their eYFP
fluorescence was likely underestimating the true area because
eYFP fluorescence tends to escape detection in fine and flat
extensions of the fibroblastic cells. While obtaining the ratio of
the two parameters as used in the study likely alleviated this
problem to some extent, the power law coefficient describing
the dependence of conduction on membrane capacitance is
subject to some uncertainty as illustrated also by the wide
confidence interval.

Linked to the problem of an exact determination of the
membrane area of 3T3HR cells is the presence of endogenous
myofibroblasts that, similar to 3T3HR cells, induce slow
conduction in a cell density–dependent manner (Miragoli

et al., 2006). Underlying mechanisms are identical; that is,
myofibroblasts display, compared to CMCs, a depolarized
phenotype and, once electrotonically coupled to the latter,
represent a capacitive and resistive load. In the context of
our study, myofibroblasts will add membrane capacitance to
the system, and their RL will persist during illumination as
they are devoid of the optogenetic actuator. In previous works,
the baseline myofibroblast content of our cell cultures was
estimated to be less than 10% (Rohr et al., 1991; Miragoli et al.,
2006). To investigate the contribution of these non-actuated
cells to conduction slowing in the presence of 3T3HR cells,
we performed additional simulations (Supplementary Figure
S8) in which we added 10% of non-excitable and non-actuated
cells to the 3T3HR-CMC strands. The simulations showed
that the presence of these myofibroblast surrogates essentially
shifts the relationship between θ and the coverage by 3T3HR
cells by 0.1 CF unit to the left. Important to note in the
context of this study is that the shift did not substantially
modify the effect of capacitive loading and its power-law
relationship to θ.

CONCLUSION

This study experimentally untangles the relative contributions of
resistive loading (aka depolarization) and capacitive loading to
conduction slowing induced by NECs that are electrotonically
coupled to CMCs. At low numbers of NECs, conduction slowing
is exclusively related to capacitive loading. At moderate numbers
of NECs, the rate of conduction slowing increases based on the
combined effects of resistive loading causing sodium current
inactivation and the further increase of capacitive loading.
Both effects are balanced when the total membrane area of
coupled NECs reaches ∼50% of the membrane area of CMCs.
Beyond this value, resistive loading becomes the prominent factor
in conduction slowing. Unveiling this cell density–dependent
change of mechanisms dominating NEC-induced conduction
slowing contributes to the general understanding of the
biophysical mechanism underlying NEC-dependent modulation
of conduction. Appreciating the importance of both mechanisms
is likely relevant, for example, for cardiac stem cell therapies with
communication-competent cells that may act proarrhythmic
(Almeida et al., 2015) not only because of constituting an RL
(Smit and Coronel, 2014) but also, as demonstrated in this
study, by inducing slow conduction based on capacitive loading.
Finally, the study provides for the first time experimental data
describing the dependence of cardiac impulse conduction on
membrane capacitance. Experimental data are in line with the
theoretical prediction that cell membrane capacitance affects θ in
cardiac tissue according to a power law with an exponent ranging
from−1/2 to−1.
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Cardiac fibrosis begins as an intrinsic response to injury or ageing that functions
to preserve the tissue from further damage. Fibrosis results from activated cardiac
myofibroblasts, which secrete extracellular matrix (ECM) proteins in an effort to
replace damaged tissue; however, excessive ECM deposition leads to pathological
fibrotic remodeling. At this extent, fibrosis gravely disturbs myocardial compliance,
and ultimately leads to adverse outcomes like heart failure with heightened mortality.
As such, understanding the complexity behind fibrotic remodeling has been a focal
point of cardiac research in recent years. Resident cardiac fibroblasts and activated
myofibroblasts have been proven integral to the fibrotic response; however, several
findings point to additional cell types that may contribute to the development of
pathological fibrosis. For one, leukocytes expand in number after injury and exhibit high
plasticity, thus their distinct role(s) in cardiac fibrosis is an ongoing and controversial
field of study. This review summarizes current findings, focusing on both direct and
indirect leukocyte-mediated mechanisms of fibrosis, which may provide novel targeted
strategies against fibrotic remodeling.

Keywords: cardiac fibrosis, neutrophil, monocyte macrophage, mast cells, lymphocytes, dendritic cells,
eosinophils, inflammation

CARDIAC FIBROSIS

The healthy heart is supported by a distinct network of extracellular matrix (ECM) proteins,
which function in part to preserve chamber structure and aid in cardiac cell communication (Lu
et al., 2011; Frangogiannis, 2017). Fibroblasts resident to the heart are primarily responsible for
maintaining the ECM, which typically consists of roughly 80 percent type I collagens, 10 percent
type III collagens, and a combination of proteoglycans, glycoproteins, and glycosaminoglycans
(Kong et al., 2014). The cardiac ECM is highly dynamic, and it’s homeostasis is preserved through
a few mechanisms: a strict balance between protein synthesis and degradation, as well as protein
reorganization within the network (Lu et al., 2011). However, virtually any injury to the heart
will activate fibrosis, or a dysregulated and enhanced growth of the ECM milieu, since the adult
heart holds limited capacity for regeneration (Humeres and Frangogiannis, 2019). For instance,
following a myocardial infarction (MI), the severe loss of cardiomyocytes triggers increased matrix
production in an effort to replace lost and damaged tissue (Frangogiannis, 2019a). Further, other
pathologies like pressure overload due to hypertension, volume overload, diabetes, obesity, and
even aging can stress any chamber of the heart, therefore leading to fibrotic growth around the
vasculature and within the interstitium (Aguiar et al., 2019; Frangogiannis, 2019a). Although this
matrix growth initially serves as a form of repair, it can quickly become detrimental (Frangogiannis,
2019a). An exaggerated production of collagens can result in myocardial stiffening, which disrupts
cardiac compliance and ultimately decreases systolic and diastolic function (Kong et al., 2014;
Tallquist and Molkentin, 2017). Importantly, it has recently been shown that severe cardiac fibrosis,
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especially when accompanied by heart failure (HF) is associated
with increased mortality in patients (Aoki et al., 2011; Gyongyosi
et al., 2017). While there are currently treatment options
that help in managing the symptoms of heart disease, there
are no effective therapies targeted at controlling pathological
fibrosis. Therefore, an in-depth discussion, focusing on the
mechanisms that contribute to the genesis of fibrosis is extremely
necessary (Gyongyosi et al., 2017; Tallquist and Molkentin, 2017;
Aghajanian et al., 2019; Humeres and Frangogiannis, 2019).

In past years, numerous rigorous studies have identified
the resident cardiac fibroblast as a crucial cell effector of
pathological fibrosis (Davis and Molkentin, 2014; Kanisicak
et al., 2016; Tallquist and Molkentin, 2017; Fu et al., 2018; Ivey
et al., 2018). Due to injury, resident fibroblasts proliferate, and
differentiate into mature cardiac myofibroblasts, which, through
de novo expression of α smooth muscle actin (αSMA) can
contract to support wound healing (Davis and Molkentin, 2014).
Activated myofibroblasts also contribute to fibrosis by secreting
copious amounts of matrix protein, which then overwhelms
the ECM (Davis and Molkentin, 2014; Stempien-Otero et al.,
2016; Tallquist and Molkentin, 2017). Due to the hearts cellular
complexity, additional sources, including vascular and bone
marrow derived cells have been considered for their contribution
to myofibroblast differentiation and fibrosis (Kanisicak et al.,
2016; Travers et al., 2016; Tallquist and Molkentin, 2017; Fu
et al., 2018). This review will focus on the leukocyte dependent
regulation of fibrosis since it has been well reported that the
activation of resident fibroblasts into myofibroblasts is heavily
influenced by changes in the myocardial environment (Davis
and Molkentin, 2014; Stempien-Otero et al., 2016). This is
important to note, as injury results in damaged cardiomyocytes
which incite inflammation and promote a large expansion
and infiltration of leukocytes (Swirski and Nahrendorf, 2013;
Grisanti et al., 2016a,b; Swirski and Nahrendorf, 2018). These
infiltrating leukocytes occupy spaces near sites of injury, and
function through cytokines and growth factors secretions, which
contribute to changes in myocardial environment (Swirski and
Nahrendorf, 2013, 2018). As such, the role of leukocytes in
cardiac fibrosis has been a longstanding research focus. Since
leukocytes drastically expand in number following injury, and
exhibit high cellular plasticity, earlier studies sought to determine
if, and to what extent, leukocytes serve as additional cell sources
for myofibroblast transdifferentiation (van Amerongen et al.,
2008; Alex and Frangogiannis, 2018). More recent studies have
focused on both the direct and indirect roles of distinct leukocyte
subsets in cardiac fibrosis. Below, we will examine the current
understanding of leukocytes in cardiac biology, focusing on how
they may regulate cardiac fibrosis, and examining if they can be
targeted to control fibrosis.

LEUKOCYTES IN CARDIAC
PHYSIOLOGY AND PATHOLOGY

Any tissue injury leads to inflammation, which engages a
collective of white blood cells termed leukocytes (Geissmann
et al., 2010; Kondo, 2010). The primary function of leukocytes is

to sense and respond to pathogens or damage in order to suppress
any additional danger (Kondo, 2010). Leukocytes exist in various
subsets, and can be classified as being of either lymphoid or
myeloid origin (Kondo, 2010). Their origin and subsequent
gene expression profiles are key to their function (Geissmann
et al., 2010; Kondo, 2010). All leukocytes initially derive
from hematopoietic stem cells, which differentiate into either
lymphoid or myeloid progenitors (Kondo, 2010). Lymphoid
progenitors give rise to B and T lymphocytes, natural killer
cells, and some subsets of dendritic cells (Kondo, 2010). Myeloid
progenitors are precursors for megakaryocytes, erythrocytes,
granulocytes, and monocytes (Kondo, 2010). Seminal studies in
recent years have provided ample evidence for the roles and
origins of leukocytes both in the steady-state and injured heart
(Epelman et al., 2014; Swirski and Nahrendorf, 2018).

Through flow cytometry and single cell RNA sequencing
technologies, researchers have established the presence of many
leukocyte subsets in the injured and healthy heart, with most
of them being macrophages (Epelman et al., 2014; Swirski
and Nahrendorf, 2018; Aguiar et al., 2019; Dick et al., 2019).
Further studies using adult mouse hearts have allowed us to
gain greater appreciation for the existence and diversity of
these cardiac macrophage populations (Swirski and Nahrendorf,
2018). A minority of cardiac macrophages, expressing chemokine
receptor 2 (CCR2), stem from circulating monocyte precursors
(Epelman et al., 2014; Bajpai et al., 2018). However, additional
cardiac macrophage subsets have been shown to inhabit the
heart early, and persist throughout adulthood via proliferation
(Epelman et al., 2014; Bajpai et al., 2018; Dick et al., 2019).
Functionally, cardiac macrophages are thought to act as pathogen
sensors, but they may also take more active part in myocardial
electrical conduction (Ma et al., 2018; Swirski and Nahrendorf,
2018). Interestingly, recent findings suggest an abundance of
connexin 43-expressing macrophages in the atrioventricular
(AV) node, which exhibit an ability to couple to cardiomyocytes
and alter their membrane potential (Hulsmans et al., 2017).
Other leukocyte populations in the steady-state heart include
lymphocytes, dendritic and mast cells (Choi et al., 2009; Swirski
and Nahrendorf, 2018). The complete function of these cells is
still not entirely understood, however, mast cells have been shown
to be stores of preformed cytokines, which may prove beneficial
at the onset of injury (Frangogiannis et al., 1998).

Cardiac fibrosis is a typical feature of ageing and injury,
both of which are known to trigger leukocyte expansion
and inflammation within the heart (Epelman et al., 2015; Lu
et al., 2017; Suetomi et al., 2018; Aguiar et al., 2019). For
instance, a plethora of studies have revealed the rapid and
continuous innate immune response that follows acute ischemic
injuries. Neutrophils and inflammatory monocytes/macrophages
infiltrate the myocardium in response to endogenous damage-
associated molecular patterns (DAMPs) where they can
effectively clear dying cells and regulate inflammation through
cytokines, chemokines, and reactive oxygen species (Forte
et al., 2018). Following this pro-inflammatory phase, additional
monocyte subsets (Ly6Clo) are recruited to promote transition to
injury repair through secretion of pro-repair factors (Nahrendorf
et al., 2007; Forte et al., 2018). Cluster of differentiation
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(CD) 11b+/CD11c+ dendritic cells have also been shown to
accumulate in the border zone post-myocardial infarction (MI),
peaking around 7 days post-injury (Gallego-Colon et al., 2015).
Dendritic cells are thought to aid in preserving left ventricle
(LV) function activate T lymphocyte subsets through antigen
presenting functions (Forte et al., 2018). The role of adaptive
immunity in response to ischemic injury is still being uncovered,
however, recent studies suggest the involvement of both B and T
lymphocytes in cardiac remodeling post-MI (Forte et al., 2018).
For instance, CD4+ T cells have been shown to invade the heart
by 7 days post-MI, where they are presumed to modulate LV
function (Hofmann et al., 2012). Similarly, B cell volumes expand
following MI, reaching a peak around 5–7 days post-injury (Yan
et al., 2013; Zouggari et al., 2013). Functionally, B cells may
contribute to the regulation of inflammatory gene expression
post-ischemic injury (Zouggari et al., 2013). The innate and
adaptive immune response have also been characterized in
ageing and injuries of non-ischemic etiology. For instance,
mouse models of advanced ageing, and hypertension through
high salt, unilateral nephrectomy, and aldosterone infusion,
reveal increased neutrophil and macrophage populations within
the heart (Hulsmans et al., 2018). The presence of these immune
cells is associated with enhanced diastolic dysfunction. Further,
pressure overload induced pathology due to transverse aortic
constriction (TAC) has also been shown to result in an increased
infiltration of leukocytes, both CCR2+ macrophages and CD4+

T cells (Laroumanie et al., 2014; Patel et al., 2018). The rise
in leukocytes to the heart following these pathophysiological
changes has prompted many researchers to question the link
between inflammation and fibrosis.

LEUKOCYTE INVOLVEMENT IN
CARDIAC FIBROSIS

Fibrosis and inflammation are essential physiological processes
that follow essentially all cardiac pathologies (Swirski and
Nahrendorf, 2018). During inflammation, leukocytes function
to resolve injury and defend the host through several eloquent
mechanisms (Kondo, 2010; Bajpai and Tilley, 2018). The existing
literature suggests several connections between leukocyte driven
inflammation and cardiac fibrosis. Below, we consider the
evidence supporting leukocyte dependent regulation of fibrosis
with the ultimate goal of highlighting novel targets in the
quest for combating detrimental fibrotic remodeling (Table 1
and Figure 1).

Neutrophils
Neutrophils are polymorphous nuclear leukocytes that are often
recognized as the first responders to injury (Amulic et al.,
2012). Neutrophils mature in the bone marrow, and their
release is strictly regulated by shifting chemokine gradients;
however, it’s important to recognize that neutrophils may alter
their phenotypes upon exposure to distinct tissue environments
(Amulic et al., 2012; Deniset and Kubes, 2018). Circulating
neutrophils begin injury resolution in the heart by extravasating
the activated endothelium, releasing their noxious granular

contents, employing their phagocytic capacity, and forming
extracellular chromatin traps rich in inflammatory enzymes
(Amulic et al., 2012; Horckmans et al., 2017; Martinod et al.,
2017). The content within neutrophil granules can vary,
as they are shaped by the transcriptional program present
during formation; however, they typically encompass agents
like myeloperoxidase, cathepsins, and neutrophil gelatinase-
associated lipocalin (NGAL) which help to repress injury through
oxidative and proteolytic actions (Amulic et al., 2012). Release of
neutrophil granules can occur very rapidly after activation, but
neutrophil extracellular traps (NETs) are more insidious. NETs
result from slow cell death (NETosis) or non-lytic secretions
(Papayannopoulos, 2018). Essentially, released granular proteases
like neutrophil elastase (NE) degrade actin polymers, and
disrupt chromatin structure; as neutrophil membranes rupture,
these intracellular contents expand to the extracellular space
(Metzler et al., 2014; Papayannopoulos, 2018). Altogether, these
actions make neutrophils very inflammatory, so consequently,
as a benefit to the host, they are very short lived cells
(Amulic et al., 2012).

Neutrophils have gained traction in the field of cardiac
fibrosis given their early prevalence in injuries like MI and
myocarditis (Horckmans et al., 2017; Weckbach et al., 2019).
Following MI, neutrophils invade the heart in response to
necrosing tissue, and they accumulate in the infarct border
zone (Askari et al., 2003; Prabhu and Frangogiannis, 2016).
They release inflammatory mediators and proteolytic enzymes
in order to assist in clearing dead cells and matrix debris
(Prabhu and Frangogiannis, 2016). Neutrophils have mostly
been regarded as highly inflammatory cells; earlier studies even
suggest that their persistence in sterile inflammation may cause
further damage to viable cardiomyocytes (Entman et al., 1992;
Prabhu and Frangogiannis, 2016). Therefore, recent studies have
sought to understand how neutrophil depletion may impact
post-MI healing (Horckmans et al., 2017). Interestingly, 1 week
following MI, neutralization of neutrophils has been shown to
result in worsened cardiac function that is accompanied by
enhanced fibroblast activation and excessive collagen deposition
(Horckmans et al., 2017). These data suggest that the neutrophil
function and secretome may actually be important for mitigating
the onset of fibrotic remodeling in a time- and context-dependent
manner post-MI. For instance, neutrophils have been shown
to persist in post-MI injury due to constant cytokine and
DAMP production; these later stage neutrophils function to
promote resolution of inflammation (Ma et al., 2016). They
express archetypal anti-inflammatory genes and release distinct
lipid mediators, which are critical in dampening further pro-
inflammatory responses (Serhan et al., 1995; Ma et al., 2016;
Prabhu and Frangogiannis, 2016). Through gene expression
analysis, further studies have provided evidence to support
that neutrophils exist along a phenotypic continuum post-
MI; they express pro-inflammatory genes early after injury,
but participate in ECM reorganization during post-MI repair
(Ma et al., 2016; Daseke et al., 2019). Interestingly, the
deletion of an enzyme that catalyzes inflammatory metabolites
(12/15 lipoxygenase) promotes anti-inflammatory neutrophil
phenotypes post-MI, which also correlates with decreased
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TABLE 1 | This table lists evidence in support of how each leukocyte class may regulate cardiac fibrosis in distinct pathological contexts.

Leukocyte class Pathological context Contribution to fibrosis

Neutrophils Ischemia 5 day post MI, increase in CD206 and or Arg-1 expressing neutrophils is associated with decreased
myofibroblast transdifferentiation (Kain et al., 2018) 7 days post MI, neutrophils express Fibronectin,
Gal-3, Fibrinogen which contributes to ECM reorganization (Daseke et al., 2019) 21 days post MI, loss
of MPO reduces fibrosis (Mollenhauer et al., 2017) Post MI, loss of NGAL expressing neutrophils may
affect dead myocyte phagocytosis and contribute to fibrosis (Horckmans et al., 2017)

Myocarditis/DCM; Ageing In chronic myocarditis and ageing decreased neutrophil infiltration and NETosis/NET formation is
associated with reduced fibrosis (Martinod et al., 2017; Weckbach et al., 2019)

Monocytes/Macrophages Ischemia 1–6 weeks post MI, macrophages may transition to fibroblast-like cells, capable of secreting collagen
(Haider et al., 2019) IL-10 and TGFβ secreting macrophages promote myofibroblasts
transdifferentiation (O’Rourke et al., 2019) 1 week post ischemia/reperfusion, loss of MCP-1 is
associated with decreased macrophage infiltration and interstitial fibrosis (Frangogiannis et al., 2007)
4 weeks post MI, Gata6 expressing pericardial macrophages limit cardiac fibrosis (Deniset et al., 2019)

Pressure Overload Macrophage associated Gal-3 correlates with increased cardiac fibrosis in hypertensive rats (de Boer
et al., 2009) 8 weeks following uninephrectomy and salty drinking water, loss of macrophage expressed
mineralocorticoid receptor reduces cardiac collagen content (Rickard et al., 2009)

Mast Cells Pressure Overload Mast cells contribute to PDGF-A expression and fibrosis in the heart following TAC (Liao et al., 2010)

DCM Mast cells are a large source of FGF-2, and found within fibrotic sections of cardiac tissue (Bradding
and Pejler, 2018)

Eosinophils Myocarditis/DCM Eosinophil depletion post myocarditis is associated with decreased levels of MMP-2 and TIMP-2 (Diny
et al., 2017)

Dendritic Cells Ischemia Ablation of dendritic cells results in increased MMP-9 and MMP-2 activity 3–28 days post MI (Anzai
et al., 2012)

Pressure Overload Dendritic cell ablation following TAC is associated with decreased IL-1β and TGFβ and less fibrosis
(Wang et al., 2017)

Myocarditis/DCM BATF3 dependent dendritic cells limit cardiac fibrosis following viral infection (Clemente-Casares et al.,
2017)

B and T Cells Ischemia Depletion of TNFα T regulatory cells improves fibrosis post MI (Bansal et al., 2019)

Pressure Overload B cell depletion results in decreased fibrosis following TAC (Ma et al., 2019) IFNγ T cells promote
myofibroblast trans differentiation and cardiac fibrosis (Nevers et al., 2017) CD73 expressing T cells
attenuate fibrosis following TAC (Quast et al., 2017)

Myocarditis/DCM TNFα secreting B cells correlate with greater fibrosis in DCM patients (Yu et al., 2013)

MI, myocardial infarction; CD, cluster of differentiation; Arg-1, arginase 1; GAL3, galectin-3; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-associated lipocalin;
NETosis, neutrophil extracellular trap formation; IL-10, interleukin 10; TGFβ, transforming growth factor beta; MCP-1, monocyte chemoattractant protein 1; Gata6,
GATA binding protein 6; PDGF, platelet derived growth factor; FGF, fibroblast growth factor; MMP, matrix metallopeptidase; TIMP, tissue inhibitor of metalloproteinases;
IL-1β, interleukin 1 beta; TGFβ, transforming growth factor beta; BATF3, basic leucine zipper transcription factor ATF-like 3; IFNγ, interferon gamma; TNFα, tumor
necrosis factor alpha.

fibroblast activation and collagen deposition by 5 days post-MI
injury (Kain et al., 2018).

Additional studies have characterized the neutrophil-
dependent regulation of fibrosis focusing on other pathological
states. For instance, neutrophils have been examined for
their contribution to fibrosis and ultimately, atrial fibrillation
(Friedrichs et al., 2014). After 2 weeks of angiotensin II infusion
and deletion of macrophage integrin Mac-1, attenuating the
neutrophil infiltration and accumulation within the atrium
leads to decreased atrial fibrosis and fibrillation episodes
(Friedrichs et al., 2014). Recent studies have also focused on
how neutrophil processes like NETosis may impact ventricular
fibrotic remodeling after injury. Sustained inflammation, even
after pathogen clearance makes myocarditis a major risk factor
for developing inflammatory dilated cardiomyopathy (DCM)
(Weckbach et al., 2019). NETs have been detected in human
cases of myocarditis, which can be replicated in mice using
experimental models of myocarditis (Weckbach et al., 2019).
Following experimental myocarditis, an increase in NETs
corresponds to an increase in collagen deposition, which is

alleviated upon neutralizing a cytokine essential to neutrophil
recruitment and NET formation (Weckbach et al., 2019). The
correlation between NETs and fibrosis is further supported in the
context of ageing. Ageing is known to trigger the expansion of
neutrophils and NETs; disrupting NET formation in aged mice
has been shown to improve cardiac function and decrease ageing
related interstitial fibrosis (Martinod et al., 2017). Taken together,
neutrophils may serve to regulate fibrosis; however, their actions
are clearly context-dependent.

Monocytes and Macrophages
Since their early discovery, we have come to appreciate
the complexity of monocyte and macrophage biology. These
leukocytes primarily function as key defenders of the innate
immune system by sensing for pathogens, digesting debris,
and releasing inflammatory mediators (Hulsmans et al., 2016).
However, years of intense scrutiny has revealed numerous other
roles for monocytes and macrophages in organ homeostasis
and injury, even in the heart (Lavine et al., 2018; Skelly
et al., 2018; Williams et al., 2018). Macrophages that are
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FIGURE 1 | This graphical abstract summarizes the role of leukocytes in cardiac fibrosis. Following injury, damaged cardiac tissue (inclusive of all resident cell types)
can release inflammatory mediators like DAMPs, which trigger an influx of leukocytes to the site of injury. Activated leukocytes then function through numerous
mechanisms to regulate pathological cardiac fibrosis. Briefly, granulocytes (mast cells, eosinophils, neutrophils) have been shown to influence fibrosis in part, through
their ability to secrete fibrotic mediators, regulate expression of MMPs/TIMPs and form inflammatory extracellular traps, respectively. Additionally, recent studies have
identified varying subsets of macrophages and dendritic cells which differentially regulate fibrosis outcomes; cells of monocytic origin have also been examined for
their direct contribution in myofibroblast differentiation. Lastly, numerous findings also implicate lymphocytes in cardiac fibrosis, these adaptive immune cells have
been shown to influence remodeling outcomes through many mechanisms. BL, b lymphocyte; TL, t lymphocyte; preDC, precursor dendritic cell; NT, neutrophil; MC,
mast cell; Mo, monocyte; Eo, eosinophil; Mφ, macrophage; DC, dendritic cell; CM, cardiomyocyte; FB, fibroblast; MyoFB, myofibroblast; DAMP, damage associated
molecular pattern; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-associated lipocalin; N1, inflammatory NT; N2, antiinflammatory NT; NETosis, NT
extracellular trap formation; GAL3, galectin-3; TGFβ, transforming growth factor beta; TNFα, tumor necrosis factor alpha; FGF, fibroblast growth factor; PDGF,
platelet derived growth factor; CCR2, C-C chemokine receptor 2; CX3CR1, CX3C chemokine receptor 1; IL-1β, interleukin 1 beta; IL-10, interleukin 10; Cyt,
cytokines; Chk, chemokines; MMP2, matrix metallopeptidase 2; TIMP 2, tissue inhibitor of metalloproteinases 2; cDC, conventional DC; CD, cluster of differentiation;
IL-6, interleukin 6; IFNγ, interferon gamma; Th1, t helper type 1; Treg, regulatory t cells. Graphics were created using Servier Medical Art templates, which are
licensed under a Creative Commons Attribution 3.0 Uniported License; https://smart.servier.com.

innate to the heart stem mainly from embryonic precursors,
with some input from circulating monocytes (Ma et al.,
2018; Williams et al., 2018; Dick et al., 2019). These resident
cardiac macrophages exhibit distinct gene expression profiles,
and have the capacity for self-renewal through adulthood
(Skelly et al., 2018; Williams et al., 2018). In the case of
injury, circulating monocytes infiltrate and differentiate in the
heart; these monocyte/macrophage populations have long been
evaluated for their contribution in the fibrotic response. Owing
to their remarkable plasticity and heterogeneity, monocytes and
macrophages have been assessed for their ability to impart both
pro- or anti-fibrotic effects in the myocardium (Wynn and
Barron, 2010). For instance, studies have sought to characterize
subsets of monocytes/macrophages which may act as additional
cells capable of myofibroblast transdifferentiation. Further,
numerous studies have also questioned monocytes/macrophages
ability to initiate fibroblast activation or aid in resolution of
fibrosis through debris clearance mechanisms (Kong et al., 2014).
Below, we consider findings of these studies, which suggest

subset dependent roles for macrophages and monocytes in
cardiac fibrosis.

Until recently, the origin of cardiac myofibroblasts was
not entirely clear; however, their induction in response to
injury was widely documented (van Amerongen et al., 2008).
Earlier findings revealed potential roles for leukocytes in heart
regeneration post-MI, and posited leukocytes as cell sources of
myofibroblast populations in other organs (Orlic et al., 2001;
Forbes et al., 2004). This led cardiac researchers to hypothesize
the same phenomena in the context of ischemic injury. To test
the leukocyte contribution to myofibroblast transdifferentiation,
studies took advantage of bone marrow transplantation with
fluorescent-labeled cells (Mollmann et al., 2006; van Amerongen
et al., 2008). Following ischemic injury, researchers were able
to identify GFP and F4/80 (monocytes/macrophages marker)
double positive cells in the infarct, which also co-localized with
αSMA (Mollmann et al., 2006; van Amerongen et al., 2008).
Importantly, the lack of CD31 co-localization suggested these
cells were independent of the vasculature (Mollmann et al., 2006).

Frontiers in Physiology | www.frontiersin.org 5 April 2020 | Volume 11 | Article 30163

https://smart.servier.com
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00301 April 6, 2020 Time: 18:15 # 6

Okyere and Tilley Leukocyte-Dependent Regulation Cardiac Fibrosis

Further analyses of these bone marrow derived myofibroblasts
even suggested that they partake in collagen production (van
Amerongen et al., 2008). Indeed, a recent study using myeloid-
specific cre reporter mice (LysMCre/+; ROSA26-eYFP) mice
has suggested that macrophages can indeed transition toward
fibroblast-like cells in the heart following MI with respect
to their expression profile of fibroblast markers over time
(Haider et al., 2019). However, additional genetic lineage tracing
studies using similar reporter mice (LysMCre/+; Rosa26-eGFP)
showed negligible contribution of monocytes and macrophages
to myofibroblasts post-MI, which suggest that myofibroblasts
derive largely from proliferating and transdifferentiating resident
cardiac fibroblasts (Kanisicak et al., 2016).

In the injured heart, infiltrating monocytes differentiate
into macrophages near spaces rich with collagen producing
myofibroblasts; these macrophages can then influence the
surrounding cells and ECM through numerous mechanisms
(Pappritz et al., 2018; O’Rourke et al., 2019). For instance,
activated macrophages within the injured myocardium have been
shown to contribute to fibroblast activation, proliferation and
myofibroblast transformation via secretion of pro-fibrotic factors,
including transforming growth factor-beta (TGFβ) and galectin-
3 (Gal3) (de Boer et al., 2009; Hundae and McCullough, 2014).
Additionally, macrophage phagocytosis can often be a trigger
in regulating fibrosis (Kim et al., 2017), where macrophage
ingestion of dead cells and debris leads to the release of pro-
fibrotic mediators including TGFβ (Nacu et al., 2008). However,
macrophage phagocytic activity may also contribute to resolution
of fibrosis; their ability to take up myofibroblasts and matrix
debris may function to reduce the level of fibrotic stimuli
(Wynn and Barron, 2010; Kong et al., 2014). Macrophages
also function to secrete inflammatory mediators, which regulate
fibroblast activation or ECM remodeling. In detail, activated
macrophages can secrete cytokines and factors like interleukin
(IL)-1β, tumor necrosis factor α (TNFα), fibroblast growth factor
(FGF) and platelet derived growth factor (PDGF) which directly
activate fibroblast transdifferentiation, or contribute to increased
production of matrix metalloproteinases (MMPs) (Kaikita et al.,
2004; Kong et al., 2014; O’Rourke et al., 2019). Increased
production of MMPs leads to excessive matrix remodeling which
disrupts fibrotic remodeling (Yan et al., 2006; Halade et al.,
2013; Aghajanian et al., 2019). Additional associative studies,
particularly focusing on epicardial adipose tissue (EAT) and its
role in atrial fibrillation have hinted macrophages involvement in
fibrosis (Abe et al., 2018). Specifically, an increase in macrophage
density in EAT is positively associated with severe EAT fibrosis,
which correlates with enhanced atrial fibrosis (Abe et al.,
2018). Importantly, patients with atrial fibrillation exhibited
greater severity of fibrosis (Abe et al., 2018). Altogether, these
findings provide evidence for the opposing fibrogenic actions
of macrophages and its secretome, which suggests the need for
careful context dependent analysis when targeting macrophage
function in the fibrotic response.

In recent years, much attention has been focused upon tissue
resident monocyte/macrophage populations, which function
uniquely in the post-injury repair process. For instance, studies
have identified distinct peritoneal Gata6 macrophage subsets

that are critical for the resolution of inflammation (Rosas et al.,
2014). Gata6 is thought to be essential to these macrophages
phenotype, and is key to their ability to self-renew and
persist through homeostasis and inflammation (Rosas et al.,
2014). Notably, Gata6 macrophages have been identified in the
pericardial cavity of both mice and humans, and they have
been shown to regulate cardiac fibrosis following cardiac injury
(Deniset et al., 2019). Four weeks following MI, myeloid-specific
deletion of Gata6 resulted in enhanced fibrosis especially in
the remote myocardium (Deniset et al., 2019). These findings
suggest the benefits of pericardial macrophages, namely in
preventing adverse fibrotic remodeling in viable tissue. Further
studies have sought to characterize how resident macrophage
subsets influence fibrosis in cardiac injury. For instance,
depletion of CCR2+ resident macrophages prior to a model
of ischemia/reperfusion resulted in decreased fibrosis (Bajpai
et al., 2018), while depletion of CX3CR1+ resident macrophages
led to worsening fibrosis, remodeling and functional outcomes
(Dick et al., 2019). Considering these findings, it is clear that
resident macrophages exert important effects on post-injury
cardiac remodeling outcomes, potentially through the regulation
of fibrotic responses.

Mast Cells
Mast cells (MC) are most recognized for their function
in regulating allergic responses; however, years of thorough
investigation has revealed their much more considerable and
widespread involvement in the immune system (Rao and Brown,
2008; da Silva et al., 2014). These secretory leukocytes are
characterized by their abundant and diverse granules, which
contain a combination of preformed cytokines, growth factors,
and proteases (da Silva et al., 2014). In the absence of injury, MCs
reside in low density in tissues like the heart; they originate from
bone marrow derived precursors that migrate and subsequently
mature into phenotypes dependent on their microenvironments
(Levick and Widiapradja, 2018). Injury triggers additional MC
precursors to infiltrate the myocardium (Ngkelo et al., 2016).
For instance, numerous reports have shown increased mast cell
counts in DCM patient hearts and animal models of cardiac
injury like hypertension and MI (Sperr et al., 1994; Engels
et al., 1995; Patella et al., 1997; Shiota et al., 2003; Janicki
et al., 2015). This increase in mast cells following injury has
led many researchers to question their involvement in cardiac
fibrotic remodeling.

To date, a plethora of compelling results suggest roles for MCs
in cardiac fibrosis (Legere et al., 2019). For one, in injury, the
presence of DAMPs can trigger MC degranulation, which results
in the release of inflammatory mediators like tryptase, chymase,
IL-1β, and TNFα (Legere et al., 2019). Studies have shown that
both tryptase and chymase activate TGFβ, a potent fibrogenic
mediator known to promote myofibroblast differentiation and
collagen production (Lindstedt et al., 2001; Tatler et al.,
2008; Legere et al., 2019). Similarly, inflammatory cytokines
including TNFα have been implicated in the development of
cardiac fibrosis during hypertension (Mayr et al., 2016). MC
are also direct sources of fibrogenic mediators. For one, MC
have been implicated in atrial fibrosis and fibrillation through
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enhanced production of the pro-proliferative and fibrotic factor
PDGF-A (Liao et al., 2010). MC granules have also been
shown to contain fibroblast growth factor-2 (FGF2), which has
been shown to positively regulate fibroblast proliferation and
collagen production (Hamada et al., 2000; Virag et al., 2007;
Wernersson and Pejler, 2014). As degranulation products have
been shown to induce fibrosis, recent studies have assessed the
impact of inhibiting this inflammatory release. Interestingly,
treatment with MC stabilizers has been shown to reduce collagen
deposition, and collagen gene expression (Wang et al., 2016).
Further, recent studies focusing on pressure overload induced
injury have also identified an association between increasing
mast cell volume and fibrosis (Luitel et al., 2017). These results
imply that MCs function to promote adverse fibrotic remodeling;
however, arriving at that conclusion may not be accurately
reflective. Mice lacking mast cells exhibit only marginally
decreased fibrosis 2 weeks after MI (Ngkelo et al., 2016). These
finding suggest insignificant roles for mast cells in fibrosis,
however, interestingly, there is also evidence, which proposes
mast cells as anti-fibrotic mediators. Following induction of
cardiac dysfunction, mast cell deficient mice show increased
perivascular fibrosis (Joseph et al., 2005). Further, MCs have
been shown to produce anti-inflammatory agents including IL-
10 which act against fibrosis (Lin and Befus, 1997). Specifically,
IL-10 has been repeatedly noted for its ability to oppose fibrosis
through reducing collagen gene expression and fibrotic scarring
after injury (Krishnamurthy et al., 2009; Verma et al., 2017). In
sum, the current understanding of the role of mast cells in fibrosis
is not entirely clear, which necessitates further studies to address
the inconsistencies seen throughout the literature.

Eosinophils
Eosinophils are a subset of circulating leukocytes that contribute
to the clearance of injury primarily through their hydrolase rich
granules (Seguela et al., 2015). Recent focus has been placed
on this leukocyte subset as patients exhibiting high levels of
eosinophils (eosinophilia) can be at risk for cardiac complications
(Diny et al., 2017; Prows et al., 2019). This clinical phenomenon
is supported by recent animal studies that characterize cardiac
remodeling in eosinophilia, and see a large response featuring
replacement fibrosis (Prows et al., 2019). Specifically, mice that
develop eosinophilia experience a large influx of eosinophils to
the heart, along with enhanced chemokines and cytokines which
may function to promote fibrosis (Prows et al., 2019). Beyond
these findings, additional studies have shown a correlation
between enhanced eosinophil accumulation and cardiac fibrosis.
Following experimental myocarditis, the depletion of natural
killer (NK) cells leads to an accumulation of eosinophils with a
concomitant rise in fibrosis (Ong et al., 2015). These findings
suggest that eosinophils contribute to cardiac fibrosis through
cytokine secretion and cellular cross talk; however, more evidence
is required in order to understand the exact contribution of
eosinophils to cardiac fibrosis. Some studies have begun to
address these needs through eosinophil depletion studies. In
a model of myocarditis, a lack of eosinophils prevents against
the development of inflammatory DCM (DCMi) (Diny et al.,
2017). While there are no significant changes in total ventricle

fibrosis, eosinophil depletion post-myocarditis leads to decreased
expression of MMP2 and tissue inhibitor of metalloproteinases
2 (TIMP2) (Diny et al., 2017). These reports highlight the need
for definitive assessment of the mechanisms by which eosinophils
may trigger cardiac fibrosis.

Dendritic Cells
Dendritic cells (DC) are key immune regulators that function
to initiate adaptive responses through antigen processing
and presentation (Durai and Murphy, 2016). They can be
characterized as being classical or non-classical, both of which
exist in numerous subsets (Mildner and Jung, 2014). DCs are
highly abundant in barrier tissues like the skin, however, many
reports have shown their presence in heart tissue (Van der Borght
and Lambrecht, 2018). Specifically, recent studies have suggested
at least two types of classical or conventional DCs (cDC) in
the healthy heart (Van der Borght et al., 2017). These cDCs
have been shown to mediate tolerance to self-antigens (Van der
Borght et al., 2017). DCs become of even greater relevance as
the heart experiences injury (Clemente-Casares et al., 2017; Van
der Borght et al., 2017; Wang et al., 2017). Their specific roles in
pathology, especially in relation to cardiac fibrosis, is distinct; we
consider them below.

A few studies have highlighted an influx of CD11c+ cDCs to
the heart following ischemic injury that increase starting 1 day
post-MI that peak around 5–7 days post-MI (Anzai et al., 2012;
Van der Borght et al., 2017). This early rise in DCs has led
researchers to hypothesize additional roles for DCs in repair
and remodeling post-injury. Accordingly, models of CD11c+

depletion have been applied, and following MI, a lack of bone
marrow derived CD11c+ cells results in decreased survival rates
and significantly enhanced fibrosis (Anzai et al., 2012). Although
this model relies on the non-specific loss of all CD11c+ cells,
these findings provided evidence for DCs as being somewhat
protective after infarction. Interestingly, this protective DC
theory can be further supported by studies analyzing DC densities
in humans post-MI or in DCM (Pistulli et al., 2013; Nagai
et al., 2014). For instance, patients with DCM have decreased
DCs compared to controls, and experience enhanced fibrosis
and worsened cardiac function (Pistulli et al., 2013). There are
also additional studies, focused on myocarditis, which suggest
protective DC roles following injury (Clemente-Casares et al.,
2017). A specific deletion of cardiac CD103+ DCs results in
significantly enhanced fibrosis following viral myocarditis, which
suggests the role of DCs in blunting the transition to HF following
injury (Clemente-Casares et al., 2017).

Beyond these findings, however, it is also important to note
the wealth of literature that hints at an opposing role for DCs
following injury. With CD11c+ cell depletion, 24 weeks after
TAC, mice exhibit reduced LV fibrosis and decreased expression
of fibroblast activating genes (Wang et al., 2017). These studies
are met with similar critiques regarding lack of DC specificity,
however, studies using a more specific model of cDC ablation
also show decreased LV fibrosis 3 weeks post-MI (Lee et al.,
2018). These findings are further supported by earlier studies
which show cardiac and splenic DC activation and expansion
8 weeks post-MI (Ismahil et al., 2014). Interestingly, transfer
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of splenocytes from these HF mice into naïve mice results in
the development of HF accompanied with significant fibrosis
(Ismahil et al., 2014). Taken together, these studies provide
evidence for DCs in post-injury remodeling, however, there is
limited insight into how DCs may influence fibrosis. Overall,
consideration of findings from each of these studies suggests
a continued need for further DC characterization in the heart,
focusing on how unique and specific populations of DCs may act
to govern the fibrotic response.

B and T – Lymphocytes
An abundance of literature suggests an involvement of both B and
T– Lymphocytes (B and T cells) in cardiac fibrosis. These adaptive
immune cells are found in small numbers in the steady state
heart, but are known to rise post-injury (Zouggari et al., 2013;
Wang et al., 2019). The functional relevance of these lymphocytes
in the steady state heart is still becoming understood, however,
following injury, several reports have documented their ability
to influence long-term remodeling outcomes (Yu et al., 2013;
Zouggari et al., 2013; Horckmans et al., 2018). For instance,
B cells have been shown to be associated with enhanced
fibrosis; their depletion results in reduced collagen deposition
following TAC, MI, and the development of non-ischemic
cardiomyopathy (Cordero-Reyes et al., 2016; Horckmans et al.,
2018; Ma et al., 2019). B cells are thought to promote fibrosis
through inflammatory cytokines like IL-1β, IL6, and TNFα, all
of which have been linked to increased fibrosis (Cordero-Reyes
et al., 2016). Interestingly, these findings are supported by other
studies that identify increased B cell densities and cardiac fibrosis
in DCM patients when compared to healthy controls (Yu et al.,
2013). B cells isolated from these DCM patients secrete larger
quantities of pro-fibrotic factors including TNFα; these findings
provide additional evidence to support the pro-fibrotic actions
of B cells in injury (Yu et al., 2013). In moving forward, much
remains to be understood in the field of cardiac B cell biology,
including the explicit role that B cells play in the uninjured
heart, as well as the mechanisms by which they elicit pathological
fibrotic remodeling.

Similar to B cells, T cells have been shown to infiltrate the
injured myocardium where they greatly influence remodeling
outcomes (Blanton et al., 2019). T cells come in many subsets,
some of which have divergent functions in cardiac fibrosis. For
one, CD4+ T cells accumulate in the heart post-MI and -TAC,
and are associated with enhanced cardiac fibrosis (Laroumanie
et al., 2014; Nevers et al., 2015, 2017; Bansal et al., 2017, 2019;
Borg et al., 2017; Quast et al., 2017). Studies have shown increased
Th1 polarization following injury, leading to the production of
pro-inflammatory and -fibrotic cytokines like interferon γ (IFNγ)
(Laroumanie et al., 2014; Nevers et al., 2017). As these subsets of
T cells are implicated in worsening fibrosis, many reports have
sought to characterize their direct involvement in the remodeling
response. The depletion or dampening of T cell infiltration post-
injury has been shown to result in a significant reduction of
fibrosis and fibrosis associated gene expression (Laroumanie
et al., 2014; Nevers et al., 2015; Salvador et al., 2016). Recent
studies have also shown a direct increase in cardiac fibrosis
following adoptive transfer of HF splenic CD4+ T cells into naïve

mice (Bansal et al., 2017). Mechanistically, a few targets have been
investigated in their role for inducing pro-fibrotic T cell actions.
Namely, studies have determined an involvement of CD73 and
adenosine generation, as T cell-specific CD73 knockout mice
show enhanced fibrosis (Borg et al., 2017; Quast et al., 2017).
These studies suggest that adenosine functions in an autocrine
manner to reduce the production of pro- inflammatory and -
fibrotic cytokines (Borg et al., 2017). Further, signaling through
the mineralocorticoid receptor (MR) has been shown to enhance
pro-fibrotic T cell actions, as the loss of T cell MR has been shown
to decrease T cell activation and fibrotic cytokine production
(Li et al., 2017). Interestingly, all of these findings seem to
be associated with CD4+ T cells, as similar assessments have
revealed no significant role for CD8+ T cells in cardiac fibrosis
(Groschel et al., 2018).

Studies have also examined the role of T regulatory (Treg)
subsets in fibrosis, and have mainly shown their role in protecting
against fibrosis (Kvakan et al., 2009; Kanellakis et al., 2011; Tang
et al., 2012). Early studies have shown decreased collagen content
and lower expression of pro-fibrotic mediators following Treg
introduction into hypertensive injury models (Kvakan et al.,
2009; Kanellakis et al., 2011). Additionally, the introduction
of Tregs post-MI has also been shown to reduce border zone
fibrosis, further suggesting a protective mechanism through
which Tregs influence remodeling (Tang et al., 2012). However,
recent studies have shown alternative Treg functions post-injury,
wherein an increase in a pro-inflammatory CD4+ Treg subset
has been shown to lead to the production of fibrotic cytokines
like TNFα (Bansal et al., 2019). Additional studies directed
toward the characterization of the impact of specific T cell
subsets on cardiac fibrosis at distinct timepoints after injury will
be helpful to illuminate potential targets against pathological
cardiac fibrosis.

CONCLUDING REMARKS

Fibrotic remodeling is a normal physiological response to injury
in the heart, however, when it becomes excessive, fibrosis leaves
the heart at a great detriment in that it leads to tissue stiffness
and dysfunction (Hinderer and Schenke-Layland, 2019). As such,
the prevention or reversal of pathological fibrotic remodeling
has been a research target for numerous years and has led to a
wealth of studies aimed in uncovering the mechanistic basis for
cardiac fibrosis. Recently, studies using isolated myofibroblasts
from HF patients have suggested the possibility of reversing
fibrosis by inhibition of TGFβ receptor signaling (Frangogiannis,
2019b; Nagaraju et al., 2019). These findings provide support
to reason the idea of myofibroblasts returning to quiescent
fibroblast states (Nagaraju et al., 2019). However, translating these
findings in vivo will require consideration of numerous other
factors which influence cardiac fibrosis. For one, several leukocyte
subsets are implicated in the development of fibrosis. Currently,
their explicit contribution to cardiac fibrosis, which appears
context-dependent, is still being unraveled, as is the practicality
of targeting specific subtypes at particular phases of post-injury
remodeling of HF development. For instance, the presence of
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dendritic cells may be beneficial toward stable scar formation
in MI patients, however, their exact role in the regulation
of fibrotic remodeling and how to support their activity will
need to be understood to effectively translate this knowledge
toward therapeutic application (Nagai et al., 2014). Further,
patients with non-ischemic HF have been shown to exhibit higher
numbers of activated CD3+ T cells; given the number of animal
studies showcasing their association with fibrosis, antagonizing
these lymphocytes could serve as a feasible therapeutic avenue
against pathological fibrosis during HF (Nevers et al., 2015).
To conclude, a growing body of evidence suggests multifaceted
roles for leukocytes in cardiac injury: both innate and adaptive
leukocytes influence pathological fibrotic remodeling, presenting
an exciting trajectory for the development of novel therapeutic

strategies that modulate their recruitment, secretions and
phenotypes to prevent the progression of both ischemic and
non-ischemic forms of HF.
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Left atrial (LA) fibrosis is a major arrhythmogenic substrate for atrial fibrillation (AF). The
purpose of this study was to assess whether isoproterenol (ISO) induces LA fibrosis and
increases susceptibility to AF, exploring the underlying mechanisms. Male Sprague-
Dawley rats were subcutaneously injected ISO once per day for 2 days. Five weeks
after injection, the ISO group had higher susceptibility AF and prolonged AF duration
compared with the control group. ISO decreased LA conduction velocity (CV) and
increased LA conduction heterogeneity. ISO increased fibrosise areas and the protein
levels of collagen types I and III in the left atrium. Antifibrosis drug pirfenidone decreased
AF occurrence and reduced LA fibrosis in ISO treated rats. ISO injection induced atrial
ischemia infarction by increasing heart rate and decreasing diastolic and systolic blood
pressures. These findings demonstrated that ISO increases susceptibility to AF by
increasing LA fibrosis and LA conduction abnormalities 5 weeks after injection. ISO
injection induces atrial ischemic injury is the main cause of fibrosis. Rats with ISO-induced
LA fibrosis may be used in further AF research.

Keywords: atrial fibrillation, fibrosis, myocardial ischemia, isoproterenol, atrium
INTRODUCTION

Atrial fibrillation (AF) is the most common tachyarrhythmia; its incidence increases due to
widespread population aging. AF is the final common endpoint of atrial remodeling caused by a
variety of cardiac diseases and conditions, and promotes important remodeling that contributes to
the progressive nature of arrhythmia (Tan and Zimetbaum, 2011). Left atrial (LA) fibrosis is
considered the key element of atrial remodeling in patients with structural heart disease and
persistent AF (Velagapudi et al., 2013). Experimental studies have provided convincing evidence
that fibrotic transformation of the left atrium results in the deterioration of atrial conduction,
increasing impulse propagation anisotropy and building boundaries that promote re-entry in the
atrial wall, which may be directly relevant for the mechanisms responsible for AF maintenance
(Heijman et al., 2014; Krul et al., 2015).
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Catecholamines increase the contractile force and beating rate
of the heart, resulting in markedly increased cardiac pumping
output and oxygen consumption (Nichtova et al., 2012). Excess
of catecholamines in circulation is responsible for myocardial
tissue damage in clinical conditions such as ischemia, angina,
infarction, cardiac arrhythmias and sudden cardiac death.
Increased administration of exogenous catecholamines leads to
remodeling of myocardium and cardiomyocytes at the
subcellular level. Isoproterenol (ISO) is a synthetic
catecholamine and nonselective b-adrenoceptor agonist. Single
or repeated doses of ISO administered to experimental animals
induce fibrosis (Ma et al., 2017), cardiac hypertrophy, and
myocardial damage in the left ventricle. ISO models contribute
effectively to the understanding of pathologies in signal
transduction, energetic, excitability, and contractility, which
may contribute concomitantly to cardiac dysfunction and heart
failure (Nichtova et al., 2012). The aim of this study was to assess
whether ISO could induce LA fibrosis and increase susceptibility
to AF and exploring the underlying mechanisms.
MATERIALS AND METHODS

Animals
All animal experiments were performed in accordance with the
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals, and the National Standard of the People’s
Republic of China for Laboratory animal Guidelines for ethical
review of animal welfare. Male Sprague-Dawley rats (9-10 weeks,
SPF, Guangdong Medical Experimental Animal Center) were
housed at 20 ± 3°C and 55% ± 10% humidity, under a 12-h–12-h
light/dark cycle. ISO hydrochloride (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved and injected subcutaneously at different
doses once daily for two days. Choose the best dose for the
animal study. The rats were divided into three groups, including
control (CTL), ISO injection (ISO), and ISO injection with
pirfenidone (PFD) treatment (ISO+PFD) groups. PFD is a
broad-spectrum antifibrotic drug that has shown potential in
numbers of animal models of fibrosis and clinical trials (Lopez-
de La Mora et al., 2015). One week after injection, PFD (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in water and gavaged
for 4 weeks at a dose of 300 mg/kg in the ISO+PFD group.
Meanwhile, equal volume of water was gavaged to the control
and ISO groups for 4 weeks.

2, 3, 5-Triphenylteyltetrazolium
Chloride Staining
The heart was removed and cooled in a −20°C freezer. After
freezing, heart sections at 2 mm thickness were obtained. Atria
were then incubated with 2% 2, 3, 5-triphenylteyltetrazolium
chloride (TTC) (Sigma-Aldrich, St. Louis, MO) in a 37°C bath for
20 min to visualize the unstained infarcted region. After TTC
staining, viable myocardium stained brick red while the infarct
appeared pale white. TTC-stained tissue sections were
photographed using a digital scanner.
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Echocardiogram
After the induction of general anesthesia by 2% sevoflurane.The
probe (Vevo 2100 system and MS-250 transducer, VisualSonics
Inc, Canada) was placed on the chest and collected data along the
short and long axes of the heart in all groups. Signals from M-
mode echocardiography were recorded. Parameters obtained
from the echocardiogram including left ventricular internal
dimensions during systole (LVIDs) and diastole (LVIDd), the
ejection fraction (EF), and fractional shortening (FS) were
measured according to the leading-edge method. Each
echocardiographic variable was determined in at least four
separate images taken from the same heart.

Programmed Electrical Stimulation and
Induction of AF
AF was defined as irregular, rapid atrial activation with varying
electrogram morphology lasting ≥2 s, as we described previously
(Ma et al., 2018a; Ma et al., 2018b). Rats were anesthetized with
urethane and instrumented with subcutaneous electrodes for ECG
recordings (Power Lab 16/35, AD Instruments, Castle Hill, NSW,
Australia). The rat was tracheotomized and ventilated (Harvard
Apparatus, Holliston Co) with room air supplemented with oxygen
at 65 breaths/min. For atrial stimulation, a 4-French quadripolar
catheter was advanced through the esophagus and placed at the site
with the lowest threshold for atrial capture. Atrial pacing was
performed at twice the diastolic threshold using two poles on the
pacing catheter. Inducibility of AF was tested by applying 35-s
bursts. The burst had a cycle length of 20 ms and pulse width of 5
ms. This series of bursts was repeated once. All rats were allowed 5
min of recovery in the sinus rhythm between stimulations for
respiratory and circulatory recovery. If one or more bursts in the
two series of bursts evoked an AF episode, AF was inducible in that
rat. Otherwise, AF was noninducible. The duration and probability
of inducible AF episodes were analyzed. The longest record time
was 30 min after the burst pacing.

Multielectrodes Arrays Measurements
Multielectrode arrays (MEA) measurements were performed, as
we described previously (Ma et al., 2018a; Ma et al., 2018b). The
heart was removed rapidly, and the left atrium from the isolated
heart was dissected and then immersed in Tyrode’s solution. For
MEA mapping, the epicardial LA surface rested on the MEA
(Multi Channel Systems, Reutlingen, Germany) culture dish
containing 120 tipped platinum recording electrodes of
diameter 30 mm with an interelectrode spacing of 100 µm, and
continuously superfused at a flow rate of 3 ml/min with
oxygenated Tyrode’s solution with at 37°C. During recordings,
contractility was blocked with 15 mM butadione monoxime
(BDM). The electrode arrays were mounted onto a printed
circuit board and then fitted into the MEASystem interface.
Electrical stimulation (bipolar pulses, 1–7 V, 1,000-µs duration)
was applied via one of the MEA microelectrodes. Data were
sampled at 10 kHz per channel with simultaneous data
acquisition using the Cardio 2D software (Multi Channel
Systems), and five fields were recorded in each atrium. All the
data were analyzed to generate activation maps and measure CV.
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Masson Trichrome Staining
For the quantification of atrial fibrosis, Masson’s trichrome staining
of coronalplane slices prepared from paraformaldehyde fixed
samples was performed as previously described (Ma et al., 2017).
Slices (5 mm) were stained with Masson’s trichrome, and
photographed using a digital camera under a BX53 microscope
(Olympus, Tokyo, Japan). Images were quantified by the CellSens
Dimension 1.16 software. Fibrotic areas were expressed as a
percentage of blue-positive stained area to the total tissue area.

Western Blot
Protein from samples was separated by SDS-PAGE. Separated
protein was transferred on a polyvinylidene difluoride
membrane that was blocked at room temperature for 1 h in
Tris-buffered saline with 0.2% Tween 20 containing 5% skim
milk and probed with primary antibodies overnight at 4°C.
Protein bands on Western blot were visualized using ECL Plus
(Millipore, Billerica, MA, USA). Relative band densities of
proteins were normalized against GAPDH.

Implantation of Telemetry Transmitter
Seven days prior to the test, a telemetry transmitter (Millar
Instruments, Houston, TX, USA) was implanted and secured in
the abdominal cavity, with the leads tunneled under the skin. The
rats were housed in individual cages placed on a receiver that
continuously captured signals, independent of animal activity.
The signals were recorded with the LabChart 8 software and
stored for analysis.

Cardiac Marker Enzyme Levels in
the Serum
Two hours after the second injection of ISO, collected serum
samples were assesssed for the cardiac marker enzyme creatinine
kinase-MB (CK-MB). Analysis was performed with
commercially available standard enzymatic kits.

Data Analysis and Statistics
Data were expressed as mean ± SD except for AF duration, which
was expressed as median and interquartile range (25%–75%). The
Fisher exact test was applied to compare AF inducibility. Normally
distributed variables were tested using one-way analysis of variance
(ANOVA). Differences between nonnormally distributed variables
were examined by Mann-Whitney U test. All data analysis was
performed using SPSS statistical software (SPSS, IL, USA). Statistical
significance was defined as P < 0.05.
RESULTS

ISO Injection Causes LA Ischemia and
Fibrosis
Representative illustrations of myocardial injury after TTC
staining are shown in Figure 1A. CTL rats exhibited major
portions stained positively, indicating tissue viability. There was
little or zero percent of infract, however, the ISO group showed
some unstained areas in the atrium. It is concentration-
Frontiers in Pharmacology | www.frontiersin.org 374
dependent increased in ISO group. The infarct size was
significantly larger in 120 mg/kg group (25.4% ± 3.1%) than
two lower dose groups. Masson’s trichrome staining of heart
sections confirmed that ISO injection with 120 mg/kg (ISO
group) resulted in increased fibrosis in the left atrium 5 weeks
later (Figure 1B). The fibrotic area was overtly decreased in the
ISO+PFD group compared with the ISO group (Figure 1C).
Type I and III collagen was detected by western blot to further
assess fibrosis (Figures 1D, E). ISO administration resulted in
increased deposition of type I (P< 0.05, Figure 1D) and III (P <
0.05, Figure 1E) collagen in the left atrium. Antifibrosis drug
PFD treatment significantly reduced such deposition (P < 0.05).

ISO Increases Susceptibility to AF Five
Weeks After Injection
In the 7 days after ISO subcutaneous injection, total mortality
(10/50, 20%) was higher than in CTL rats (no death).
Spontaneous episodes of AF were not observed throughout the
induced episodes. Figures 2A, B show representative examples of
non-AF and AF ECG. Figure 2B shows a representative example
of induced AF electrocardiogram. AF occurred after induction
termination by transesophageal programmed electrical
stimulation (Figure 2B II). After seconds, the AF episode
spontaneously stopped, and the sinus rhythm resumed.
Susceptibility to AF in ISO treated rats (15/20, 75%) was
significantly higher than that of CTL rats (3/20, 15%, Figure
2C). Treatment with PFD resulted in significantly decreased
inducibility to 45% (9/20, P < 0.01). The mean AF episode
duration was obviously longer in ISO treated rats compared with
CTL animals (P < 0.01, Figure 2D). PFD treatment significantly
decreased AF duration (P < 0.05, Figure 2D).

Electrocardiographic Findings
Three-lead electrocardiograms were recorded in anesthetized
rats 5 weeks after injection. Figure 3 depicts representative
examples of ECGs. Surface ECG parameters were summarized
in Figure 3D. P duration, RR interval, PQ interval, QRS, and QT
durations were not significantly different among the three groups
(P > 0.05).

ISO Decreases Cardiac Function
Five weeks after injection, echocardiography showed clear
anterior wall motion abnormality (Figure 4A). As shown in
Figures 4B, C, the ISO group had reduced EF (76.5% ± 4.9% vs.
38% ± 4.1%, P < 0.05) and FS (47.8% ± 3.6% vs. 21.1% ± 4.7%, P
< 0.05) compared with the CTL group. Both FS and EF in the
PFD group were increased compared with values obtained for
the ISO group (P < 0.05). Both LVIDs (P < 0.01, Figure 4D) and
LVIDd (P < 0.01, Figure 4E) were elevated in the ISO group, but
decreased after PFD treatment (both P < 0.05).

ISO Increases LA Conduction
Heterogeneity
LA surface conduction was measured using a 120-electrode
MEA. Isochronal maps clearly showed a large zone of
conduction blockage, which could block wave propagation in
April 2020 | Volume 11 | Article 493
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A

B

C

D E

FIGURE 1 | Isoproterenol (ISO) causes left atrial ischemia and fibrosis in rats. (A) Representative images of left atrium by 2, 3, 5-triphenylteyltetrazolium chloride
(TTC) staining. Red-colored regions in the TTC stained sections indicate nonischemic areas; pale-colored regions indicate ischemic portions of the heart.
Quantification of ischemic area/total area in the left atrium (n = 5 rats/group). (B) Representative images for myocardial fibrosis of the whole heart (Masson’s
trichrome staining, which stains fibrosis blue and viable muscle red; scale bar: 100 µm). (C) Quantitation of left atrial fibrosis; ISO increased fibrosis-positive areas in
the left atrium. (D) Western blot analysis of collagen I protein expression. ISO increased the protein levels of collagen I in the left atrium (n=5 rats/group). (E) Western
blot analysis of collagen I protein amounts. ISO increased the protein levels of collagen III in the left atrium (n=5 rats/group). *P < 0.05, **P < 0.01 versus control
(CTL) group; #P < 0.05 versus ISO group.
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the ISO group (Figure 5A). The activation located distally
propagated to the block zone. There was no or limited
conduction block zone in the CTL and PFD-treatment groups.
Compared with the CTL and PFD-treatment groups, the ISO
group showed more heterogeneous conduction. CV in the ISO
group was significantly lower than that of the CTL group (Figure
5B , P < 0.01). Compared with the ISO group, PFD
administration increased the LA CV (P < 0.05). PFD improved
the LA CV and homogeneity.
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ISO Induces Myofibroblast Differentiation
To assess the effects of ISO on fibroblast differentiation into
myofibroblasts, immunohistochemistry was performed to detect
a-SMA levels (Figure 6A). The results showed that ISO induced
a-SMA expression in the left atrium (P < 0.05, Figure 6B). This
effect was further validated by a-SMA protein expression levels.
Compared with CTL rats, ISO treatment resulted in increased a-
SMA protein levels (P < 0.05, Figure 6C). PFD reduced a-SMA-
positive areas and protein amounts.
A

B

C D

FIGURE 2 | Isoproterenol (ISO) increases atrial fibrillation (AF) inducibility and duration in rats 5 weeks after injection. (A) Representative noninduced AF episode.
After termination of the burst, the rat also displayed sinus rhythm (II). (B) Representative induced AF episode. Before the burst (I), the rat was in the sinus rhythm.
After termination of the burst (II), the rat displayed an irregular atrial rhythm with an irregular ventricular response. After seconds (III), the AF episode stopped
spontaneously and the sinus rhythm resumed. (C) ISO increases AF inducibility in rats (n=20 rats/group). (D) ISO increases AF duration (n=20 rats/group). **P < 0.01
versus control (CTL) group; #P < 0.05 versus ISO group.
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ISO Induces Atrial Ischemic Infarction by
Increasing the Heart Rate and Reduces
Blood Pressure
Figure 7A telemetry transmitter recording showed that ISO
injection resulted in at least 6–7 h increase in temperature. The
heart rate was also increased substantially after treatment with
ISO (Figure 7B). However, injection of 0.9% saline had not
obviously changes in CTL rats. Heart rates before ISO injection
were similar in both groups. The maximum heart rate change
was from 395.2 ± 21.5 to 486.6 ± 2.9 bpm 1 h after first ISO
injection, which increased oxygen consumption. Figures 7C, D
show mean blood pressures 48 h after injection. Abdominal
aortic arterial pressure decreased from 121.4 ± 4.3 to 84.6 ± 2.8
mmHg and 85 ± 6.7 to 55.7 ± 2 mmHg for systolic and diastolic
blood pressures 1 h after first ISO injection. The blood pressure
reduction continued for about 20 h. Before the second injection,
arterial pressure in ISO treated rats was close to that of CTL rats.
The second ISO injection caused further decrease in arterial
pressure in rats. Two injections of 0.9% saline in CTL rats had no
obvious effects on arterial pressure. ISO treatment resulted in
significantly elevated ST-segment (Figure 7E) and increased CK-
MB levels (P < 0.01, Figure 7F). These data indicate that ISO
caused myocardial ischemic infarction by increasing heart rate,
and decreasing diastolic and systolic blood pressures.
DISCUSSION

Cardiac fibrosis in the left atrium is an important arrhythmogenic
substrate for AF. This study showed that: (1) ISO increased AF
inducibility and extended its duration in rats 5 weeks after injection;
Frontiers in Pharmacology | www.frontiersin.org 677
(2) ISO increased LA fibrosis and LA conduction heterogeneity in
rats 5 weeks after injection; (3) ISO injection induced atrial ischemic
infarction by increasing the heart rate and decreasing coronary flow
due to a significant drop in blood pressure; (4) Antifibrosis drug
PFD decreased AF occurrence in rats 5 weeks after ISO injection by
reducing LA fibrosis. Taken together, these results suggested that
ISO could increase LA fibrosis and AF susceptibility 5 weeks after
injection by inducing atrial ischemic injury. Rats with ISO-induced
LA fibrosis may be used as a model in AF research.

Myocardial ischemia refers to the pathological state of
reduced oxygen supply and residual metabolites caused by
decreased blood perfusion, and reflects an imbalance between
myocardial oxygen supply and demand (Heusch, 2016). In many
circumstances, myocardial ischemia results from the combined
effects of increased oxygen demand and reduced amounts of
oxygen. ISO, a systemic b-adrenergic receptor agonist, is
associated with marked ventricular myocardial ischemia (Patel
et al., 2016; Song et al., 2016), hypertrophy (Zhang et al., 2015)
and fibrosis (Ma et al., 2017). Merino reported that ISO increases
both atrial frequency and contractility (Merino et al., 2015),
suggesting that ISO may affect the atrium. In the present study,
high doses of ISO injected at an interval of 24 h induced a variety
of myocardial ischemic injury phenomena, such as ST-segment
elevation and increased plasma CK-MB, by increasing the heart
rate and decreasing diastolic and systolic blood pressures (also
accompanied by a decrease in coronary flow) for hours. TTC
staining showed large areas of ischemia zone in the atrium after
injection. Masson’s trichrome staining also showed large fibrotic
areas in the left atrium 5 weeks after injection. These results
strongly suggested that ISO injection induces atrial ischemic
infarction by promoting imbalance between increased
A B

C D

FIGURE 3 | Surface ECGs in rats 5 weeks after injection. (A) Representative ECG in the control (CTL) group. Einthoven Leads: Leads I, II, and III. (B) Representative
ECG in the isoproterenol (ISO) group. (C) Representative ECG in the ISO+ pirfenidone (PFD) group. (D) Bar graph indicates ECG intervals and durations. There were
no significant differences in ECG parameters in rats 5 weeks after ISO injection (n=20 rats/group).
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myocardial oxygen demand and reduced coronary blood supply.
In clinic, atrial infarction is rarely diagnosed before death
because of its characteristic subtle and nonspecific
electrocardiographic findings (Lu et al., 2016). Atrial infarction
has been observed in 17% of MI patients in a large postmortem
study. In addition, increased risk of atrial tachyarrhythmia has
been observed in patients with atrial infarction. Studies on atrial
ischemic infarction in animal models (dogs, sheep, and pigs) by
left circumflex coronary artery ligation also suggested that
experimental atrial ischemia could create a substrate for AF
maintenance (Aguero et al., 2017a).

High doses of ISO stimulate myocardial ischemia, hypoxia,
necrosis, and fibroblastic hyperplasia, which are strongly similar
to local myocardial damage and acute myocardial infarction (Qu
et al., 2020). After myocardial injury, various peptide growth
factors stimulate fibroblasts to migrate into the wound site and
proliferate to reconstitute various connective tissue components
(Dobaczewski et al., 2012; Lajiness and Conway, 2014).
Frontiers in Pharmacology | www.frontiersin.org 778
Otherwise, ISO could directly induce cardiac fibroblast
proliferation and collagen synthesis in vivo (Sun et al., 2015).
A critical event in the process is fibroblast differentiation into
active-phenotype myofibroblasts (Honda et al., 2013; Mack and
Yanagita, 2015). This results in functional changes, including
increased proliferation, altered release of signaling molecules,
and extracellular matrix deposition (Vasquez et al., 2011). In
wound healing these cells provide additional extracellular
collagen fiber deposition, which strengthens the injured tissue.
However, when myofibroblasts persist in injured areas and
continue to function, this helpful response becomes harmful,
leading to progressive fibrosis (Davis and Molkentin, 2014). The
present data showed that heart myofibroblasts persisted in atrial
infarct scars, which induced large atrial fibrosis areas 5 weeks
after ISO injection. The present findings corroborated Aguero et
al., who assessed atrial fibrosis changes in dogs with atrial
infarction by left circumflex coronary artery ligation (Aguero
et al., 2017b).
A

B C

D E

FIGURE 4 | Isoproterenol (ISO) decreases cardiac function. (A) Representative M-mode echocardiogram in rats 5 weeks after ISO injection. (B) Bar graph indicates
EF (n=20 rats/group). (C) Bar graph indicates FS (n = 20 rats/group). (D) Bar graph indicates left ventricular internal dimensions during systole (LVIDs) (n = 20 rats/
group). (E) Bar graph indicates left ventricular internal dimensions during diastole LVIDd (n=20 rats/group). **P < 0.01 versus control (CTL) group, #P < 0.05 versus
ISO group.
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Cardiac fibrosis refers to a variety of quantitative and
qualitative changes in the interstitial myocardial collagen
network, and occurs in response to cardiac ischemic insults,
systemic diseases, drugs, or other harmful stimuli; it alters
Frontiers in Pharmacology | www.frontiersin.org 879
myocardial architecture, promoting the development of cardiac
dysfunction and arrhythmias, and influencing the clinical course
and outcome of related-diseases. With the development of
noninvasive methods, such as the late gadolinium–enhanced
A

B

FIGURE 5 | Isoproterenol (ISO) increases left atrial conduction heterogeneity in rats. (A) Representative isochronous maps in the left atrium as obtained by
multielectrode array (MEA) recording. Areas of isochronal crowding were found in the ISO group. The degree of crowding decreased in pirfenidone (PFD)-treated
rats. Conduction was more heterogeneous in the ISO group compared with the control (CTL) group. (B) Bar graph indicates CV (n=5 rats/group). *P < 0.05, **P <
0.01versus CTL group; #P < 0.05 versus ISO group.
A

B C

FIGURE 6 | Isoproterenol (ISO) induces myofibroblast differentiation in rats. A. Representative images showing the expression and distribution of the myofibroblast-
specific marker a-SMA (Immunochemistry, scale bar: 50 µm) in the left atrium. (B) Quantitation of a-SMA positive areas. ISO increased a-SMA positive area (n=5
rats/group). (C) Western blot analysis of a-SMA protein expression. ISO increased the protein levels of a-SMA (n=5 rats/group). *P < 0.05, **P < 0.01 versus control
(CTL) group, #P < 0.05, ##P < 0.01 versus ISO group.
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cardiac magnetic resonance (LGE-CMR) imaging technology,
LA fibrosis is considered the hallmark of structural remodeling in
AF and the substrate for AF maintenance (Azadani et al., 2017).
Experimental studies have provided convincing evidence that
fibrotic transformation of the atrium results in altered atrial
conduction, increasing impulse propagation anisotropy.
Heterogeneous atrial tissue is more susceptible to reentry,
leading to conduction blockage in regions with high
conduction anisotropy. In LA appendages from patients
undergoing antiarrhythmic surgery for AF, the optical
mapping technology found conduction abnormalities with
different longitudinal conduction velocities in different regions
(Arroja et al., 2016). In the present study, conduction
abnormalities were also found in the left atrium, with elevated
AF inducibility 5 weeks after ISO injection in rats. The mean CV
in the ISO group was significantly lower than that of CTL rats.
Frontiers in Pharmacology | www.frontiersin.org 980
These results suggested that ISO increases susceptibility to AF by
enhancing LA fibrosis and conduction heterogeneity 5 weeks
after injection.

In recent years, several animal models with increased atrial
interstitial fibrosis have been described with high vulnerability to
AF. Spontaneously hypertensive rats develop a substrate for AF
via increased LA interstitial fibrosis (Lau et al., 2013). Left
coronary artery ligation in rats leads to heart failure, with atrial
dilatation, atrial fibrosis and AF promotion (Cardin et al., 2012;
Ma et al., 2018a; Ma et al., 2018b). A transgenic mouse with TGF-
b1 overexpression and selective atrial fibrosis has increased AF
inducibility. These animal models are widely used in studies
exploring mechanisms and pharmacological therapeutics for AF
(Zhang et al., 2013; Zhang et al., 2014; Ma et al., 2018a). In the
present study, ISO increased susceptibility to AF by enhancing
LA fibrosis and conduction heterogeneity 5 weeks after injection.
A B

C D

E F

FIGURE 7 | Isoproterenol (ISO) induces left atrial ischemia by increasing the heart rate and reducing blood pressure. An implantable telemetry transmitter was used
for the continuous monitoring of temperature, ECG, and blood pressure. (A) Temperature analysis during the 48-h following ISO injection. (B) Heart rate during the
48-h following ISO injection. (C) Diastolic pressure during the 48-h following ISO injection. (D) Systolic pressure during the 48-h following ISO injection. (E)
Representative ECG after injection of ISO. (F) Bar graph indicates creatinine kinase-MB (CK-MB) changes after ISO injection. **P < 0.01 versus CTL group.
April 2020 | Volume 11 | Article 493

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


Ma et al. Isoproterenol Increases Left Atrial Fibrosis
PFD is one of two approved therapies for the treatment of
idiopathic pulmonary fibrosis. Basic and clinical evidence
suggests PFD may slow or inhibit the progressive fibrosis after
tissue injuries. In vitro studies have shown that PFD can
attenuate the proliferation and activation of fibroblasts and the
expression of profibrotic factors (Shi et al., 2011). PFD
significantly reduced arrhythmogenic atrial fibrosis and AF
vulnerability in congestive heart failure canines (Lee et al.,
2006). In this study, we used PFD (300 mg/kg, the usual dose)
as a positive control drug to test the ISO model. Pirfenidone was
given 1 week after ISO injection for 4 weeks to avoid impairing
early repairs, according to the Nguyen study (Nguyen et al.,
2010). After four weeks of administration, PFD decreased AF
inducibility (45% in the ISO+PFD group vs. 75% in the ISO
group) and LA fibrosis area caused by ISO (P < 0.05), close to the
effects of PFD or other antifibrotic drugs in the myocardial
infarction model induced by ligation of the left anterior
descending coronary artery (Ma et al., 2018c; Qiu et al., 2018).
PFD also improved the cardiac function, CV and reduced
myofibroblasts differentiation. The effects of PFD in this ISO
model were close to other antifibrosis drugs in other animal
models (Wang et al., 2013; Beiert et al., 2017; Ma et al., 2018c).
These results indicate that ISO-induced LA fibrosis rats may be
used as a model in AF research. Compared with other animal
models, the ISO model has the advantages of low cost, easy
operation and good repeatability (Allawadhi et al., 2018). The
effects of ISO on other vulnerable substrates for AF apart from
fibrosis are unclear and need further investigation.
CONCLUSIONS

The present study showed that high-dose ISO induces atrial
ischemic infarction in rats. Five weeks after injection, ISO
increased LA fibrosis and LA conduction heterogeneity,
ultimately leading to increased susceptibility to AF in rats. Rats
Frontiers in Pharmacology | www.frontiersin.org 1081
with ISO-induced LA fibrosis may be used as a model in
AF research.
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Rationale: Adverse remodeling leads to heart failure after myocardial infarction (MI), with
important impact on morbidity and mortality. New therapeutic approaches are needed to
further improve and broaden heart failure therapy. We established a minimally invasive,
reproducible pericardial irrigation model in swine, as a translational model to study the
impact of temperature on adverse cardiac remodeling and its molecular mechanisms
after MI.

Objective: Chronic heart failure remains a leading cause of death in western
industrialized countries, with a tremendous economic impact on the health care
system. Previously, many studies have investigated mechanisms to reduce infarct size
after ischemia/reperfusion injury, including therapeutic hypothermia. Nonetheless, the
molecular mechanisms of adverse remodeling after MI remain poorly understood. By
deciphering the latter, new therapeutic strategies can be developed to not only reduce
rehospitalization of heart failure patients but also reduce or prevent adverse remodeling
in the first place.

Methods and Results: After 90 min of MI, a 12Fr dual lumen dialysis catheter was
place into the pericardium via minimal invasive, sub-xiphoidal percutaneous puncture.
We performed pericardial irrigation with cold or warm saline for 60 min in 25 female farm
pigs after ischemia and reperfusion. After one week of survival the heart was harvested
for further studies. After cold pericardial irrigation we observed a significant decrease of
systemic body temperature measured with a rectal probe in the cold group, reflecting
that the heart was chilled throughout its entire thickness. The temperature remained
stable in the control group during the procedure. We did not see any difference in
arrhythmia or hemodynamic stability between both groups.

Conclusion: We established a minimally invasive, reproducible and translational model
of pericardial irrigation in swine. This method enables the investigation of mechanisms
involved in myocardial adverse remodeling after ischemia/reperfusion injury in the future.

Keywords: myocardial remodeling, ischemia-reperfusion injury, therapeutic hypothermia, heart failure,
pericardial irrigation
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INTRODUCTION

We recently reported beneficial effects of hypothermia in a
novel swine ischemia-reperfusion model (Marek-Iannucci et al.,
2019). Because of repeatedly expressed interest in the model,
we here present details of the methodology, the aim of this
manuscript being to demonstrate the safety and reproducibility
of this novel technique, in order to make it accessible to other
research groups interested in studying molecular mechanisms
of adverse myocardial remodeling after ischemia-reperfusion
injury. Despite percutaneous coronary angioplasty, about one
third of the patients with myocardial infarction (MI), will not
achieve a thrombolysis in myocardial infarction (TIMI) flow
grade 3, which can partially explain the increased incidence
of chronic heart failure despite early intervention (Rochitte,
2008; Kaul, 2014; Bouleti et al., 2015; Dai et al., 2017). This
phenomenon, known as no-reflow, is thought to represent
microvascular damage caused by extended ischemia, leading to
tissue loss and non-regeneration of the myocardium (Kloner
et al., 1974; Rochitte, 2008; Kloner, 2011; Rezkalla et al., 2017; Shi
et al., 2017). No-reflow increases adverse remodeling of the left
ventricle after MI, leading to increased dilation, congestive heart
failure and mortality with an overall worse outcome (Kloner et al.,
1974; Rochitte, 2008; Dai et al., 2017). Furthermore, it amplifies
myocardial stunning, reperfusion arrhythmia, microvascular
obstruction and cardiomyocyte death and is held responsible
for about half of the eventual infarction size (Hausenloy, 2012).
Therapeutic hypothermia (TH) has been applied in various forms
in animal studies, showing a reduction in no-reflow area and
MI size (Erlinge et al., 2013; Erlinge et al., 2014; Dai et al.,
2015; Dai et al., 2017; Rezkalla et al., 2017). Even components of
inflammation have shown to be attenuated after TH application
(Mohammad et al., 2017; Shi et al., 2017). Various hypotheses
have been proposed to explain adverse remodeling after MI,
yet the exact molecular mechanisms behind it remain poorly
understood (Rochitte, 2008; Kloner, 2011; Schirone et al., 2017).
One approach has been to study the influence of TH on the
myocardium after MI. Although studies in small animals have
yielded promising results, clinical trials were not as successful
and human findings remain controversial (Erlinge et al., 2014;
Herring et al., 2014; Erlinge et al., 2015). Possibly the models
used in successful animal studies are not feasible in the clinical
setting and the correct translational model has not been described
yet. Systemic TH has been used in the clinical setting after
resuscitation for decades, focusing primarily on neurologic
outcome after cardiac arrest (Spiel et al., 2009; Haugk et al.,
2011). More recent research focused on the direct effect of
TH on the myocardium, but multicenter trials such as CHILL-
MI and RAPID-MI-ICE failed to show significant reduction in
infarction size (Erlinge et al., 2014, 2015; Mohammad et al., 2017).
Nonetheless those trials showed a decreased incidence in heart
failure. Methods used in the clinical setting include retrograde
cold perfusion through the coronary sinus, endovascular cooling
with special catheters, intraperitoneal cooling systems, cold saline
infusions and topical cooling with cooling pads or blankets
(Erlinge et al., 2014; Herring et al., 2014; Nichol et al., 2015;
Kloner et al., 2017). This leads us in two possible directions

regarding future studies: First, the right technique regarding
TH application, implementable in the clinical setting has not
been found yet (Herring et al., 2014). Second, it might be
necessary to study the exact mechanism by which TH improves
myocardial remodeling in animal models to design specific
therapies targeting these pathways independently of the use of
TH in the clinical field. Therefore, we designed a minimally
invasive large animal model in swine, utilizing pericardial
perfusion with cold saline after MI. The focus of our study is
to investigate the influence of TH on myocardial remodeling
on a molecular basis, with the goal of inhibiting the adverse
effects of remodeling after MI and preventing chronic heart
failure. Importantly, this model can be used for various other
studies requiring direct application of substances or stimulation
of the myocardium.

MATERIALS AND METHODS

Animal Procurement
All procedures and protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) and were performed
according to the National Institutes of Health (NIH) Guidelines
for the Care and Use of Laboratory Animals. For the entire
project, using a novel minimal invasive pericardial perfusion
model in swine, 25 female farm pigs (35–40 kg) were ordered
at S&S Farms (Ramona, CA, United States). The animals had
a one-week acclimatization period prior to the procedure. They
received food (Lab Diet-Porcine lab grower) twice a day and
water ad libitum. Among all the 25 pigs, 6 animals died due to
refractory arrhythmia within the first 45 min of MI, resulting
in a survival rate of 76%. None of the animals died during
the pericardial perfusion treatment or within the observation
period until euthanasia, making the cause of death a common
complication of ischemic injury of the myocardium, with no
difference between the groups. Most of the data acquired with this
model has recently been published by our group (Marek-Iannucci
et al., 2019). The data in this manuscript consists in additional
hemodynamic studies, supplementary to our prior publication,
in order to demonstrate the reproducibility and safety of this
method, the final goal being to make this novel method accessible
to many other laboratories interested in studying molecular
mechanisms of adverse myocardial remodeling after MI in a
large animal model.

Anesthesia
On the day of procedure, the pigs received sedating
premedication with Ketamine (20 mg/kg IM), Acepromazine
(0.25 mg/kg IM), Atropine (0.05 mg/kg IM), and Propofol
(2.0 mg/kg IM). Two intravenous cannulas were placed and
the animals were intubated. Continuous general anesthesia was
maintained with Isoflurane 1–3%.

Medication
Amiodarone 10 mg/kg was given continuously intravenous
over 30 min in 250 ml of 5% Dextrose prior to intervention.
2% Lidocaine was given as continuous infusion (2 mg/kg/h)
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throughout the whole procedure to reduce the risk of arrhythmia.
To prevent blood clotting in the catheters we administered
two boli of intravenous heparin (100 IU/kg) once prior to
intervention and once after pericardial catheter placement. We
used intravenous Amiodarone (Bolus dose of 10 mg/kg given
in a 1:10 dilution of 5% Dextrose) and Lidocaine (bolus dose
40–60 mg) to terminate arrhythmia if necessary. Phenylephrine
1 mg/ml was used in boli of 1 ml as needed in case of systolic
blood pressure drops below 40 mmHg.

Angiography and Myocardial Infarction
We performed one procedure per day, at the same time each
day, to minimize possible differences due to circadian rhythm.
At first, basal left ventricular function (LVF) was measured with
echocardiography (GE, vivid 7, and M-mode long axis). Mean
LVF was 88% and mean end-diastolic volume 58 ml. Vital signs
were measured continuously throughout the procedure. Heart
rate and rhythm were monitored with defibrillator patches and
conventional electrocardiogram. Peripheral oxygen saturation
was measured with pulse oximetry and blood pressure with a
sphygmomanometer prior to intervention. We performed a left
sided surgical cutdown of the neck, to access the left common
carotid artery and the left common jugular vein. An 8-Fr and
7-Fr sheath were placed into the carotid artery and jugular vein
respectively. The central venous access was used for continuous
intravenous fluid infusion, blood collection and administration
of medication. After successful placement of the arterial sheath,
blood pressure was measured invasively. A coronary guide
catheter was used for angiography. A 3.00 or 3.50 mm balloon
(depending on the size of the coronaries, visualized in the
angiogram) was then advanced into the left anterior descending
artery and placed just distal of the first diagonal branch. The
balloon was inflated until complete occlusion of the vessel and the
pigs underwent 90 min of MI. All animals had to be shocked at
least once with 200 Joules due to ventricular fibrillation but were
otherwise stable throughout the MI. After 90 min the balloon was
completely deflated and extracted under fluoroscopic control,
followed by a 30 min period of reperfusion (see Table 1 for
required material).

Pericardial Puncture
During the first 30 min of reperfusion, we performed a sub-
xiphoidal, and percutaneous pericardial puncture. We filled
a 10 cc syringe with 5 cc sterile saline and attached it to
the puncture needle provided in the catheter set. To reduce
the risk of ventricular perforation it is possible to use a
PerisafeTM Weiss Epidural Needle (Becton Dickinson, Franklin
Lakes, NJ, United States) instead. Under fluoroscopic imaging
we performed a midline, percutaneous, sub-xiphoidal puncture,
and 1–2 cm below the xiphoid. Under fluoroscopic imaging
the needle was inserted in a 45 degrees angle and advanced
for about 1 cm. After that the angle was reduced to 15–20
degrees and the needle was advanced directing toward the
midline of the right clavicle of the animal (when performed
from the left side of the animal). There was a small resistance
when penetrating the diaphragm. Under continuous vision with
fluoroscopy and while maintaining suction on the syringe, the

TABLE 1 | List of the material required for the procedure.

List of material

Description Amount

12Fr dual lumen dialysis catheter set (Mahurkar-Elite,
Medtronic R©, Dublin, Ireland) includes all necessary tools
for pericardial puncture

1/animal

Perisafe R© Weiss Epidural Needle (Becton Dickinson,
Franklin Lakes, New Jersey)

Optional

7Fr and sheath for coronary angiography 1 (reusable)

8Fr and sheath for coronary angiography 1 (reusable)

3.0–3.5 mm angioplasty balloon 1 (reusable)

i.v. line perfusion set 2 (inflow and
outflow)/animal

Sterile container to collect fluid 1/animal

Thermo-bag for infusion sets 1 (reusable)

Sterile saline for infusion 1–2 L/animal,
depending of infusion
rate

pericardium was punctured. While doing so one can feel a loss
of resistance and loose forward movement of the needle. This
crucial moment can be visualized via fluoroscopy when observed
carefully. It is important to aspirate after puncture to ensure
correct positioning. Aspirating blood suggests ventricle puncture
(bright red for the left and dark red for the right ventricle). In
case of correct positioning of the needle, nothing or a minimal
amount of clear fluid (pericardial fluid) can be aspirated. There
can also appear a small air bubble in the syringe, suggesting
correct positioning in the pericardium. After that the syringe
is detached and a guidewire (supplied with the puncture set)
is advanced through the needle. Keep the needle secured with
one hand at all time to avoid displacement. While inserting the
guide wire under fluoroscopic control you can observe the wire
encircle the heart. Always insert the guide wire generously to
avoid displacement (Supplementary Figure S1). After that, we
removed the puncture needle while the wire remains in place.
We then performed a 3–4 mm incision with a sterile disposable
scalpel at the entry site of the guide wire. A 12Fr dilator (supplied
with the puncture set) was inserted over the guide wire and
advanced to the incision site. It is important never to insert a
catheter or dilator into the tissue without having the end of the
guide wire reaching out at the end of the latter and secured with
one hand. The dilator is then inserted under simultaneous and
cautious retraction of the wire into the pericardium. It is crucial
that a sufficient length of guide wire always remains inside the
pericardium to avoid displacement (about 10 cm on imaging
screen). After that, the dilator is removed and the guidewire
gently advanced more deeply. We then performed the same
maneuver once again using a 12-Fr dual lumen dialysis catheter
(Mahurkar-Elite, Medtronic R©, Dublin, Ireland) (Supplementary
Figure S2). Once the catheter is in place, one lumen of the latter
can be opened and a 10 cc syringe filled with 5 cc sterile saline
and 5 cc dye can be injected to confirm correct placement under
fluoroscopy (Supplementary Figure S3). If positioned correctly,
the catheter will lie in a crescent form at the border of the heart
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shadow. It is important that the catheter is inserted neither too
low nor too deep, to avoid occlusion. The dye should spread
widely over the whole surface of the ventricle (Supplementary
Figure S3). Finally, the guide wire can be removed, and the
catheter secured with one or two single sutures.

Pericardial Perfusion
The catheter was connected to a closed tube system filled with
sterile saline. One port was used as inlet and the other one as
outlet. The inlet port was attached to a standard intravenous
fluid administration set with sterile saline. The outflow was
collected in a sterile collection bottle. We performed one hour of
pericardial irrigation with an average infusion rate of 1250 ml/h
(20.8 ml/min). The animals were overall stable throughout the
entire pericardial irrigation period, meaning that the infusion rate
can be increased if desired. In the first couple of minutes the
outflow may appear pink, tinged with blood, although it should
not be deep red or viscous, which would suggest active bleeding
into the pericardium. Infusion rate can be controlled with a
pump or a flow metering system. After one hour the pericardial
irrigation was ended. The inlet port was closed first and the
outlet port only after complete arrest of fluid outflow. Suction
at the end of the procedure on the outlet port can minimize
the amount of remaining fluid in the pericardium. During the
whole perfusion period it is important to monitor heart rate and
blood pressure continuously via the arterial sheath. A reduction
in blood pressure can indicate cardiac tamponade. To avoid the
latter, the flow rate should be increased gradually over the first
2 min. Finally, the catheter was cautiously removed after opening
the sutures. There should not occur any bleeding after removal
of the catheter.

End of Procedure
The sub-xiphoidal incision site was cleaned and betadine
ointment was used to avoid infection. Sutures were not necessary,
due to the minimal size of incision. If necessary one steri-strip
can be used to close the incision. Following the intervention, the
venous and arterial sheath were removed and both vessels were
ligated. The skin was closed using 4-0 absorbable Vicryl∗ sutures
intracutaneously.

Optimization of the Technique
We lost 3 pigs due to ventricular fibrillation refractory
to defibrillation therapy which eventually ended in electro-
mechanic dissociation (EMD), most likely due to tamponade.
As a matter of fact, placing the 12F dialysis catheter inside the
pericardium prior to MI was not well tolerated by the animals.
After changing strategy and placing the dialysis catheter after
90 min of MI and during coronary reperfusion we had no
more animal losses. Furthermore, we tried to add a temperature
probe into the pericardium for continuous measurements during
pericardial irrigation. Unfortunately, the measurements were
extremely dependent of the position of the dialysis catheter
and the probe itself, making the data not entirely reliable
(Supplementary Figure S4). We therefore decided to measure
left ventricular temperature with a specific thermocouple probe
(ThermoWorks, American Fork, UT, United States), inserted

under fluoroscopic control into the left anterolateral ventricular
wall percutaneously (Supplementary Figure S5).

Statistical Analysis
For all experiments with a single comparison, we applied a
2-tailed unpaired Student’s t-test. For multiple comparisons
we performed a one-way ANOVA including a Tukey’s post hoc
analysis. Results are represented by the mean and standard error
for the mean (SEM). A p-value of less than 0.05 war regarded
as significant. All data acquired with echocardiography and
Swan-Ganz pressure measurements have been repeated 3 times
per animal and the mean has been used for further analysis.
Regarding the temperature and blood pressure measurements,
these consist in continuous monitoring throughout the
procedures and have been there for performed only once per
animal for each given timepoint.

RESULTS

We used this pericardial irrigation model on 25 female farm pigs
(35–40 kg) to cool the myocardium locally and study its influence
on myocardial remodeling after MI. The data presented here is
acquired from 6 out of the 25 animals and consists in additional
information to previously published data (Marek-Iannucci et al.,
2019) on this novel technique, in order to demonstrate its safety
and make it accessible to other laboratories interested in studying
molecular mechanisms of adverse myocardial remodeling after
MI in a large animal model.

The saline was either cooled in the fridge (8◦C) or warmed in
the heating cabinet (37◦C) for 3 days. To keep the temperature of
the saline bag constant we used a specific thermo-bag for infusion
sets. In case of cold saline, we added a consistent amount of
cool packs into the latter. In the control group, pigs underwent
pericardial perfusion with 37◦C sterile saline for 60 min and
remained at a stable systemic temperature, measured by a rectal
temperature probe, and throughout the procedure. After the
complete procedure of 3 h, their mean body temperature was
37.4◦C (SEM = 0.17), with a mean temperature variation (1T)
of 0.1◦C (SEM = 0.07) from beginning to end. The infusion
temperature was measured at 37◦C and the mean outflow of
the pericardium was at 28.7◦C. In the cold group, the pigs had
a mean systemic temperature of 36.1◦C (SEM = 0.35) with a
mean drop of 1.7◦C (SEM = 0.26) compared to the control group
after one hour of cold pericardial irrigation. The mean inflow
temperature was 11.5◦C and the mean outflow 20.8◦C. This can
be optimized by adjusting the pericardial perfusion flow rate.
The difference in mean systemic body temperature and 1T were
both statistically significant (p = 0.011 and p = 0.002 respectively)
as shown in Figures 1, 2 respectively. We only needed to
use phenylephrine in one animal with a blood pressure drop.
During pericardial irrigation we did not encounter malignant
arrhythmias. Overall, we did not encounter any differences in
vital parameters or heart rhythm in the 2 groups (Table 2). The
animals adapted well and we did not have any loss after the
intervention. After one week the pigs were euthanized and the
heart was harvested.
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FIGURE 1 | Average systemic body temperature (SBT) measured with a rectal
probe throughout the procedure in the control (n = 3) and cold (n = 3) group.
The data represents the systemic temperature before (T1) and after (T2) the
entire procedure in the warm compared to the cold group. We performed
one-way ANOVA, with ∗∗p < 0.01.

Prior to euthanasia the pigs were anesthetized, and we
performed echocardiography as well as ventriculography to assess
LVF. We did not detect a significant difference in ejection

FIGURE 2 | Change (1T) in systemic body temperature (SBT) measured with
a rectal probe throughout the procedure in the control (n = 3) and cold (n = 3)
group from beginning to end of procedure. We performed an unpaired, two
tailed t-test, with ∗∗p = 0.0047.

fraction (EF) one week post MI (Figure 3). This is consistent
with previously published data, where significant improvement
of EF could be detected only beginning 4 weeks post MI
(Marek-Iannucci et al., 2019). These beneficial effects of local
hypothermia on EF were accompanied by a strong correlation

TABLE 2 | Vital parameter measurements throughout the procedure.

pre
procedure

NIBP

Incision
NIBP

Sheath
placement

NIBP

Angiogram
NIBP

Balloon
inflation

PB

Balloon
deflation

PB

Beginn
irrigation

PB

End
irrigation

PB

End
procedure

NIBP

17P49 Warm 1 HR 76 67 69 70 70 87 78 80 83

RR syst 79 78 73 88 50 53 50 50 83

RR diast 33 27 26 34 35 32 3i 32 30

Sp02 98 100 99 98 98 100 100 100 100

17P54 Warm 2 HR 110 95 104 95 92 92 93 93 90

RR syst 80 90 83 77 66 57 51 59 81

RR diast 31 36 30 23 39 45 37 46 24

Sp02 98 99 94 100 94 95 99 97 96

17P67 Warm 3 HR 82 75 73 54 65 68 66 68 73

RR syst 62 80 72 69 54 60 53 60 79

RR diast 20 37 31 31 36 42 38 22 22

Sp02 97 96 95 96 96 100 100 100 100

17P62 Cold 1 HR 85 74 75 70 69 65 68 63 78

RR syst 92 93 90 94 59 51 50 52 78

RR diast 31 31 28 26 33 35 27 40 22

Sp02 100 100 100 100 100 100 95 100 100

17P53 Cold 2 HR 92 77 76 74 73 68 68 66 72

RR syst 86 97 101 54 59 50 51 45 87

RR diast 17 24 24 33 38 32 33 28 16

Sp02 98 99 98 98 33 98 98 96 98

17P66 Cold 3 HR 93 69 66 62 64 57 56 55 53

RR syst 73 63 62 53 63 52 59 74 89

RR diast 18 38 21 21 47 25 35 50 66

Sp02 98 100 100 99 99 99 99 99 99

Regarding blood pressure measurements, NIBP represent non-invasive blood pressure measurements on the extremities, whereas PB represents invasive pressure
measurement in the ascending aorta throughout the procedure with the catheter. PB measurements are preferred, because more accurate, but not available throughout
the entire time.
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FIGURE 3 | Ejection fraction measured with the Teichholz method in M-Mode
one week after myocardial infarction in the control (n = 3) and cold (n = 3)
group, with no difference between the groups, measured with an unpaired,
two-tailed t-test.

between EF and effective cooling of the left ventricle as previously
published (Marek-Iannucci et al., 2019). Furthermore, by using
echocardiography our group published a significant increase in
E′, a reduced E/E′ and left atrial pressure (LAP) in the cold group
compared to the warm, suggesting improved diastolic function,
when using this technique (Marek-Iannucci et al., 2019). With
this method we were also able to demonstrate a significant
reduction in Troponin I levels in the blood one week after MI
in the cold compared to the warm group, as well as a reduction
of neutral lipid droplets in the myocardium measured by electron
microscopy, both reflecting a reduction in ischemic tissue injury
as previously reported (Marek-Iannucci et al., 2019).

Blood analysis 3 h post MI showed a significant reduction of
cardiac troponin I (p < 0.05); consistent with that, creatinine
kinase and lactate dehydrogenase also trended lower in the cold
(Figures 2E–G). Lastly, EM images of LV septal biopsies 3 h
post MI showed a significant reduction of neutral lipid droplets
(p < 0.05) correlating with tissue injury.

All animals had a minimal pericardial effusion with a
maximal width of 1 mm without impairment of cardiac function.
Furthermore, pressure measurements with a Swan-Ganz-catheter
one week after survival were within the normal range in all
animals (Table 3).

DISCUSSION

To our knowledge this is the first local pericardial cooling model
in a large animal. Dave et al. (1998) described a similar method in
rabbits in 1998, with the disadvantage of requiring a specifically
designed catheter for implementation. Furthermore, their group
focused on myocardial infarct size reduction, without seeking
to investigate the molecular mechanisms implicated in adverse
remodeling after ischemia/reperfusion injury. Additionally, in
their study the pericardium was perfused 30 min prior to

TABLE 3 | Right heart catheter (Swan-Ganz-catheter) measurements one week
after MI and prior to euthanizing the animals for tissue harvest.

Syst P Diast P

mean SEM mean SEM

Warm (n = 3)

RA 6.67 0.33 2.67 1.33

RV 22.33 1.20 5.33 1.20

Ao 63.00 1.73 37.67 0.67

Cold (n = 3)

RA 6.33 0.88 3.00 0.00

RV 22.00 1.53 5.67 0.67

Ao 63.33 1.76 37.00 5.51

The values represent pressure measurements in the right atrium (RA), right ventricle
(RV), and the ascending aorta (Ao) in mmHg.

infarction, making it a preconditioning model, which is not
translatable to the clinical setting. Most prior studies have
focused on treatment with hypothermia prior to, or few minutes
after occlusion, and Hale et al. suggested that hypothermic
treatment should be started prior to reperfusion to be effective
(Hale and Kloner, 2011). TH has been studied in animals for
decades and various models have been implemented. Kloner
et al. developed a whole-body cooling method (Thermosuit R©),
with the capability of reducing the core body temperature to
moderate hypothermia (Dai et al., 2015; Rezkalla et al., 2017;
Shi et al., 2017). Other non-invasive models include cooling
blankets, tested in rabbits, as well as convective immersion
therapy (Herring et al., 2014). On the other hand, many invasive
models have been established. Topical regional hypothermia was
obtained with bags of iced saline, directly applied onto the outer
surface of the heart in an open chest model in rabbits (Herring
et al., 2014). Similarly, Dai et al. used a circuit to pump cold
fluid directly into the thoracic cavity of rodents (Dai et al., 2017).
Furthermore, studies showed the efficacy of retrograde blood
cardioplegia and endovascular cooling, with a heat exchange
balloon placed in the inferior vena cava in rodents (Kamlot
et al., 1997; Herring et al., 2014). Other invasive approaches
have been total liquid ventilation in Rabbits undergoing open
chest surgery, as well as cold sterile saline infusion in swine
(Herring et al., 2014), the latter being the only large animal
model used for TH so far. From these studies we know that
the time, temperature, and duration of TH application are
crucial for the effects on the myocardium (Erlinge et al., 2013;
Erlinge et al., 2014).

Our study is the first to prove that hypothermic treatment
after coronary reperfusion is as effective as preconditioning
or cold irrigation during ischemia, making this a clinically
translatable model. This is demonstrated by the significant
reduction of systemic temperature after the procedure, ensuring
that the myocardium was affected in its entire thickness. The
efficacy of this model can be underlined by a significant
reduction of the temperature of the left ventricle, directly
measured with a temperature probe inserted into the ventricle, as
previously published (Marek-Iannucci et al., 2019). Furthermore,
our previous study using this novel technique, demonstrated
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that Corrected TIMI frame count (CTFC), was significantly
reduced after MI combined with pericardial irrigation in the
cold compared to the warm group, with a strong correlation
between ventricular cooling and CTFC, reflecting improved
coronary reflow after MI (Marek-Iannucci et al., 2019). This
is consistent with other studies demonstrating a beneficial
effect of TH on the endothelium (Stamler et al., 1996). The
fact that we cannot detect a difference in EF one week
after MI is consistent with our previously published paper, as
well as other studies, demonstrating that to detect substantial
differences in ventricular function due to remodeling after
MI, a longer follow-up (beginning at 4 weeks post MI)
is required (Pokorney et al., 2012; Marek-Iannucci et al.,
2019). In fact, by using this newly established large animal
model, we showed significant beneficial effects on EF with
local TH treatment four weeks after MI (Marek-Iannucci
et al., 2019). Furthermore, by using this technique, were
able to detect a significant reduction in local inflammation
and fibrosis of the myocardium in the cold compared to
the warm group, measured by immunohistochemistry with
iNos, Arginase-1 and Picrosirius red staining respectively.
Additionally, we observed a reduction in apoptotic cells in
the myocardium of the cold group compared to the warm,
as previously reported (Marek-Iannucci et al., 2019). Also,
we previously demonstrated that this technique leads to a
significant reduction of tissue stress markers in the myocardium,
such as GRP78, HSP90, and HSP70, in the cold compared
to the warm group, measured by western blotting (Marek-
Iannucci et al., 2019). More importantly our previously published
data demonstrates a significant increase in autophagic flux
in the myocardium after cold pericardial irrigation, compared
to the warm group, as well as a significant increase in
spare respiratory capacity of the mitochondria, measured by
respirometry. This suggests a more efficient cell renewal and
more oxidative phosphorylation machinery per mitochondrion
respectfully (Marek-Iannucci et al., 2019).

Furthermore, all pressure measurements, performed with
a Swan-Ganz-catheter one week post MI, were within the
normal range, demonstrating that the minimal amount
of pericardial effusion remaining post procedure does not
compromise contractile function, which was also confirmed
by echocardiography (Kearns and Walley, 2018). Even if
TH might not be directly implementable into the clinical
setting with the existing animal models, it still remains an
important tool to further study the underlying mechanisms
of adverse remodeling after ischemia/reperfusion injury.
The focus is to decipher possible new targets which can be
therapeutically manipulated to reduce adverse remodeling
and prevent progressive heart failure. The latter is known
to be an independent prognostic factor for hospitalization
and mortality, with an important socioeconomic burden for
the health care system and remains a leading cause of death
(Cohn et al., 2000; Wang et al., 2018). The introduction of
Neprilysin-inhibitors is the first new substance group added to
a well-established but stagnating therapeutic strategy for decades
(McMurray et al., 2014). This underlines the necessity of further
studies focusing on the molecular mechanisms behind adverse

remodeling after ischemia/reperfusion injury, to broaden the
therapeutic possibilities and eventually prevent progressive
chronic heart failure.

To conclude, not only is our model very cost effective, with
standard materials easily acquirable, it is also the first model
in swine making it an important clinically translational model.
It is well known that the physiology and coronary anatomy of
swine very much resemble human. Furthermore, it is the first
model that applied hypothermia to the heart after reperfusion
with a long term survival. This model can be used for further
studies on TH and its effects on myocardial adverse remodeling,
as well as direct application of drugs or other agents influencing
the latter.
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FIGURE S1 | Visualization of the guide wire used for pericardial puncture
(provided with the dialysis catheter set).
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FIGURE S2 | Insertion on the dual lumen dialysis catheter (Mahurkar-Elite,
Medtronic R©, Dublin, Ireland), under continuous fluoroscopic control and
consecutive injection of minimal amount of dye.

FIGURE S3 | Injection of dye into the dual lumen dialysis catheter (Mahurkar-Elite,
Medtronic R©, Dublin, Ireland), under continuous fluoroscopic control to ensure
correct placement.

FIGURE S4 | Visualization of the dual lumen dialysis catheter (Mahurkar-Elite,
Medtronic R©, Dublin, Ireland), and the temperature probe inside the pericardium
under continuous fluoroscopic control to ensure correct placement.

FIGURE S5 | Visualization of the temperature probe, inserted percutaneously
under fluoroscopic control into the left ventricle wall, allowing continuous
temperature measurement.
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Cardiac fibrosis is a common pathological change associated with cardiac injuries and
diseases. Even though the accumulation of collagens and other extracellular matrix
(ECM) proteins may have some protective effects in certain situations, prolonged fibrosis
usually negatively affects cardiac function and often leads to deleterious consequences.
While the development of cardiac fibrosis involves several cell types, the major source
of ECM proteins is cardiac fibroblast. The high plasticity of cardiac fibroblasts enables
them to quickly change their behaviors in response to injury and transition between
several differentiation states. However, the study of cardiac fibroblasts in vivo was very
difficult due to the lack of specific research tools. The development of cardiac fibroblast
lineage-tracing mouse lines has greatly promoted cardiac fibrosis research. In this article,
we review the recent cardiac fibroblast lineage-tracing studies exploring the origin of
cardiac fibroblasts and their complicated roles in cardiac fibrosis, and briefly discuss the
translational potential of basic cardiac fibroblast researches.

Keywords: cardiac fibroblast, lineage-tracing, fibrosis, heart, cardiac disease

INTRODUCTION

Cardiac fibrosis is commonly associated with cardiovascular diseases (CVDs), the leading cause of
death in western countries. In the United States, the direct health expenditures and lost productivity
associated with CVDs in 2010 was estimated to be $315.4 billion (Go et al., 2014). Cardiac
fibrosis is mainly present in two forms which are replacement fibrosis and interstitial fibrosis.
Replacement fibrosis is characterized by the formation of collagenous scar tissue replacing the
dead cardiomyocytes, which is often observed after myocardial infarction (MI) (Segura et al.,
2014). Interstitial fibrosis, in contrast, usually does not involve massive cardiomyocyte death
and is characterized by the accumulation of ECM proteins in the interstitial space between
cardiomyocytes, which may be caused by pressure overload and infection (Fenoglio et al., 1983;
Creemers and Pinto, 2010). In both forms of cardiac fibrosis, the activation of cardiac fibroblasts is
involved (Ivey et al., 2018). The mechanical stress and inflammation stimulate cardiac fibroblast
proliferation and promote their differentiation into myofibroblasts with elevated expression of
ECM proteins (Ivey and Tallquist, 2016; Tallquist and Molkentin, 2017). Besides the accumulated
ECM which stiffens the heart, the fibrotic tissue and activated fibroblasts also affect the contraction
of adjacent cardiomyocytes, leading to the reduction of cardiac function (Kong et al., 2014).
However, despite the deleterious effects of fibrosis on cardiac function, the accumulated ECM and
myofibroblasts filled with stress fibers may play an important role in maintaining tissue integrity
especially when a substantial death of cardiomyocytes occurs (Talman and Ruskoaho, 2016).
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In addition, cardiac fibroblasts may also regulate cardiac function
through cross-talking with other cell types residing in the
heart such as cardiomyocytes (Zhang et al., 2012) and immune
cells (Van Linthout et al., 2014). Due to the complicated role
of cardiac fibroblasts in the diseased heart, manipulation of
cardiac fibroblast activities to promote their beneficial effects
and limit their deleterious effects is needed, which requires a
complete understanding of the regulation of cardiac fibroblast
activities. The development of cardiac fibroblast lineage-tracing
mouse lines promoted researches addressing many fundamental
questions about cardiac fibroblast. This review summarizes the
recent advances in cardiac fibroblast lineage-tracing and the
findings resulted from researches utilizing these tools. The
clinical implication of cardiac fibroblast lineage-tracing studies is
also briefly discussed.

CARDIAC FIBROBLAST MARKERS

By definition, fibroblasts are a group of cells secreting collagen
and other ECM proteins. They reside in the interstitial spaces
between tissue parenchymal cells. Under basal conditions, these
cells stay mostly quiescent and likely play important roles in
maintaining the interstitial connective tissue and mediating the
communication between surrounding cells (Ivey and Tallquist,
2016; Tallquist and Molkentin, 2017). Under stressed conditions,
their production of ECM proteins significantly increases, which
is responsible for the formation of fibrotic tissue (Souders
et al., 2009; Ivey and Tallquist, 2016; Tallquist and Molkentin,
2017). Thus, many identified fibroblast markers are ECM
proteins. Some ECM proteins highly expressed by fibroblasts
are fibrillar collagens such as collagen I and collagen III and
fibronectin (Carver et al., 1991; Philips et al., 1994). The
expression of these ECM proteins significantly increases after the
differentiation of cardiac fibroblasts into myofibroblasts (Baum
and Duffy, 2011). In addition, myofibroblasts express some
unique ECM proteins such as periostin (Conway and Molkentin,
2008; Shimazaki et al., 2008), and ECM remodeling enzymes
such as matrix metalloproteases (MMPs), tissue inhibitors of
metalloproteinases (TIMPs), and lysyl oxidase (LOX) (Polyakova
et al., 2004; Brown et al., 2007; Fan et al., 2012; Lindner
et al., 2012; El Hajj et al., 2017). Similar to other types of
cells, a cytoskeletal network is present in fibroblasts. While
many components in this network are common proteins also
expressed in other cell types, some of them have been used as
fibroblast markers due to their unique expression in fibroblasts.
Vimentin, an intermediate filament protein, is abundant in
both quiescent fibroblasts and myofibroblasts (Wang et al.,
2003; Baum and Duffy, 2011). In contrast, smooth muscle
α-actin (αSMA, encoded by Acta2) is exclusively expressed
after myofibroblast differentiation (Leslie et al., 1991). Another
group of fibroblast markers are transcription factors that are
specifically expressed in fibroblasts. Transcription factors that
have been used as cardiac fibroblast markers include Tcf21,
WT1, Tbx18, and Tie2 (Quaggin et al., 1999; Cai et al., 2008;
Zeisberg and Kalluri, 2010; Zhou and Pu, 2012; Moore-Morris
et al., 2014). Developmentally, epicardial fibroblast progenitors

express Tcf21, WT1, and Tbx18, while Tie2 expression has only
been identified in endocardial cardiac fibroblast progenitors.
Studies have also reported cell surface markers of fibroblasts,
which are important due to their potential use in cell sorting
(Smith et al., 2011; Asli et al., 2019). Among these identified
cell surface markers, platelet-derived growth factor receptor
alpha (PDGFRα) is the most widely used that is abundantly
expressed in fibroblasts found in various tissues (Smith et al.,
2011; Asli et al., 2019). Other cell surface markers that have
been reported to be expressed by fibroblasts include NG2 and
PDGFRβ which, however, are primarily expressed in pericytes
which are fibroblast-like cells associated with blood vessels
(Chen et al., 2016).

CARDIAC FIBROBLAST
LINEAGE-TRACING SYSTEMS AND
TOOLS

The definition of lineage-tracing is the identification of all
progeny of a single cell or cell population. The principle of
lineage-tracing is that the expression of reporter genes under
the control of the cis-regulatory elements of a gene that is
specifically expressed in a cell type permits the identification of
this cell population and its descendants. Thus, the identification
of fibroblast markers has facilitated the development of some
fibroblast lineage-tracing tools. However, not all previously
identified fibroblast markers are suitable for fibroblast lineage-
tracing because most of those markers are not exclusive to
cardiac fibroblasts. The currently widely used lineage-tracing
systems can be classified into two categories. The first category
utilizes a reporter gene, such as GFP, directly controlled by
a tissue-specific promoter or locus, which is referred to as
direct lineage-tracing in this article. The reporter gene can be
introduced into the genome as a transgene together with a
tissue-specific promoter or inserted into a tissue-specific locus
(knock-in) (Hamilton et al., 2003; LeBleu et al., 2013). The other
category employs the Cre-loxP recombination system (Sauer,
1998) which includes two components, a Cre recombinase (Cre)
gene driven by a tissue-specific promoter/locus and a reporter
gene downstream of a stop codon flanked by two loxP sites
(Soriano, 1999). The expression of Cre induces the deletion
of the stop codon between the two loxP sites, leading to the
expression of the reporter gene, which is thus referred to as
indirect lineage-tracing. Similarly, Cre can be introduced into the
genome together with a tissue-specific promoter as a transgene
or knocked into a specific tissue-specific locus. In the Cre-loxP
system, the reporter gene is usually inserted into the ROSA26
locus and under the control of a strong promoter (Madisen
et al., 2010). Multiple Cre isoforms have been developed by
different researchers. While the original Cre becomes active
once being expressed (Soriano, 1999), the Cre mutants fused
to one (CreERT and CreERT2) or two (MerCreMer) mutated
murine estrogen-binding domains are only active when bound
to 4-hydroxy-tamoxifen (Metzger et al., 1995; Zhang et al.,
1996; Indra et al., 1999). CreERT2 is the second generation
of tamoxifen-inducible Cre developed based on CreERT and is
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more sensitive to 4-hydroxy-tamoxifen as compared to CreERT
(Indra et al., 1999). The MerCreMer mediates more stringent
recombination likely because each MerCreMer requires two,
rather than one, 4-hydroxy-tamoxifen molecules for activation
(Verrou et al., 1999).

The major advantage of the direct control of the report
gene expression by a tissue-specific promoter/locus is that the
expression level of the reporter usually reflects the promoter
activity, which enables the tracking of the expression of the tissue-
specific gene. However, when the activity of the tissue-specific
promoter is low, the expression of the reporter may not be
strong enough for certain experiments. In addition, the activity
of some promoters or loci may totally disappear or start in a
particular developmental or disease stage. Thus, the reporter-
labeled cells identified at a time point may not be the same
population of cells observed at an earlier time point or their
descendants. Examples of this system include αSMA-RFP mice
(Magness et al., 2004), Col1a1-GFP mice (Kalajzic et al., 2002;
Yata et al., 2003), Tcf21-lacZ (Quaggin et al., 1999), Pdgfra-GFP
(Hamilton et al., 2003), and Postn-lacZ (Snider et al., 2008).
In contrast to the direct lineage-tracing system, one common
advantage of the indirect lineage-tracing system is that the
expression of the reporter in a cell and all its descendants is
permanent once the recombination has taken place regardless of
the change in the activity of the promoter driving the Cre, which
is favored in some studies. Lineage-tracing mouse lines of this
category that have been used in cardiac fibroblast studies include
Acta2-CreERT2 (Wendling et al., 2009), Col1a2-CreERT (Ubil
et al., 2014), Col1a1-CreERT2 (Biswas, 2016), Postn-CreERT2
(Kaur et al., 2016), Tbx18-Cre (Cai et al., 2008), Tbx18-CreERT2
(Moore-Morris et al., 2014), Tcf21-Cre (Acharya et al., 2011),
Tcf21-MerCreMer (Acharya et al., 2011), Tie2-Cre (Kisanuki et al.,
2001), Sox9-CreER (He et al., 2017), WT1-Cre (Moore-Morris
et al., 2014), and WT1-CreERT2 (Ali et al., 2014; Moore-Morris
et al., 2014). The choice between a non-inducible Cre and an
inducible Cre depends on the goal of the study. A unique
feature of the lineage-tracing system using non-inducible Cre
is that the reporter expression starts once the promoter driving
the Cre becomes active. This can be an advantage in some
developmental studies focusing on the fate of cells derived from
an embryonic lineage. However, such a feature can be a problem
in some studies aimed at lineage-tracing cells expressing a certain
gene at a particular time point as some of the lineage-traced
cells observed in non-inducible Cre lines may be a result of a
previous recombination and may no longer express the gene
whose promoter drives the Cre, which may lead to a false
conclusion. The inducible Cre, on the other hand, allows the
timely control of recombination. A drawback of the inducible
Cre is the lower recombination efficiency as compared with
non-inducible Cre. Repeated or continuous tamoxifen treatment
is required to induce sufficient recombination. However, some
side effects associated with tamoxifen have been reported and
may affect the experimental result. In particular, tamoxifen
often induces dystocia when applied to pregnant female mice
(Narver, 2012). The retrieval of the pups requires cesarean
sections which are very labor-intense. Moreover, it has been
shown that tamoxifen can induce physiological changes such as

the browning of adipose tissue in female mice (Zhao et al., 2019),
likely due to its anti-estrogenic activity, which may affect the
experimental results.

As mentioned previously in this article, both the reporter
gene in the direct lineage-tracing system and the Cre in the
indirect lineage-tracing system can be introduced into the animal
together with the promoter as a transgene randomly inserted
into the genome or specifically knocked into a locus that is
only active in certain cell type. Some examples of the mouse
lines generated using the transgene strategy are αSMA-RFP
(Magness et al., 2004), Col1a1-GFP (Kalajzic et al., 2002; Yata
et al., 2003), Col1a2-CreERT (Ubil et al., 2014), Col1a1-CreERT2
(Biswas, 2016), Tie2-Cre (Kisanuki et al., 2001), and αSMA-
CreERT2 (Wendling et al., 2009). The major advantage of the
transgene strategy is that it is relatively simple to generate a
lineage-tracing mouse line in this way. However, the efficiency
and reliability of these lines vary significantly. The reason
is that the included promoter may lack certain regulatory
elements. For example, among the 3 Col1a1-GFP mouse lines,
only the one containing the collagen gene promoter (−3122
to +111) and upstream DNase I-hypersensitive sites has been
shown to specifically and efficiently label cardiac fibroblasts
(Yata et al., 2003), while GFP expression was absent in the
heart of the other Col1a1-GFP mouse lines (Kalajzic et al.,
2002). Moreover, αSMA-CreERT2 efficiently induced reporter
expression in cardiac myofibroblast after MI (Fu et al., 2018),
however, the αSMA-RFP mouse line failed to do so (personal
experience). In addition, the random insertion of the transgene
may disrupt endogenous gene expression causing unintended
mutation. In contrast, the knock-in strategy usually allows
the precise control of the reporter or Cre expression by the
endogenous tissue-specific locus, which is desired in most
lineage-tracing studies. Examples of cardiac fibroblast lineage-
tracing mouse lines created using this strategy include Postn-
CreERT2 (Kaur et al., 2016), Tbx18-Cre (Cai et al., 2008),
Tbx18-CreERT2 (Moore-Morris et al., 2014), Tcf21-Cre (Acharya
et al., 2011), Tcf21-MerCreMer (Acharya et al., 2011), Postn-
MerCreMer (Kanisicak et al., 2016), WT1-Cre (Moore-Morris
et al., 2014), and WT1-CreERT2 (Ali et al., 2014; Moore-Morris
et al., 2014). However, the knock-in of the Cre also abolishes
the expression of the endogenous gene expression from the
disrupted allele. Even though homozygous knockout can be
avoided through genotyping, the heterozygous knockout may
also have a milder effect.

Recently, the Dre-rox, a system similar to Cre-loxP
(Anastassiadis et al., 2009), has been applied in lineage-tracing
studies of cardiac fibroblasts and other cell types (He et al., 2017;
Pu et al., 2018). The expression of Dre induces the recombination
of rox sites, resulting in the expression or knockout of a gene.
In addition to the original Dre allele, Dre fused to murine
estrogen-binding domains has also being generated, which
enables tamoxifen-dependent Dre activity (He et al., 2017).
More important, due to the high specificity of Cre-loxP and
Dre-rox systems, the dual lineage-tracing combining these two
systems is a recent trend in lineage-tracing studies. Mice carrying
both Cre-loxP and Dre-rox permit the simultaneous tracing of
two distinct or related cell types (Liu et al., 2019). These mice
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may be particularly useful in the study of cardiac fibroblast
differentiation and transdifferentiation when the precursor cells
and their descendants express different marker genes.

Besides the use of cardiac fibroblast lineage-tracing mouse
lines to understand the origin of cardiac fibroblasts and their
cell fate changes in response to cardiac injuries, an equally,
if not more, important application of these tools is the
study of mechanisms regulating cardiac fibroblast activities
after injuries and their therapeutic potentials. When cross-bred
with a mouse line carrying a gene with its essential exon(s)
flanked by loxP sites or a Cre-dependent gene overexpression
cassette containing a 5′ loxP-flanked stop sequence, cardiac
fibroblast-specific knockout or overexpression of the gene can
be achieved in vivo. Importantly, even though many of the
aforementioned Cre lines have been utilized to study the cardiac
fibroblast-specific functions of genes, they do have different
advantages and limitations largely due to the variation in the
activities of promoters driving Cre expression. For example.
Tcf21-MerCreMer mouse line has been successfully employed
to lineage-trace cardiac fibroblasts during development and in
normal hearts and study cardiac fibroblast differentiation after
cardiac injuries (Acharya et al., 2011; Kanisicak et al., 2016;
Khalil et al., 2017; Ivey et al., 2018). However, the ability of
this line to specifically induce gene knockout or overexpression
in myofibroblasts may be limited as the expression of Tcf21 in
cardiac fibroblasts dramatically decreases during myofibroblast
differentiation (Fu et al., 2018). As a result, pre-injury tamoxifen
treatment to mouse lines carrying Tcf21-MerCreMer is usually
required for successful and efficient recombination (Khalil et al.,
2017; Xiang et al., 2017). However, the myofibroblast-specific
expression of the target genes may render pre-injury tamoxifen
treatment less efficient in these lines, as the condensed chromatin
may reduce the accessibility of Cre to loxP sites in the genes
that are not being actively expressed. In contrast, mouse lines
such as Postn-MerCreMer and Col1a2-CreERT2 are likely more
efficient in inducing gene knockout and overexpression in
myofibroblasts due to their high level of expression in these
cells (Fu et al., 2018). And combining two Cre lines, such
as Tcf21-MerCreMer and Postn-MerCreMer may grant more
efficient and complete recombination in cardiac fibroblasts of
different states.

THE DEVELOPMENTAL ORIGIN OF
CARDIAC FIBROBLASTS

One of the most important fundamental questions about cardiac
fibroblasts is their developmental origin. Studies utilizing Tcf21
(Tcf21-MerCreMer), Wt1 (Wt1-Cre), and Tbx18 (Tbx18-Cre)
cis-regulatory elements-controlled lineage-tracing mouse lines
have shown that epicardial progenitors give rise to both cardiac
fibroblasts and vascular smooth muscle cells developmentally
(Cai et al., 2008; Zhou et al., 2008; Smith et al., 2011;
Acharya et al., 2012; Moore-Morris et al., 2014), which is
consistent with earlier experiments conducted using chick
embryos (Mikawa and Gourdie, 1996). In mice, these epicardial
cardiac fibroblast progenitors express PDGFRα and start the

epithelial-to-mesenchymal transition (EMT) around embryonic
day 14.5 (E14.5). Disruption of PDGFRα, Wt1, or Tcf21 signaling
caused significantly defects in this process (Moore et al., 1999;
Smith et al., 2011; Acharya et al., 2012). The requirement
of Tbx18 in this process, however, has not been revealed.
Using the Tie2-Cre lineage-tracing mouse line, it was shown
that some cardiac fibroblasts were derived from endocardium
through the endothelial-to-mesenchymal transition (EndoMT)
(Kisanuki et al., 2001; Ali et al., 2014). In mouse heart, the
EndoMT process of Tie2 lineage-traced endocardial cells first
starts around E11.5 day in the outflow septum (Kisanuki
et al., 2001). It was estimated that around 85% of cardiac
fibroblasts are derived from epicardial cells, while the other
∼15% are derived from endothelial cells (Moore-Morris et al.,
2014). Moreover, a difference in the spatial distribution of these
two cardiac fibroblast subpopulations has been noticed. While
endocardium-derived cardiac fibroblasts are more prevalent in
the interventricular septum, the ones derived from epicardium
are more dominant in the left ventricular free wall (Moore-Morris
et al., 2014). It is worth noting that the Wt1-Cre mice and Tie2-
Cre mice used in this study also labeled cardiomyocytes and
endothelial cells, respectively. Moreover, experiments treating
adult Tcf21-MerCreMer, WT1-CreERT2, and Tbx18-CreERT2
mice with tamoxifen showed that only Tcf21 was still expressed
in adult cardiac fibroblast while the lineage-traced cells in WT1-
CreERT2 and Tbx18-CreERT2 mice were primarily epicardial
cells (Moore-Morris et al., 2014), indicating the limitations of
some of these lines.

CARDIAC FIBROBLAST ORIGIN IN THE
DISEASED HEART

Many heart diseases trigger cardiac fibrosis. Both interstitial
fibrosis and replacement fibrosis involves the activation of
cardiac fibroblasts and their differentiation into myofibroblasts.
As the major fibroblast lineages in the normal heart, it is not
a surprise that endocardium and epicardium-derived resident
cardiac fibroblasts are also the major contributors to the cardiac
myofibroblast population in the injured heart (Ali et al., 2014;
Moore-Morris et al., 2014; Kanisicak et al., 2016; Fu et al., 2018).
Dramatic changes in cellular composition happen in the diseased
heart. A question asked by many researchers is whether epicardial
and endocardial cells in the adult heart still have the ability to
transdifferentiate into cardiac fibroblasts in response to injury.
While earlier studies suggested the existence of EMT in the adult
heart (van Tuyn et al., 2007; Russell et al., 2011; Zhou and Pu,
2011; Duan et al., 2012), careful lineage-tracing studies using
WT1-CreERT2 and Tbx18-CreERT2 mouse lines found that the
adult epicardial cells do not give rise to cardiac fibroblasts after
cardiac injury (Ali et al., 2014; Moore-Morris et al., 2014). In
contrast, the study of the EndoMT of Tie2 lineage-traced cells
in the injured adult heart is still missing. This is largely due to
the limitation of the Tie2-Cre mouse line (Kisanuki et al., 2001;
Ali et al., 2014). Interestingly, in contrast to Tcf21 lineage-traced
cardiac fibroblasts which all differentiated into myofibroblasts
expressing Postn in response to injury (Kanisicak et al., 2016;
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Fu et al., 2018), a study using another endothelial/endocardial
lineage-tracing mouse line, Cdh5-Cre, found that less than 1%
of Cdh5 lineage-traced cells (including both endothelial cells
and endothelium-derived cardiac fibroblasts) expressed Postn
after MI (Kanisicak et al., 2016), suggesting a difference in
the transcriptomic regulation of cardiac fibroblasts of different
origins. It is possible that the EndoMT taken place in some of
the endothelial/endocardial cells during development is actually
a partial EndoMT, causing an incomplete cell fate change (Li
et al., 2018). However, a definitive answer about EndMT in
the adult heart requires inducible endothelial lineage-tracing
mouse lines such as Tie2-CreERT2 and Cdh5-CreERT mice,
both of which are available now (Wang et al., 2010; Maliken
et al., 2018). The hematopoietic cell is another cell type that
has been reported to transdifferentiate into cardiac fibroblasts
in response to ischemic injury. Bone marrow transplantation
experiments showed that bone marrow-derived cells positive
for collagen I and αSMA were present in the infarct (Haudek
et al., 2006; Möllmann et al., 2006; van Amerongen et al., 2008;
Verma et al., 2017). However, studies using hematopoietic cell
lineage-tracing mouse lines found that these cells minimally
contributed to the cardiac fibroblast population (Ali et al., 2014;
Moore-Morris et al., 2014; Kanisicak et al., 2016), suggesting
that this transdifferentiation is a rather rare event. It is possible
that the bone marrow-derived fibroblasts identified in the
recipient mice in bone marrow transplantation experiments were
actually derived from transplanted bone marrow mesenchymal
progenitor cells instead of hematopoietic cells as myofibroblast
differentiation of bone marrow mesenchymal progenitor cells has
been reported (Quante et al., 2011). Thus, further lineage-tracing
studies of bone marrow mesenchymal progenitor cells is required
to answer this question.

CARDIAC FIBROBLAST PLASTICITY

In general, the fibroblast is a very plastic cell type. The
differentiation of cardiac fibroblasts into myofibroblast has
been verified by many groups using multiple cardiac fibroblast
lineage-tracing lines (Ali et al., 2014; Moore-Morris et al., 2014;
Kanisicak et al., 2016; Khalil et al., 2017; Fu et al., 2018).
The transcriptional regulation of myofibroblast differentiation
is very complicated as many signaling pathways including
TGFβ and novel mechanisms have been revealed (see section
“Targeting Cardiac Fibroblasts to Treat Heart Diseases” for more
detailed discussion). It was once believed that myofibroblasts
were terminal-differentiated and were cleared by apoptosis
once the infarct scar was stabilized, which was evidenced by
the disappearance of αSMA+ myofibroblasts (Takemura et al.,
1998). However, our recent lineage-tracing study showed that
Tcf21 lineage-traced cardiac fibroblasts persisted in infarct scar
beyond 8 weeks after MI (Fu et al., 2018). Myofibroblasts in
stabilized infarct scar further differentiated into matrifibrocytes
which did not express αSMA and only expressed low levels
of typical myocardial ECM proteins such as collagen 1
and collagen 3 (Fu et al., 2018). Instead, matrifibrocytes
expressed a high level of cartilage ECM proteins, suggesting a

partial transcriptomic switch to chondrocyte (Fu et al., 2018).
Removal of matrifibrocytes from infarct scar by cryoinjury
caused a reduction in cardiac function and exacerbation of
dilation, suggesting an important function of matrifibrocytes
in maintaining the infarct stability (Fu et al., 2018). However,
mechanisms responsible for matrifibrocyte differentiation are
still not clear. Another study found that in mouse lines
susceptible to injury-induced myocardial calcification, Col1a2
lineage-traced cardiac fibroblasts differentiated into a calcium-
depositing cell type similar to osteoblast, a process believed
to be mediated by Runx2, an osteogenic transcription factor
(Pillai et al., 2017). Moreover, it was recently shown that
Tcf21 lineage-traced cardiac fibroblasts differentiated into
adipocytes in response to a high-fat diet (HFD), which is
normally inhibited by cardiomyocyte-secreted prokineticin-
2 (Qureshi et al., 2017), further suggesting the plasticity
of these cells. The transdifferentiation of cardiac fibroblasts
into endothelial cells upon MI has also been investigated.
It was reported that ∼35% of Col1a2 lineage-traced cardiac
fibroblasts expressed endothelial markers such as VECAD
and contributed to the neovascularization in injured hearts
(Ubil et al., 2014), suggesting a novel therapeutic role of
cardiac fibroblasts. However, the study conducted by another
group using multiple cardiac fibroblast lineage-tracing lines
including the same Col1a2-CreERT mouse line showed that
the neovascularization process was mainly mediated by the
expansion of pre-existing endothelial cells but not cardiac
fibroblasts (He et al., 2017). The contradictory results of the
two studies may be partially due to the difference in the
markers and antibodies used for endothelial cell identification.
A study using a dual lineage-tracing system may help clarify
this contradiction.

TARGETING CARDIAC FIBROBLASTS TO
TREAT HEART DISEASES

An ultimate goal of cardiac fibroblast lineage-tracing is to
treat heart diseases through manipulating cardiac fibroblast
activities. This requires the understanding of the functions of
genes expressed in cardiac fibroblasts and their roles in disease
development. These studies have been greatly promoted by Cre-
loxP-mediated cardiac fibroblast lineage-tracing mouse lines,
which allows specific knockout and overexpression of genes in
cardiac fibroblasts in vivo without affecting other tissues/cell
types (see Table 1 for a summary of recent relevant studies).

Targeting TGFβ and Related Signaling
The correlation between TGFβ signaling and cardiac fibrosis
has long been noticed (Casscells et al., 1990). Only recently,
with the help of cardiac fibroblast lineage-tracing and specific
gene knockout, many details in this process have been
revealed in vivo. Using Tcf21-MerCreMer and Postn-MerCreMer-
mediated cardiac fibroblast-specific knockout of Tgfbr1/2 Smad2
and Smad3, which are important components of canonical
TGFβ signaling, we found that in cardiac fibroblast canonical
TGFβ signaling played an important role in activating cardiac
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TABLE 1 | Summarization of recent findings by employing Cre-loxP-mediated cardiac fibroblast-specific gene deletion or overexpression mouse lines.

Cre lines used Genes deleted or
overexpressed

Injury model Changes in cardiac fibroblasts Impact on cardiac function and
phenotype

References

Tcf21-MerCreMer;
Postn-MerCreMer

Tgfbr1/2 double deletion;
Smad2/3 single and double
deletion

TAC Reduced myofibroblast
proliferation, differentiation,
contraction, and ECM protein
expression

Improved function (Tgfbr1/2
deletion only); reduced fibrosis (all
except Smad2 deletion)

Khalil et al., 2017

Tcf21-MerCreMer;
Postn-MerCreMer

Ctnnb1 deletion TAC Increased ECM gene expression Improved function; reduced fibrosis Xiang et al., 2017

Tcf21-MerCreMer Pkr1 deletion HFD Increased adipogenesis Reduced function Qureshi et al., 2017

Tcf21-MerCreMer Fn1 deletion I/R Reduced myofibroblast number Improved function; reduced fibrosis
and cardiomyocyte hypertrophy

Valiente-Alandi et al., 2018

Tcf21-MerCreMer Loxl2 deletion TAC Reduced TGF-β2 production and
myofibroblast differentiation

Improved function; reduced fibrosis Yang et al., 2016

Tcf21-MerCreMer Lats1/2 double deletion None Spontaneous myofibroblast
differentiation

Reduced function; increased
fibrosis

Xiao et al., 2019

Postn-MerCreMer Tgfbr2 deletion Mouse model of
proteotoxic cardiac disease

Reduced myofibroblast number Improved function and survival rate;
reduced cardiomyocyte
hypertrophy

Bhandary et al., 2018

Postn-MerCreMer Tgfbr2 deletion Mouse model of cardiac
myosin binding protein
c-induced cardiomyopathy

Reduced myofibroblast number Improved function and survival rate;
reduced fibrosis

Meng et al., 2018

Postn-MerCreMer Mapk14 deletion MI; I/R Reduced myofibroblast
differentiation and expansion

Improved function; reduced fibrosis Molkentin et al., 2017

Postn-MerCreMer Ccn2 deletion Ang II infusion Attenuated TGFβ-induced
myofibroblast differentiation

Reduced fibrosis Dorn et al., 2018

Postn-MerCreMer Hsp47 deletion TAC; MI Reduced collagen production Improved function (TAC); reduced
fibrosis (TAC and MI); increased
rupture (MI); reduced function (MI)

Khalil et al., 2019

Postn-MerCreMer Grk2 deletion I/R Reduced myofibroblast
differentiation

Improved function; reduced fibrosis Travers et al., 2017

Postn-Cre Smad2 and Smad3
deletion

MI; I/R Enhanced proliferation;
disorganized stress fibers (Smad3
deletion)

Temporary improved of function
(Smad2 deletion); exacerbated
long-term function and enchanced
ECM maladaptive remodeling
(Smad3 deletion)

Kong et al., 2018; Huang
et al., 2019

(Continued)
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TABLE 1 | Continued

Cre lines used Genes deleted or
overexpressed

Injury model Changes in cardiac fibroblasts Impact on cardiac function and
phenotype

References

Postn-Cre Rock2 deletion; Rock2
overexpression

Ang II infusion Reduced myofibroblast phenotype
(Rock 2 deletion vs. overexpression)

Improved function and reduced
fibrosis (Rock 2 deletion vs.
overexpression)

Shimizu et al., 2017

Postn-Cre Pkd1 deletion I/R; MI Attenuated TGFβ-induced
myofibroblast differentiation

Reduced scar size; increased
cardiomyocyte hypertrophy

Villalobos et al., 2019

Postn-Cre Il17ra deletion MI Reduced granulocyte macrophage
colony-stimulating factor+

(GM-CSF+) fibroblast

Increased survival rate; reduced
infarct size

Chen et al., 2018

Postn-Cre Klf5 deletion TAC Reduced IGF-1 secretion Improved function; reduced
cardiomyocyte hypertrophy

Takeda et al., 2010

Postn-Cre Sox9 deletion MI Reduced myofibroblast phenotype Improved function; reduced dilation
and scar size

Scharf et al., 2019

Postn-Cre miR-33 deletion TAC Reduced proliferation and lipid raft
content

Reduced fibrosis Nishiga et al., 2017; Dorn
et al., 2018

Col1a2-CreERT Atf3 overexpression Ang II infusion Reduced p38 activation Improved function; reduced fibrosis Li et al., 2017

Col1a2-CreERT Il1r1 deletion MI Reduced IL-1α–induced Il6, Mmp3,
and Mmp9 expression

Improved function; reduced fibrosis Bageghni et al., 2019

Col1a2-CreERT Il11 overexpression None Increased myofibroblast
differentiation

Reduced function; increased
fibrosis

Schafer et al., 2017

Col1a2-CreERT Grk2 deletion I/R Reduced TNFα secretion Improved function; reduced fibrosis
and inflammation

Woodall et al., 2016

Col1a2-CreERT Mcu deletion MI; Ang II infusion Increased myofibroblast
differentiation

Reduced function; increased
fibrosis

Lombardi et al., 2019

Studies were grouped based on Cre mouse lines used.
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fibroblasts, which was mainly mediated by Smad3 but not Smad2
(Khalil et al., 2017). Interestingly, even though both cardiac
fibroblast-specific deletion of Tgfbr1/2 and Smad2/3 significantly
reduced cardiac fibrosis induced by transverse aortic constriction
(TAC), only the deletion of Tgfbr1/2 in cardiac fibroblasts
ameliorated cardiac hypertrophy and resulted in a functional
improvement at 4 and 12 weeks after TAC (Khalil et al., 2017).
Similarly, myofibroblast-specific Tgfbr2 deletion led to improved
cardiac function in mouse models of proteotoxic cardiac disease
and cardiac myosin binding protein C-induced cardiomyopathy
(Bhandary et al., 2018; Meng et al., 2018). Studies conducted by
another group using Postn-Cre-mediated myofibroblast-specific
deletion of Smad3 and Smad2 found that while deletion of
Smad2 temporarily improved cardiac function around 7 days
after myocardial infarct (MI) in mice, deletion of Smad3 caused a
reduction in cardiac function 28 days after MI (Kong et al., 2018;
Huang et al., 2019). The identified difference between Smad2 and
Smad3 deletion was likely because of the differential regulation
of myofibroblast and collagen matrix organization by Smad2 and
Smad3 (Kong et al., 2018; Huang et al., 2019; Russo et al., 2019).
The limited controversies in the effect of Smad gene deletion
on cardiac function reported in these studies were possibly due
to the different injury models used in which the expression
of Smad2/3 in cardiac fibroblasts may have different effects
on cardiac function. Moreover, the phenotypic and functional
differences between mice with cardiac fibroblast-specific deletion
of Tgfbr1/2 and Smad2/3 suggest that non-canonical TGFβ

signaling also plays an important role in cardiac fibroblast-
mediated post-injury remodeling (Khalil et al., 2017). Indeed,
using the same cardiac fibroblast-specific Cre lines, the role of
TGFβ-MAPK kinase 6 (MKK6)-p38 signaling in myofibroblast
differentiation of cardiac fibroblasts was revealed (Molkentin
et al., 2017). Cardiac fibroblast-specific deletion of Mapk14
(the gene encoding p38) significantly reduced myofibroblast
expansion and cardiac fibrosis and improved cardiac function
after ischemia/reperfusion (I/R) in mice (Molkentin et al., 2017).
A similar protective effect was observed in mice with cardiac
fibroblast-specific deletion of Atf3, a transcription factor that
activates the expression of Map2k3, a p38 kinase (Li et al., 2017).
Besides, the TGFβ-RhoA-Rock pathway has also been found
to play an important role in the actin stress fiber formation,
which is essential for myofibroblast differentiation (Bhowmick
et al., 2001; Shi and Massagué, 2003; Costanza et al., 2017).
A study found that in angiotensin II (Ang II) infusion-induced
cardiomyopathy, the myofibroblast-specific deletion of Rock2
significantly reduced αSMA expression in these cells, together
with reduced connective tissue growth factor (CTGF) and FGF2
expression in cardiac fibroblasts, and improved cardiac function
and fibrosis (Shimizu et al., 2017). However, how the disrupted
stress fiber formation led to reduced cytokine production is
still not clear.

Besides the direct regulatory roles of canonical and non-
canonical TGFβ signaling in the myofibroblast differentiation
of cardiac fibroblasts and cardiac fibrosis, the cross-talk
between TGFβ signaling and other signaling pathways has
also been studied using fibroblast-specific Cre mouse lines.
CTGF is an important mediator in TGFβ-induced myofibroblast

differentiation (Mori et al., 1999; Shi-wen et al., 2006).
Interestingly, despite the fact that cardiomyocyte is the major
source of CTGF in the heart, the deletion of Ccn2 (the gene
encoding CTGF) in cardiomyocytes failed to protect the heart
from pressure overload-induced cardiomyopathy (Accornero
et al., 2015). A later study found that CTGF functioned
as an autocrine factor in cardiac fibroblasts and cardiac
fibroblast-specific deletion ofCcn2 significantly improved cardiac
function after Ang II infusion (Dorn et al., 2018). It was
demonstrated that Wnt signaling and TGFβ signaling also
cross-talk during myofibroblast differentiation (Chen et al.,
2011; Akhmetshina et al., 2012). The elevated level of TGFβ

in injured myocardium activated Wnt signaling which led
to cardiac fibrosis in experimental autoimmune myocarditis
(Blyszczuk et al., 2016). In a recent study specifically deleting
Ctnnb1 (the gene encoding β-catenin) in cardiac fibroblasts,
the cardiac function and fibrosis were found to be improved,
which was primarily due to reduced ECM protein secretion
by cardiac fibroblasts (Xiang et al., 2017). Moreover, it
was recently found that canonical TGFβ signaling during
myofibroblast differentiation of cardiac fibroblasts required
functional primary cilia in cardiac fibroblasts. When primary
cilium is disrupted in cardiac fibroblasts due to cardiac fibroblast-
specific Pkd1 deletion, the TGFβ-Smad3 signaling-induced
ECM protein production and myofibroblast differentiation of
cardiac fibroblasts were impaired, leading to insufficient scar
formation and increased cardiomyocyte hypertrophy after MI
(Villalobos et al., 2019). Interleukin (IL) is an important
group of inflammatory cytokines. Multiple IL receptors are
expressed in cardiac fibroblasts, which regulates myofibroblast
activities (Shinde and Frangogiannis, 2014; Turner, 2014; Francis
Stuart et al., 2016). Using cardiac fibroblast-specific Cre lines,
it was found that blocking the effects of proinflammatory
ILs on cardiac fibroblasts through cardiac fibroblast-specific
deletion of IL receptors, Il1r1 (Bageghni et al., 2019) or Il17ra
(Chen et al., 2018), both alleviated injury-induced cardiac
fibrosis and cardiac function reduction. Interestingly, in both
studies, cardiac fibroblast-specific deletion of IL receptor genes
reduced the infiltration/activity of immune cells in the injured
heart, suggesting that cardiac fibroblasts play an important
role in the regulation of post-injury inflammation, which is
mediated by IL signaling. In contrast, overexpressing Il11,
whose expression in fibroblasts is activated by TGFβ, in cardiac
fibroblasts caused spontaneous cardiac fibrosis without injury
(Schafer et al., 2017).

Direct Targeting ECM
Being one of the most important characteristics of the fibroblast,
the direct regulation of collagen secretion and ECM remodeling
in fibroblast is also an important research target. Collagen is first
secreted from cells in the form of procollagen. In vitro studies
identified that the secretion of procollagen required HSP47, a
stress-inducible chaperone protein (Nagata et al., 1988; Satoh
et al., 1996; Ishida et al., 2006). As expected, the deletion of Hsp47
in cardiac fibroblasts specifically reduced collagen production but
not the general paracrine secretory activity (Khalil et al., 2019).
Cardiac fibroblast-specific Hsp47 deletion significantly reduced
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cardiac fibrosis and improved heart diastolic function after TAC.
However, the reduced collagen accumulation in these mice led
to an increase in lethality after MI, owing to the insufficient
scar formation (Khalil et al., 2019). This study strongly suggests
that the effect of cardiac fibroblast-mediated fibrotic response
after cardiac injury can vary significantly among different
injury types. While the beneficial effect of fibrotic tissue may
outweigh its deleterious effect after an acute injury that causes
massive cardiomyocyte death, the effect of interstitial fibrosis in
chronic cardiomyopathy may be largely detrimental. Fibronectin
is another abundant ECM protein in the heart. Its level in
the heart increases significantly after injuries (Heling et al.,
2000; Dobaczewski et al., 2006; van Dijk et al., 2008). Cardiac
fibroblast-specific Fn1 deletion led to improved cardiac function,
reduced cardiac fibroblast activity, and attenuated cardiac fibrosis
and hypertrophy after I/R (Valiente-Alandi et al., 2018), which
was likely related to the function of fibronectin in collagen
assembly (Sottile et al., 2007). The post-injury ECM remodeling
involves collagen crosslinking, which is primarily mediated by
isoforms of lysyl oxidases (LOXs). Yang et al. (2016) identified
a specific increase in lysyl oxidase-like 2 (LOXL2) level after
TAC. Cardiac fibroblast-specific deletion of Loxl2 significantly
improved TAC-induced cardiac function (Yang et al., 2016).
Interestingly, besides the expected reduction in fibrosis, the
production of TGFβ2 was also reduced in cardiac fibroblasts
lacking Loxl2, which was found to be mediated by PI3K/AKT
signaling (Yang et al., 2016).

A Re-look at Cardiomyocyte-Expressed
Genes
Previous research focusing on cardiomyocytes revealed
the cardiomyocyte-specific functions of many genes. The
development of cardiac fibroblast-specific gene deletion and
overexpression strategies has recently permitted the study of
these genes in cardiac fibroblasts. The function of G protein-
coupled receptors (GPCRs) in the pathological changes of
cardiomyocytes after injuries has been studied extensively
(Koch et al., 1995; Raake et al., 2008; Schumacher et al., 2015).
However, the role of GPCRs in cardiac fibroblast-mediated
fibrosis was only revealed recently. It was reported that cardiac
fibroblast-specific deletion of Grk2 (G protein-coupled receptor
kinase 2) reduced the secretion of TNFα by cardiac fibroblasts
and cardiac fibrosis after I/R, together with improved cardiac
function (Woodall et al., 2016; Travers et al., 2017). Moreover,
the function of Hippo pathway, which is known for its inhibitory
effect on cardiomyocyte proliferation (Halder and Johnson, 2011;
Leach et al., 2017), in cardiac fibroblasts was studied (Xiao et al.,
2019). It was found that cardiac fibroblast-specific deletion of
Hippo pathway kinases, Lats1 and Lats2, caused spontaneous
myofibroblast differentiation (Xiao et al., 2019). This mechanistic
study identified that Yap directly activated myofibroblast genes,
which was blocked by the phosphorylation of Yap by Lats1/2.

Novel Transcription Factors
Using cardiac fibroblast-specific Cre lines, novel transcription
factors regulating cardiac fibroblast activities have also been

identified. Krüppel-like factor 5 (Klf5) is a transcription factor
regulating cell differentiation and animal development (Dang
et al., 2000; Bieker, 2001; Black et al., 2001). The Nagai group
recently reported that the global heterozygous knockout of
Klf5 reduced cardiac hypertrophy and fibrosis induced by Ang
II infusion (Shindo et al., 2002). A later study conducted
by the same group found that cardiac fibroblast-specific Klf5
deletion ameliorated cardiac hypertrophy induced by moderate-
intensity pressure overload, which, however, was not observed
in cardiomyocyte-specific Klf5 knockout mice (Takeda et al.,
2010). It was found that KLF5 activated IGF-1 secretion from
cardiac fibroblasts, which then served as the mediator in the
crosstalk between cardiac fibroblasts and cardiomyocytes (Takeda
et al., 2010). Another recent study combining TOMO-seq and
transcription factor binding site analysis identified SOX9 as a
potential novel transcription factor activating the expression of
fibrotic genes in the heart (Lacraz et al., 2017), which might
explain the amelioration in MI-induced cardiac dysfunction,
fibrosis, and dilation in mice with cardiac fibroblast-specific
deletion of Sox9 (Scharf et al., 2019).

Epigenetic Regulation
The study of epigenetic regulation of myofibroblast
differentiation and cardiac fibrosis has also benefited from
cardiac fibroblast-specific Cre lines. It was recently found
that a metabolic switch to glycolysis during myofibroblast
differentiation due to the shutdown of mitochondrial calcium
uniporter complex increased the production of α-ketoglutarate
which then enabled histone demethylation at myofibroblast
gene loci, promoting myofibroblast differentiation (Lombardi
et al., 2019). Deletion of mitochondrial calcium uniporter
(Mcu) in fibroblasts, blocked mitochondria calcium influx, and
therefore promoted the metabolic switch. As a result, cardiac
fibroblast-specific deletion of Mcu attenuated myofibroblast
differentiation and improved cardiac function after cardiac
injury (Lombardi et al., 2019). Moreover, another study found
that microRNA, miR-33 regulated cholesterol metabolic gene
expression in cardiac fibroblasts, which was important for cardiac
fibroblast proliferation. Cardiac fibroblasts lacking miR-33 had
reduced proliferation due to altered lipid raft cholesterol content.
Postn-Cre-induced deletion of miR-33 in mice led to decreased
cardiac fibrosis (Nishiga et al., 2017).

THE CLINICAL IMPLICATION OF
CARDIAC FIBROBLAST
LINEAGE-TRACING

Studies have shown that simply depleting cardiac fibroblasts
from the heart after an injury usually causes detrimental effects
(Kanisicak et al., 2016; Fu et al., 2018). More and more evidence
generated using cardiac fibroblast lineage-tracing tools and
cardiac fibroblast-specific Cre lines have suggested an increasing
number of cardiac fibroblast-expressed genes as potential targets
for treating cardiac diseases. Thus, manipulation of the cardiac
fibroblast gene expression profile may be a feasible approach.
Systemic delivery of traditional medication that regulates the
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expression of certain genes or the activity of relevant signaling
pathways has been tested in clinical trials for cardiac fibrosis
treatment, which, however, usually indiscriminately targets all
the cells in the body and has unintended targets, often leading
to severe side effects. For instance, animal studies have shown
the anti-cardiac fibrosis effects of TGFβ inhibitors such as
pirfenidone and tranilast (Edgley et al., 2012). However, a
hepatic adverse effect was identified in a clinical trial testing
the therapeutic effect of tranilast in restenosis caused by
percutaneous coronary intervention (Holmes et al., 2002). The
development of gene therapies, especially the adeno-associated
virus (AAV)-mediated gene therapy (Finer and Glorioso, 2017),
has now made it possible to specifically manipulate gene
expression in certain cell types. Dependent on the transgene
selected, gene therapy allows both direct overexpression and
knockdown of a certain gene in the cell (Eaton et al., 2002;
Chadderton et al., 2009; Samulski and Muzyczka, 2014). Over
the years, different AAV serotypes that specifically target different
organs have been reported (Wu et al., 2006). A greater specificity
has been achieved using cell type-specific promoters to drive
the expression of transgenes (Peel et al., 1997; Dashkoff et al.,
2016; Hanlon et al., 2017). Using this approach, multiple groups
have reported successful specific expression of transgenes in
cardiomyocytes (Aikawa et al., 2002; Pleger et al., 2007; Pacak
et al., 2008). Recently, AAV carrying a Postn promoter-driven
transgene has also been used to specifically induce transgene
expression in myofibroblasts in the heart (Piras et al., 2016),
strongly suggesting a bright future of this treatment strategy.

CONCLUSION

The great plasticity of cardiac fibroblasts allows them to quickly
respond to the injury/disease signal and then contribute to
the alteration and remodeling of the myocardial environment.
Being the most abundant cell type in the heart, it is undoubted
that the cardiac fibroblast is an excellent target for treating
cardiac diseases. The development of cardiac fibroblast lineage-
tracing mouse lines has led to a huge acceleration in cardiac
fibroblast research. Using these tools, researchers have been able
to reveal the developmental origin of cardiac fibroblasts and
their differentiation pathways in injuries and diseases. Even
though an increasing number of signaling pathways have been
suggested to play a role in the regulation of cardiac fibroblast
activities and differentiation, more studies are still required to
reveal the details of these regulations, such as how these signaling
pathways specifically regulate the beneficial and deleterious
effects of cardiac fibroblasts and how they crosstalk with each

other. Moreover, due to difference in the effect of fibrosis on
cardiac tissue healing and function after different cardiac injuries
indicated in recent studies (Khalil et al., 2019), more work
comparing the effects of the cardiac fibroblast-specific knockout
and overexpression of the same genes in different disease/injury
models are also needed. These studies are particularly important
for the selection of appropriate treatment target. In addition, the
current mechanistic understanding of the plasticity of cardiac
fibroblasts is largely limited to myofibroblast differentiation.
Signaling pathways regulating other differentiation potentials
of cardiac fibroblasts may also deserve more attention because
of the increased evidences of these differentiations in diseased
hearts. In addition, even though many of the cardiac fibroblast
lineage-tracing tools have shown high fibroblast-specificity in
the heart, most of the promoters/loci used in these cardiac
fibroblast lineage-tracing tools are also active in fibroblasts and
similar cell types residing in other organs (Quaggin et al.,
1999; Kanisicak et al., 2016). Thus, further studies are required
to engineer those promoters/loci to achieve absolute cardiac
fibroblast-specificity, which is required for the specific regulation
of target genes in cardiac fibroblasts in gene therapy. However,
considering the relatively short history of the modern lineage-
tracing system, it is expected that the progress of this research
area will further accelerate. In summary, the advances in cardiac
fibroblast lineage-tracing studies and their potential application
in gene therapy may shed light on novel treatment approaches
for cardiac diseases.
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Pentraxin 3 (PTX3) is a main component of the innate immune system by inducing
complement pathway activation, acting as an inflammatory mediator, coordinating
the functions of macrophages/dendritic cells and promoting apoptosis/necrosis.
Additionally, it has been found in fibrotic regions co-localizing with collagen. In this
work, we wanted to investigate the predictive role of PTX3 in myocardial damage
and fibrosis of Duchenne muscular dystrophy (DMD). DMD is an X-linked recessive
disease caused by mutations of the dystrophin gene that affects muscular functions and
strength and accompanying dilated cardiomyopathy. Here, we expound the correlation
of PTX3 cardiac expression with age and Toll-like receptors (TLRs)/interleukin-1 receptor
(IL-1R)-MyD88 inflammatory markers and its modulation by the so-called alarmins IL-
33, high-mobility group box 1 (HMGB1), and S100β. These findings suggest that
cardiac levels of PTX3 might have prognostic value and potential in guiding therapy
for DMD cardiomyopathy.

Keywords: Duchenne muscular dystrophy (DMD), muscular dystrophy, cardiomyopathy, pentraxin 3 (PTX3),
alarmins

INTRODUCTION

Pentraxins (PTXs) are a superfamily of proteins containing the highly conserved C-terminal
PTX domain. According to the primary structure of the promoter, they are divided into two
distinct groups: short and long (Deban et al., 2011). Among the longer subfamily, the Pentraxin
3 (PTX3) is an inflammatory mediator, mainly produced during the first phase of the inflammatory
processes by phagocytes, neutrophils, fibroblasts, endothelial cells, following the secretion of
inflammatory cytokines (Doni et al., 2008). PTX3 is a fundamental component of humoral innate
immunity and – in synergy with other proteins as the PTX C-reactive protein (CRP) and serum
amyloid P-component (SAP) – mediates the innate resistance to pathogens, allows the activation
of complement pathway, coordinates the functions of macrophages/dendritic cells (DCs), and
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fosters apoptosis/necrosis (Garlanda et al., 2005; Liu et al., 2014).
PTX3 plays a role in vessel repair and remodeling (Presta
et al., 2007; Deban et al., 2010), and it has been documented
synthesized by endothelial and smooth muscle cells as well as
granulocytes at sites of active vasculitis (Fazzini et al., 2001; Presta
et al., 2007; Castellano et al., 2010; Cieslik and Hrycek, 2015).
Moreover, PTX3 participates in the regulation of inflammation
as well as in extracellular matrix formation promoting fibrocyte
differentiation (Pilling et al., 2015). However, in acute myocardial
infarction as well as in myocarditis, increased PTX3 expression
of both macrophages and endothelial cells was found (Nebuloni
et al., 2011). In the heart, PTX3 can be induced by MyD88,
which is a canonical adaptor for inflammatory signaling pathways
downstream of members of the Toll-like receptor (TLR) and
interleukin-1 (IL-1) receptor families. The TLRs/IL-1R-MyD88
signaling can lead to distinct outputs depending on the context:
pro-inflammatory by the activation of transcription factor
NF-κB (Kunes et al., 2012) or anti-inflammatory via type I
interferon production or complement binding (Salio et al., 2008).
Inflammatory signals might also participate in PTX3 expression
by the catalytic activity of the induced form of the proteasome
[the immunoproteasome (IP)] together with the mitogen-
activated protein (MAP)-kinases p38 and extracellular signal-
regulated kinase (ERK)1/2 (Paeschke et al., 2016). According to
its dual role, the cardioprotective function of PTX3 has been
demonstrated in acute myocardial infarction (Salio et al., 2008;
Casula et al., 2017). Interestingly, Liu et al. (2018) demonstrated
that PTX3 was able to modulate the expression of several cardiac
genes and enhanced the transformation of mouse embryonic
stem cells into cardiomyocytes. Among inflammatory signals,
the IL-33 and its receptor sST2 have been associated with the
overexpression of PTX3 following cardiac infarction (Ristagno
et al., 2015). IL-33 is a member of the IL-1 family of cytokines
produced by primarily non-hematopoietic cells in response to
mechanical stress and injury. IL-1/IL-33 and other proteins as
HMGB1, S100β are the so-called alarmins that are released by
both resident immune cells and necrotic cells that underwent
damage. These alarmins are then recognized by specific receptors
[e.g., the receptor for advanced glycation end-products (RAGE)
and TLRs] of various immune cells that initiate inflammatory and
repair responses.

More interestingly, the IL-33/ST2 system emerged as a novel
fibroblast–cardiomyocyte communication system that regulates
the accumulation of anti-inflammatory T regulatory lymphocytes
(Tregs) and was proposed as a biomarker for cardiomyopathy
in Duchenne muscular dystrophy (DMD) (Kuswanto et al.,
2016). DMD cardiomyopathy is the major cause of mortality
for DMD patients, and it is characterized by unresolved
cardiac inflammation and fibrosis. Recently, Frohlich et al.
(2016) confirmed high expression of PTX3 in DMD dystrophic
animal models. Taking into account the critical role of PTX3
in the inflammatory/fibrotic pathways and the absence of
predictor markers of cardiomyopathy in DMD patients, we
argued to investigate the role of PTX3 in myocardial damage
and fibrosis of the mdx mouse model for DMD. Dystrophic
cardiac expression of PTX3 correlated positively with age and
inflammatory/fibrotic pathways, suggesting that cardiac levels of

PTX3 have prognostic value and potential in guiding therapy for
cardiomyopathy of DMD.

MATERIALS AND METHODS

Animal Statement
All procedures involving living animals were performed in
accordance with Italian law (D.L.vo 116/92 and subsequent
additions), which conforms to the European Union guidelines.
The use of animals in this study was authorized by the National
Ministry of Health (protocol number 10/13–2014/2015). Ten
weeks (10w), 3 months (3m), 5m, and 7m C57Bl and 11 days
(11dy), 10w, 3m, 9m, 14m, and 18m mdx (C57BL6/10ScSn-
DMDmdx/J) mice were provided by Charles River. All animals
were housed in a controlled ambient environment (12 h
light/dark cycle) at a temperature between 21 and 23◦C. Cage
population was limited to a maximum of four animals each
to ensure the health and welfare of animals. The mice had
free access to clean water and food. Systemic intraperitoneal
injection of the IP inhibitor ONX-0914 (Clini Sciences, 6 mg/kg)
was performed in 10w and 9m mdx mice for 5 weeks (two
injections/week, n = 10). Untreated aged-matched mdx mice were
used as controls. After 1 month of treatment, mice were deeply
anesthetized with 2% avertin (0.015 ml/kg), then sacrificed by
cervical dislocation.

RT-qPCR Experiments
Total RNA was extracted from cardiac tissues obtained
from 11dy, 10w, 3m, 9m, and 18m mdx mice. cDNA was
generated using the Reverse Transcriptase Kit (Thermo
Fisher Scientific) followed by the SYBR-Green reaction
to quantify the expression of the genes in Table 1. All
the cDNA samples were tested in duplicate, and the
threshold cycles (Ct) of target genes were normalized
against a housekeeping gene, the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Relative transcript levels were
calculated from the Ct values as X = 2−1 1 ct where X is the
fold difference in the amount of target gene versus GAPDH and
1Ct = Cttarget−CtGAPDH .

Network-Based Prediction of Protein
Interactions
A protein–protein interaction (PPI) network (30 nodes and 70
edges) was built by matching differentially expressed proteins

TABLE 1 | Sequence of primers used in RT-qPCR.

Forward (5′→3′) Reverse (5′→3′)

C1s tgaaggaagagggaaagacaag gattttggaggtaaagggcagt

C1r acttccgctacatcaccacaa ctctccttcctcttcattcttcc

C3 acaaactcacacagagcaaga atccatgaagacaccagcatag

C5 cagcaaggaggagtcaacat tccacaagagcccgtaaatc

FH tctcaggctcgtggtcagaa ccagggcggcatttgtag

C4 tctcacaaacccctcgacat agcatcctggaacacctgaa
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and Mus musculus PPI data retrieved from STRING (Szklarczyk
et al., 2019)1; only Experimental and Database annotated
interactions (Score > 0.15) were considered (Doncheva et al.,
2019). Protein expression data were further processed by
Pearson’s correlation (Score > | 0.6|, p < 0.05), and significant
correlations were visualized as a network (27 nodes and 99 edges)
using Cytoscape software (Vella et al., 2017). Reconstructed
network was analyzed at the topological level, and Cytoscape’s
plugin CentiScaPe was used to calculate centrality indices of
each node (Scardoni et al., 2009); specifically, nodes with
Betweenness, Bridging, and Degree above the network average
were retained and considered hubs as previously reported
(Sereni et al., 2019).

Western Blot Analysis
Total proteins from skeletal muscles and cardiac biopsies isolated
from normal and dystrophic mice were extracted as in Farini
et al. (2019). Samples were resolved on polyacrylamide gels
(ranging from 10% to 14%) and transferred to nitrocellulose
membranes (Bio-Rad Laboratories). Filters were incubated
overnight with the following antibodies: vinculin (1:600,
MA5-11690, Invitrogen); PTX3 (C-10 1:600, sc-373951, Santa
Cruz Biotechnology); phospho-p38 (Thr180) (1:500, E-AB-
20949, Elabscience); p38 (1:500, E-AB-32460, Elabscience);
ERK1/2 (1:500, E-AB-31374, Elabscience); phospho-ERK1/2
(Thr202) (1:500, E-AB-20868, Elabscience); PSMB5 (1:500,
ab3330, Abcam); PSMB8 (1:500, Proteasome 20S LMP7,
ab3329, Abcam); PSMB9 [1:500, Proteasome 20S LMP2
(EPR13785) ab184172, Abcam]; RAGE (1:500, NBP2-03950,
Novusbio); S-100β chain (C-3) (1:500, sc-393919, Santa Cruz
Biotechnology); monocyte chemoattractant protein (MCP)-1
(ECE.2) (1:500, sc-52701, Santa Cruz Biotechnology); Foxp3
(FJK-16s) (1:500, 14-5773-82, eBioscience); IL-33 (1:500,
AF3626, R&D Systems); collagen VI (1:500, ab6588, Abcam);
phospho-SMAD2/3 (Thr8) (1:500, E-AB-21040, Elabscience);
TLR9 (26C593) (1:500, sc-52966, Santa Cruz Biotechnology);
matrix metalloproteinase (MMP)-9 (E-11) (1:500, sc-393859,
Santa Cruz Biotechnology); TLR4 (25) (1:500, sc-293072, Santa
Cruz Biotechnology); TRAF6 (D-10) (1:500, sc-8409, Santa
Cruz Biotechnology); SMAD3 (1:500, E-AB-32921, Elabscience);
TLR2 (1:500, orb229137, Biorbyt); TLR5 (19D759.2) (1:500,
sc-57461, Santa Cruz Biotechnology); NF-κB p65 (A-12)
(1:500, sc-514451, Santa Cruz Biotechnology); RelB (D-4)
(1:500, sc-48366, Santa Cruz Biotechnology); MYD88 (1:500,
23230-1-AP, Proteintech); transforming growth factor (TGF)β1
(1:500, E-AB-33090, Elabscience); IL-6 (10E5) (1:500, sc-57315,
Santa Cruz Biotechnology); tumor necrosis factor (TNF)α
(1:500, E-AB-40015, Elabscience); poly(ADP-ribose) polymerase
(PPAR)γ (1:600, ab-59256, Abcam); autophagy-related (ATG)7
(1:600, SAB4200304, Sigma Aldrich); p62 (1:600, P0067,
Sigma Aldrich); LC3B (1:500, L7543, Sigma Aldrich); HMGB1
(HAP46.5) (1:600, sc-56698, Santa Cruz Biotechnology); actin
(1:600, A2066, Sigma Aldrich); GAPDH (0411) (1:600, sc-
47724, Santa Cruz Biotechnology). Membranes were incubated
with primary antibodies ON at 4◦C, followed by washing,

1https://string-db.org/

detection with horseradish peroxidase (HRP)-conjugated
secondary antibodies (DakoCytomation, United States), and
developed by enhanced chemiluminescence (ECL) (Amersham
Biosciences, United States). Bands were visualized using
an Odyssey Infrared Imaging System (Li-COR Biosciences,
United States). Densitometric analysis was performed using
ImageJ software2.

Immunofluorescence and
Immunohistochemistry Analysis
Cardiac biopsies were collected from 10w C57Bl and 10w,
9m, and 18m mdx mice, frozen in liquid nitrogen-cooled
isopentane, and then sectioned on a cryostat (LEICA CM
1850). Serial sections (8 µm thick) were stained with Azan
Mallory. Densitometric analyses and manual or automatic
counting (Threshold color Plug-in) were performed using ImageJ
software2 in 20 sections/muscle.

For immunofluorescence staining, sections were fixed in
4% paraformaldehyde (PFA) methanol-free (28908, Thermo
Fisher Scientific) and permeabilized with phosphate-buffered
saline (PBS) 1 × + 0.1% Triton X-100 (T9284, Sigma Aldrich)
for 20 min at room temperature (RT). Sections were then
incubated with PBS 1× + 10% donkey serum (blocking
solution) for 1 h at RT. Primary antibodies anti-PTX3 (C-10,
sc-373951, Santa Cruz Biotechnology), anti-CD31 (MEC 13.3,
5550274, BD Pharmingen), and anti-NG2 (AB5320, Merck
Millipore) were diluted 1:100 in blocking solution and added
to slides overnight at 4◦C. Alexa Fluor-conjugated secondary
antibodies against mouse (A32766, Thermo Fisher Scientific,
for PTX3), rat (A21209, Thermo Fisher Scientific, for CD31),
and rabbit (A31573, Thermo Fisher Scientific, for NG2) were
diluted 1:200 in PBS and applied onto slides for 1 h at RT.
Phycoerythrin (PE)-conjugated CD206 antibody (1:50, 141705,
BioLegend) and fluorescein isothiocyanate (FITC)-conjugated
α-smooth muscle actin (1:150, 1A4, Sigma Aldrich) were
directly diluted in PBS and incubated for 2 h. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI),
and slides were mounted with Fluoromount-G mounting
medium (00-4958-02, Thermo Fisher Scientific). Images
were captured using the epifluorescence microscopy DMi8
(Leica, Germany).

Immunohistochemistry of PTX3 and PMSB8 (1:100, ab3329,
Abcam) was performed by blocking endogenous peroxidase
activity in 0.3% alcoholic hydrogen peroxide for 30 min. Antigen
retrieval was then performed in 0.01 M sodium citrate buffer
at pH 6 for 30 min at 100◦C. Sections were blocked with 5%
horse and 5% fetal bovine serum for 30 min at RT and incubated
overnight at 4◦C with either anti-PTX3 or anti-PMSB8, diluted
1:100 in blocking solution. Cardiac tissues were then incubated
with appropriate biotinylated immunoglobulin antibodies for
30 min at RT, followed by peroxidase–avidin–biotin complex
(Vectastain ABC Elite kit; Vector Labs, Burlingame, CA,
United States) incubation for 30 min. 3,3′-Diaminobenzidine
(DAB) was used as the chromogen.

2http://rsbweb.nih.gov/ij/
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FIGURE 1 | Pentraxin (PTX)3 expression in skeletal muscle biopsies of mdx mice at different ages. Representative Western blot (WB) of PTX3 in TAs of 10 weeks
(10w), 3 months (3m), 5m, 7m C57Bl mice and in TAs of 10w, 9m, 14m, and 18m mdx mice. Data from densitometric analysis are expressed as PTX3/vinculin ratio
in arbitrary units in the lower panels. One-way ANOVA with Tukey’s multiple comparisons test: *p < 0.05; **p < 0.01; ***p < 0.001 (A). In the lateral panels, the
scheme representing PTX3 expression, in C57Bl and mdx mice, according to ages (B). Representative WB of PTX3 in TA of 10w, 5m, and 9m C57Bl mice and
age-matched mdx mice. Data from densitometric analysis are expressed as the ratio of PTX3/vinculin in arbitrary units in the lateral panels. Student’s t-test:
*p < 0.05; **p < 0.01 (C). Each experiment was performed in triplicate wells. All values are expressed as the mean ± SD.

Availability of Data
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

Statistics
Data were analyzed by GraphPad PrismTM and expressed
as mean ± SD or mean ± SEM. To compare multiple
group means, one-way ANOVA followed by Tukey’s multiple
comparison test was used to determine significance (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001). To compare two
groups, Student’s t-test was applied assuming equal variances:
difference was considered significant at ∗p < 0.05. To correlate
protein’s expression, linear regression and multivariate regression
analyses were performed.

RESULTS

Pentraxin 3 Expression in Skeletal
Muscle of Mdx Mice Is Strictly
Upregulated and Dependent on Age
We firstly evaluated the expression of PTX3 in muscular biopsies
of normal and dystrophic mice. In C57Bl, we determined a non-
significant increase of PTX3 expression with age (Figure 1A).

Conversely, we found a PTX3 downregulation in 10w C57Bl mice
compared to mdx mice in the 10 weeks–18 months age range
(C57Bl versus 14m mdx, p = 0.0044; C57Bl versus 18m mdx,
p = 0.0005). Moreover, the dystrophic mice displayed an age-
related upregulation of PTX3, particularly significant considering
the older mdx (10w mdx versus 14m mdx, p = 0.0071; 10w
mdx versus 18m mdx, p = 0.0005; 9m mdx versus 18m mdx,
p = 0.0139) (Figure 1A). Statistical analysis through Pearson’s
correlation coefficient also showed that PTX3 amount was
dramatically dependent on the age (Pearson r = 0.8533; 95%
confidence interval: 0.5475–0.9581 with p = 0.0004) (Figure 1B).
We thus compared the amount of PTX3 in aged-matched
muscular biopsies (10w, 5 m, 9 m), and we found a significant
upregulation of PTX3 in 10w (p = 0.0365), 5m (p = 0.0089), and
9m (p = 0.0415) mdx related to C57Bl mice (Figure 1C).

Pentraxin 3 Is Upregulated in Cardiac
Muscles of Mdx Mice in Age-Dependent
Manner
We then aimed at determining the PTX3 role in the cardiac
muscle, by assessing its amount in 10w and 5m C57Bl and mdx
mouse hearts. We found a PTX3 expression increasing with
ages in control mice (10w C57Bl versus 5m C57Bl, p = 0.0318),
while both in younger and older dystrophic hearts, PTX3 was
upregulated compared to 10w C57Bl (with p = 0.0140 and
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FIGURE 2 | Pentraxin (PTX)3 expression in skeletal cardiac tissues of mdx mice at different ages. Representative Western blot (WB) of PTX3 in cardiac tissues of
10 weeks (10w) and 5 months (5m) C57Bl mice and age-matched mdx mice. Data from densitometric analysis are expressed as the ratio of PTX3/vinculin in
arbitrary units in lateral panels. One-way ANOVA with Tukey’s multiple comparisons test: *p < 0.05 (A). Representative WB of PTX3 in cardiac tissues of 11 days
(11dy), 10w, 9m, and 18m mdx mice. Data from densitometric analysis are expressed as PTX3/vinculin ratio in arbitrary units in the lateral panel. One-way ANOVA
with Tukey’s multiple comparisons test: *p < 0.05; ****p < 0.0001 (B). The line graph represents the dependence of PTX3 expression according to the age in mdx
cardiac tissues (C). ELISA quantification of PTX3 in cardiac muscles of 10w C57Bl and 10w and 9m mdx mice related to skeletal muscles of age-matched mice.
Student’s t-test: *p < 0.05; ***p < 0.001; ****p < 0.0001 (D). (E) Representative images of hearts from 10w C57Bl and 10w, 9m, and 18m mdx mice (n = 5 each)
showing PTX3 and vascular staining. Representative images of PTX3 immunohistochemistry staining of endothelial (arrowheads) and mural cells (pericytes) (arrows)
within coronary vessel wall from C57Bl and mdx (first row). Representative images of coronary vessels expressing smooth muscle actin (SMA) (green) and CD31 (red)
showing increased expression of NG2 (magenta) and altered morphology of NG2-expressing pericytes around and between cardiac vessels in 9m and 10m mdx
hearts compared to C57Bl (second row). Magnification in the second row inserts indicates the presence of NG2 + pericyte processes covering C57Bl cardiac
vessels, while mdx pericyte processes are spread out along the cardiac vessels. Representative images of PTX3 (green), CD31 (red), and NG2 (magenta) staining in
hearts indicate PTX3-expressing endothelial CD31 + cells (arrowheads) and PTX3-expressing NG2 + pericytes (arrows) between vessels. These latter cells displayed
a rounder morphology in mdx than in C57Bl hearts, and the lack of a complete covering of a large portion of cardiac vessels by NG2 + pericyte processes (third
row). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar: 25 mm. Each experiment was performed in triplicate wells. All values
are expressed as the mean ± SD.

p = 0.0152 related to mdx 10w and mdx 5m, respectively)
(Figure 2A). In line with the experiments involving skeletal
muscles, we evaluated PTX3 expression in mdx mice at different
ages—11dy, 10w, 9m, 18m. This time, we showed that PTX3
was only slightly upregulated in 9m related to 11dy mdx
(p = 0.0458) (Figure 2B), but presenting a dramatic increase
toward 18 months of age (with p < 0.0001 related to all the other
mdx mice). We suggested that this condition was correlated to
mdx cardiomyopathy onset, becoming evident from 8 months of

age and worsening later than in skeletal muscles. Interestingly,
the expression of PTX3 was age-dependent (Pearson r = 0.8342;
95% confidence interval: 0.4993–0.9522 with p = 0.0007)
(Figure 2C). ELISA quantification showed that the amount of
PTX3 was fivefold higher in cardiac muscles of C57Bl and 10w
and 9m mdx mice related to skeletal muscles of age-matched
mice (with p < 0.0001, p = 0.0106, p = 0.0003, respectively)
(Figure 2D). We also investigated the expression of PTX3
by immunohistochemistry and immunofluorescence staining in
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FIGURE 3 | Evaluation of fibrosis in cardiac tissues of mdx mice at different ages. Representative Azan Mallory images of cardiac tissues of 10 weeks (10w),
9 months (9m), and 18m mdx mice (n = 5 each). Histogram represents the percentage of fibrotic area per cardiac section of mdx mice. Scale bar: 200 mm. One-way
ANOVA with Tukey’s multiple comparisons test: ****p < 0.0001.

FIGURE 4 | RT-qPCR of complement and evaluation of CD206 + cells in cardiac tissues of mdx mice at different ages. (A) RT-qPCR expression of genes involved in
complement activation pathway in 11 days (11dy), 10 weeks (10w), 9 months (9m), and 18m mdx mice. (B) Immunofluorescence analysis of CD206 (red) in cardiac
tissues of 10w, 9m, and 18m mdx mice (n = 5 each). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue) Scale bar: 75 mm. One-way
ANOVA with Tukey’s multiple comparisons test: ****p < 0.0001. Each experiment was performed in triplicate wells. All values are expressed as the mean ± SD.

cardiac tissues of C57Bl and mdx mice. Interestingly, we noted
an increased signal for proteoglycan neural/glial2 (NG2) and an
altered morphology of NG2-expressing pericytes in 9m and 18m
mdx compared with 10w C57Bl and 10m mdx hearts (Figure 2E).
Moreover, a lessened fluorescent PTX3 signal was found in
CD31+ endothelial cells of both younger C57Bl and mdx hearts,
whereas PTX3 staining become increased in CD31+ endothelial
cells of 9m and 18m mdx hearts (Figure 2E). On the other
hand, PTX3-expressing NG2+ pericytes between cardiac vessels
with a rounder morphology were present only in 9m and 18m
mdx (Figure 2E).

Pentraxin 3 in Dystrophic Cardiac
Remodeling: Complement Activation and
M2 Macrophages
Considering the established involvement of PTX3 in fibrotic and
inflammatory pathways, we aimed at discovering the effects of

PTX3 upregulation and of the associated proteins in regulating
the rising of pathological signs in dystrophic cardiac tissues.
Azan Mallory staining of cardiac muscles showed a marked
upregulation of fibrosis (calculated as a percentage of fibrosis per
single image) in older mdx hearts (9m mdx and 18m mdx) related
to 10w mdx mice (with p < 0.0001 for both). In line with previous
results published by Van Erp et al. (2010), we demonstrated that
the 18m mdx mice did not display a significant upregulation
of fibrosis compared to 9m mice (Figure 3). Regulation of
complement activation by PTX3 seems to be involved in tissue
damage through a complex scheme. In brief, PTX3 can bind
the C1q protein to activate the classical component cascade,
allowing the deposition of C3 and C4 (Kunes et al., 2012).
Alternatively, PTX3 can bind to the Factor H (FH) and limit the
activation of the alternative pathway of complement (Ristagno
et al., 2019). In this sense, we verified whether the elevated
expression of PTX3 correlated to dysfunction of the complement
signaling cascade in older 18m mdx mice. However, we did
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FIGURE 5 | Western blot (WB) analysis of immunoproteasome (IP) subunits and alarmins in cardiac tissues of mdx mice at different ages. Representative WB of
PSMB5, PSMB8, PSMB9, pERK/total ERK, and p38/total p38 in cardiac tissues of 11 days (11dy), 10 weeks (10w), 9 months (9m), and 18m mdx mice (A). In the
lateral panel, densitometric analysis of data, expressed as the ratio of different proteins versus vinculin in arbitrary units. One-way ANOVA with Tukey’s multiple
comparisons test: *p < 0.05 (B). Representative WB of receptor for advanced glycation end-products (RAGE), S100β, Foxp3, monocyte chemoattractant protein
(MCP)-1, high-mobility group box (HMGB)1, and interleukin (IL)-33 in cardiac tissues of 11dy, 10w, 9m, and 18m mdx mice (C). Data from densitometric analysis are
expressed as the ratio of different proteins versus vinculin in arbitrary units in the lateral panel (D). One-way ANOVA with Tukey’s multiple comparisons test:
*p < 0.05; **p < 0.01; ***p < 0.001. Each experiment was performed in triplicate wells. All values are expressed as the mean ± SD.

FIGURE 6 | Evaluation of proteins involved in inflammation and fibrosis in cardiac tissues of mdx mice at different ages. Representative Western blot (WB) of several
inflammatory and fibrotic mediators in cardiac tissues of 11 days (11dy), 10 weeks (10w), 9 months (9m), and 18m mdx mice (A). Data from densitometric analysis
are expressed as the ratio of different proteins versus vinculin in arbitrary units in the lateral panel. One-way ANOVA with Tukey’s multiple comparisons test:
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (B). Each experiment was performed in triplicate wells. All values are expressed as the mean ± SD.
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FIGURE 7 | Evaluation of inflammatory cytokines and autophagic mediators in cardiac tissues of mdx mice at different ages. Representative Western blot (WB) of
transforming growth factor (TGF)-b, poly(ADP-ribose) polymerase (PPAR)g, interleukin (IL)-6, and tumor necrosis factor (TNF)-a in cardiac tissues of 11 days (11dy),
10 weeks (10w), 9 months (9m), and 18m mdx mice (A). Data from densitometric analysis are expressed as the ratio of different proteins versus vinculin in arbitrary
units in the lateral panel. One-way ANOVA with Tukey’s multiple comparisons test: *p < 0.05; **p < 0.01; ***p < 0.001 (B). Representative WB of ATG-7, LC3B, and
p62 in cardiac tissues of 11dy, 10w, 9m, and 18m mdx mice (C). Data from densitometric analysis are expressed as the ratio of different proteins versus vinculin in
arbitrary units in the lateral panels. One-way ANOVA with Tukey’s multiple comparisons test: **p < 0.01; ***p < 0.001 (D). Each experiment was performed in
triplicate wells. All values are expressed as the mean ± SD.

not find any significant variation in the expression of several
components of complement cascade (Figure 4A). We then
considered the infiltration of M1 and M2 F4/80 + macrophages
(Van Erp et al., 2010) into mdx cardiac muscles and its age-
related augment. Since PTX3 can coordinate the functions of
macrophages, and macrophages themselves represent a source
of PTX3, we counted the anti-inflammatory CD206 + M2
macrophages, finding a significant increase only in 9m mdx
mice compared to 10w and 18m (with p < 0.0001 for both),
ruling out a correlation between M2 macrophages and PTX3
expression (Figure 4B).

Pentraxin 3-Dependent
Pro-Inflammatory and Fibrotic Signaling:
Immunoproteasomes, Alarmins, and
Autophagic Markers
We moved to investigate other pathways whose activity could
foster PTX3 upregulation and modulate the inflammatory
and dystrophic cues. Among these pathways, we considered
PTX3 expression dependency on the IP and ERK1/2–p38MAPK

activity, as already demonstrated in myocardial inflammation
(Paeschke et al., 2016). However, in mdx mice, we did not see
any difference except for a slightly higher expression of PSMB9 in
9m mice (9m mdx versus 11dy mdx, p = 0.0193) (Figures 5A,B).
Therefore, we looked into alarmins that are recognized by
specific receptors such as RAGE and TLRs: alarmins are activated
through their ligand binding by different signaling cascades
(as those dependent on IL-1R/MYD88 and MAPKs) leading
to NF-κB and inflammatory cytokines release which might
influence PTX3 expression and fibrosis development. In this case,
we discovered that the amount of inflammatory and fibrotic
proteins increases in mdx 18m cardiac muscles, likely explaining
a more jeopardized pathological phenotype. Among alarmins,
the S100β (18m mdx versus 9m mdx, p = 0.0009; versus 10w
mdx, p = 0.0005; versus 11dy mdx, p = 0.0002), HMGB1 (18m
mdx versus 9m mdx, p = 0.0447; versus 10w mdx, p = 0.0047;
versus 11dy mdx, p = 0.0017), and IL-33 (18m mdx versus 9m
mdx, p = 0.0027; versus 10w mdx, p = 0.0042; versus 11dy mdx,
p = 0.0031) have been found significantly increased according to
the age. Instead, RAGE expression was not dependent on the age,
but its expression was elevated in mdx 9m hearts related to 11dy
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TABLE 2 | Statistical analysis of pentraxin (PTX)3 expression.

Correlation Ptx3 r P-value

Age 0.898# <0.0001

MMP9 0.571# 0.0524

HMGB1 0.866# 0.0003

S100β 0.959# <0.0001

IL-6 0.871# 0.0002

NF-κB 0.727# 0.0074

TLR5 0.871# 0.0002

Foxp3 0.825* 0.001

IL-33 0.545* 0.0666

TRAF6 0.797* 0.0019

ATG7 0.839* 0.0006

TLR9 0.154* 0.6331

r Pearson, r Spearman, and p-value confirmed the positive correlation between
the expression of PTX3 and high-mobility group box (HMGB)1, S100β, and Foxp3
(A); Toll-like receptor (TLR)5 and TRAF-6 (B); autophagy-related (ATG)-7 (C). # r
Pearson. * r Spearman. The bold values are statistically significant according to the
value of p.

mdx mice (p = 0.0494). Furthermore, we envisaged a role of Treg
cells in the dystrophic framework, in line with previous literature
describing how the phenotype and the specialization of Tregs
were determined by IL-33/ST2 (Pastille et al., 2019) and IL-1/IL-
33 (Alvarez et al., 2019) pathway, respectively. Since it is known
that Tregs are abundant in mdx necrotic muscles (Burzyn et al.,
2013), we were not surprised to find that Foxp3 amount was more
abundant in older mdx mice compared to the younger (18m mdx
versus 9m mdx, p = 0.0107; 18m mdx versus 10w mdx, p = 0.0041;
18m mdx versus 11dy mdx, p = 0.0031). MCP-1 protein, involved
in fibrosis and inflammatory events, was also upregulated in mdx
mice at 9 months related to the other ages (9m mdx versus
18m mdx, p = 0.0035; 9m mdx versus 10w mdx, p = 0.0205;
9m mdx versus 11dy mdx, p = 0.0433) (Figures 5C,D). It was
described that cardiac HMGB1 overexpression can mediate a
pro-inflammatory immune response independently from RAGE
(Bangert et al., 2016). Accordingly, in mdx cardiac muscles,
we demonstrated an upregulation of other alarmin receptor
expression, according to the age: TLR4 and TLR5 (18m mdx
versus 9m mdx, p = 0.0101; 18m mdx versus 10w mdx, p = 0.0008;
18m mdx versus 11dy mdx, p < 0.0001; 9m mdx versus 11dy mdx,
p = 0.0062) and TLR9 (18m mdx versus 9m mdx, p = 0.0465;
18m mdx versus 10w mdx, p = 0.0470). This condition further
promoted the overexpression of NF-κB-p65 (18m mdx versus
10w mdx, p = 0.0060; 18m mdx versus 11dy mdx, p = 0.0051;
9m mdx versus 11dy mdx, p = 0.0457) and TRAF6 (18m
mdx versus 9m mdx, p = 0.0198; 18m mdx versus 10w mdx,
p = 0.0287; 18m mdx versus 11dy mdx, p = 0.0088) in older mdx
mice. In turn, alarmins/TLRs/TRAF6-NF-κB pathway allowed
the overexpression of PTX3 and the promotion of fibrosis, as
highlighted by the upregulation of collagen VI (18m mdx versus
11dy mdx, p = 0.0367; 9m mdx versus 11dy mdx, p = 0.0418) and
MMP9 (18m mdx versus 11dy mdx, p = 0.0192; 9m mdx versus
11dy mdx, p = 0.0331) (Figures 6A,B).

Within this environment, we determined the amount of IL-
6 pro-inflammatory cytokine, finding a significant augment in

older compared to younger mdx mice (18m mdx versus 9m
mdx, p = 0.0225; 18m mdx versus 10w mdx, p = 0.0008; 18m
mdx versus 11dy mdx, p = 0.0002; 9m mdx versus 11dy mdx,
p = 0.0100). Moreover, we established that even though the
TGF-β extent was higher in 10w mdx mice and lower in 9m
mdx related to younger animals (9m mdx versus 11dy mdx,
p = 0.0366; 10w mdx versus 11dy mdx, p = 0.0066), its expression
did not vary significantly with the age, as described in Van Erp
et al. (2010) (Figures 7A,B). PTX3 has been shown to regulate
mitochondrial membrane potential and apoptosis (Lee et al.,
2018) and, vice versa, its expression can be controlled by ATG7
(Qiang et al., 2017). Thus, we investigated the expression of
autophagy markers ATG7, p62, and LC3B, and we found an
increased ATG7 expression at 18 months of age (18m mdx versus
9m mdx, p = 0.0026; 18m mdx versus 10w mdx, p = 0.0004; 18m
mdx versus 11dy mdx, p = 0.0003), confirming a dependency on
the age (Figures 7C,D). Following these results, we performed
a statistical test to determine whether there was a significant
correlation between the expression of PTX3 and the proteins
whose amount was significantly modified in mdx cardiac tissues
at different ages. Interestingly, we found that there was a
positive significant correlation dependent on the age between
PTX3 and inflammatory and fibrotic players such as S100β and
HMGB1, TLR5, IL-6, MMP9, and TRAF6 (Table 2A). Thus,
the expression of other proteins (Foxp3, TRAF6, ATG7) was
correlated with PTX3 independently from the age (Table 2B).
In addition, we performed a multiple regression analysis, and we
obtained a model of PTX3 considering S100β, HMGB1, TLR5,
and TLR9 (corrected r2 = 0.91), suggesting their involvement in
a common pathway.

ONX-0914 Modulates Pentraxin 3
Expression in Cardiac Tissues of 9m Mdx
Mice
We have determined that PTX3 could be an important target
to modulate the inflammatory/fibrotic pathways in dystrophic
cardiac tissues. Upregulation of PTX3 in cardiomyocytes is
dependent on IP, whose inhibition has been shown to be
effective in downregulating PTX3 expression and other NF-κB-
dependent pathways (Voigt, personal communication). We have
also demonstrated that dystrophic murine hearts treated with IP
inhibitor ONX-0914 witness a downregulation of the expression
of fibrotic mediators such as STAT3, STAT1, OPN, and ERK1/2
(Farini et al., 2019). We firstly confirmed the occurrence and
the increase of IP subunits PSMB8 and PSMB9 in mdx hearts of
different ages (Figure 5A). Interestingly, both PTX3 and PSMB8
signals were clearly detectable by immunohistochemistry in tight
correlation with endothelial cells of cardiac vessels in 9m and
18m mdx mice (Figure 8A). To strengthen the possibility that
IP played a role in controlling inflammatory/fibrotic pathways
leading to PTX3 expression, a selective inhibition of the IP
subunit PSMB8 by ONX-0914 supplementation was performed
on mdx mice. In the cardiac tissues of 10w mdx mice, we
demonstrated that the ONX-0914 did not vary significantly the
expression of autophagic, fibrotic, and inflammatory markers
(Supplementary Figure S1). In older mdx mice, we found
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FIGURE 8 | Modulation of proteins in cardiac tissues of mdx mice at different ages following ONX-0914 treatment. Representative images of pentraxin (PTX)3 and
PMSB8 immunohistochemistry staining of cardiac tissues showing PTX3- and PSMB8-positive endothelial cells (arrowheads) in cardiac tissues from 9 months (9m)
and 18m mdx mice. Image magnifications: 10 × (scale bar: 200 mm) and 40 × (scale bar: 50 mm) (A). Representative Western blot (WB) in cardiac tissues of
untreated and ONX-0914-treated 9m mdx mice for Toll-like receptor (TLR)2, TLR4, PTX3 (B); receptor for advanced glycation end-products (RAGE), high-mobility
group box (HMGB)1, S100β, and interleukin (IL)-33; collagen I, collagen VI, matrix metalloproteinase (MMP)9, and TRAF-6 (C); tumor necrosis factor (TNF)-a,
poly(ADP-ribose) polymerase (PPAR)g, MYD88, RelB, nuclear factor (NF)-κB, ATG-7, and LC3B (D). Data from densitometric analysis are expressed as the ratio of
different proteins versus vinculin (B) and actin (C,D) in arbitrary units in the lateral panels. Student’s t-test: **p < 0.01; ***p < 0.001 (B); *p < 0.05 (C); *p < 0.05;
***p < 0.001 (D). Each experiment was performed in triplicate wells. All values are expressed as the mean ± SD.
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FIGURE 9 | Protein–protein interaction (PPI) and co-expression network of proteins differentially expressed at days (d)11, d70, d270, and d540. PPIs were retrieved
by STRING Cytoscape’s App; only Experimental and Database annotated interactions, with a score > 0.15, were considered. Protein expression normalized in range
0–100 (%) (A). Betweenness, Degree, and Bridging centralities calculated by Centiscape Cytoscape’s App. In red and bold centrality values above the average
calculated on whole network; nodes with Betweenness, Degree, and Bridging above the average were considered hubs (genes in red) (B).

instead that there was a significant downregulation of PTX3
(p = 0.0008) and TLR2 (p = 0.0074) and TLR4 (p = 0.0072), whose
activities are fundamental for PTX3 activation (Figure 8B). We
confirmed that ONX-0914 treatment was effective in reducing
significantly the amount of IL-33 (p = 0.0441) and alarmins
HMGB1 and S100β (p = 0.0306), while the expression of
RAGE did not vary (Figure 8C). Furthermore, in line with
our previous work (Farini et al., 2019), we found that different
proteins involved in fibrotic development—whose activity could
be dependent on PTX3 expression – were downregulated in
ONX-0914-treated mice (collagen VI, p = 0.0148; MMP9,
p = 0.0400; TRAF6, p = 0.0377) (Figure 8C). Importantly, we
determined a significant downregulation of key mediators of
fibrosis as TNF-a (p = 0.0258), RelB (p = 0.0002), and NF-κB
(p = 0.0123), whose importance in PTX3 modulation had been
previously demonstrated (Li et al., 2020; Figure 8D). However,
the expression of autophagy markers such as ATG7 and LC3B was
not modified by ONX-0914 treatment (Figure 8D).

Network-Based Prediction of Cardiac
Tissues of Mdx Recapitulates the
Pentraxin 3 Protein Interactions Involving
Inflammatory/Fibrotic Pathways
To investigate the correlation of PTX3 expression with
inflammatory/fibrotic pathways of mdx cardiac tissues, we
reconstructed the PPIs retrieved from bioinformatic STRING
analysis of the differentially expressed proteins of cardiac tissues
in mdx mice at different ages (11, 70, 270, and 540 days old).
In these analyses, we counted 30 nodes and 70 edges. During
aging, inflammatory mediators, such as alarmins, NF-κB, RAGE,
TLRs, and RelB, increased earlier and progressively peaked in
cardiac tissues of 540 days old mdx (Figure 9A). In addition
to these inflammatory proteins, we found cardiac increase of IP
subunits throughout the life of the mdx mice (Figure 9A). On the

other hand, the fibrotic remodeling of mdx hearts begins from
70 days old and peaks at 540 days old according to the increase
of TGFβ1, MMP9, and collagen VI proteins (Figure 9A). The
critical role of PTX3 in promoting the inflammatory pathway
was confirmed by its early expression in cardiac tissues of 11dy
mdx mice. Moreover, cardiac PTX3 upregulation was observed
after activation of TLR4/MMP9 pathway in 270 and 540 days old
mdx (Figure 9A). The results collectively suggested that PTX3
and IP might be both the targets of similar inflammatory/fibrotic
pathways. By evaluating the structure of PPI networks, Nfkb3
(STAT3) could be considered as a protein hub due to its number
of interactions as well as its central role in connecting different
clusters of nodes (Figures 9, 10). Similarly, PTX3, collagen VI
(Col61a1), MMP9, and PSMB9 resulted hubs in the protein
co-expression network showing centrality values above the
average calculated on the whole network (Figure 9B). Moreover,
PTX3 resulted in the most correlated protein in the observed
inflammatory/fibrotic pathway (Degree = 14) (Figure 9B) with
higher correlation (score > 0.9) to Foxp3, ATG7, and S100β

(Supplementary Figure S1). Most PTX3 correlations resulted
positive, while a single negative correlation was found between
PTX3 and MAPK11 (Supplementary Figure S1). Besides, at
270 days in age, the mdx heart is affected by a cardiomyopathy
(Quinlan et al., 2004, p. 491). Especially striking was the
decrease of PTX3 expression and inflammatory/fibrotic pathway
downregulation following treatment with ONX-0914 in hearts of
270 days old mdx (Figure 10).

DISCUSSION

Pentraxins are key components of the humoral innate immune
system: the long pentraxin PTX3 is highly expressed during
tissue-damaging events and, in turn, coordinates inflammation
and vascular remodeling (Manfredi et al., 2008). Despite a
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FIGURE 10 | Protein–protein interaction (PPI) network of proteins differentially
expressed after ONX-0914 treatment. PPIs were retrieved by STRING
Cytoscape’s App; only Experimental and Database annotated interactions,
with a score > 0.15, were considered. Blue triangles indicate proteins
downregulated after ONX-0914 treatment.

recent interest in the measurement of pentraxins in ischemic
heart disorders (Peri et al., 2000; Salio et al., 2008; Paeschke
et al., 2016), there is no evidence as to their actual role
in the pathogenesis of dystrophic cardiomyopathy. In this
study, we demonstrated that dystrophic cardiac expression of
PTX3 correlated positively with age and inflammatory/fibrotic
pathways. Expression of PTX3 in the heart had already been
observed at later stages of inflammation (Nebuloni et al., 2011).
Accordingly, Pucci et al. (2014) demonstrated the fundamental
role of M2 macrophages in determining the higher amount of
PTX3 in arteriosclerotic plaque development. Moreover, PTX3
can interact with endothelial cells and, through the binding
with P-selectin, can modulate the recruitment of monocytes
and macrophages at the inflammatory sites (Deban et al.,
2010). Interestingly, the IP modulates PTX3 expression through
a complex mechanism involving TLRs, NF-κB, MAP kinases
(Paeschke et al., 2016). According to these premises, we found
co-expression of the IP subunit PSMB8 and PTX3 in mdx
hearts and reduced expression of PTX3 after IP inhibition.
Thus, local dystrophic cardiac expression of PTX3 might extend
the well-known role of circulating PTX3 as a biomarker (Salio
et al., 2008). In fact, we found aging-associated upregulation of
PTX3 in muscles and hearts of mdx mice with predominant
localization in fibrotic areas and, more interestingly, in vessels
and perivascular areas. Interestingly, we found no correlation
between PTX3 expression and M2 macrophages of mdx hearts,

suggesting a specific role of dystrophic endothelial cells in
the release or expression of PTX3. These evidences are in
accordance with data provided from several labs describing
PTX3 as a biomarker of endothelial dysfunctions, regulating
nitric oxide, P-selectin, and fibroblast growth factor-2 production
(Kotooka et al., 2008; Yasunaga et al., 2014; Carrizzo et al.,
2015). Strong evidences suggest that complement components
amplify tissue damages recruiting leukocytes: in the present
study, we found that PTX3 expression was not influenced
by complement components; conversely, alarmins facilitate
inflammatory reactions and consequent fibrosis participating to
the PTX3 secretion (Tsoporis et al., 2012; Bangert et al., 2016).
Among alarmins’ receptors, the TLR5 is commonly expressed in
cardiomyocytes and endothelial cells (Hayashi et al., 2001) and
enhances cardiac innate immune responses (Rolli et al., 2010).
Recently, it was shown that TLR5 inhibition ameliorates cardiac
fibrosis by modulating inflammation and tissues’ remodeling
(Liu et al., 2015). Other studies determined that HMGB1
blockade alleviates myocardial fibrosis (Wang et al., 2014),
possibly interfering with the TLR2-HMGB1 ligand and cardiac
autophagy (Wu et al., 2018; Liu et al., 2019). Consistent with
these evidences, we demonstrated that mdx cardiac dysfunctions
could be partly due to an inflammatory signaling pathway in
which PTX3 is involved together with S100β, HMGB1, TLR5,
and TLR9, with consequent increment of collagen deposition
and fibrosis. Since PTX3 has been shown to regulate apoptosis
(Lee et al., 2018) and its expression can be controlled by ATG7
(Qiang et al., 2017), we investigated the expression of autophagy
markers ATG7, p62, and LC3B, and we found an increased ATG7
expression in older cardiac mdx. However, expression of PTX3
in cardiomyocytes is dependent on IP activity (Paeschke et al.,
2016), and we have already demonstrated that IP inhibitor ONX-
0914 had a fundamental role in modulating the pathological
phenotype in skeletal (Farini et al., 2016) and cardiac (Farini
et al., 2019) muscles of mdx mice. Since we found that PTX3
and IP were co-expressed in the fibrotic/inflammatory areas in
cardiac tissues, we explored the effects of ONX-0914 in mediating
PTX3-dependent pathways, confirming a downregulation of
expression levels of alarmins-, collagen-, and NF-κB-dependent
proteins. While critical for antigen presentation, the IP of
endothelial cells may be a key link between inflammatory factors
and vascular cell remodeling and thus may be an important
factor in myocardial damage of mdx, as previously described
in myocardial infarction (Yang et al., 2009). Interestingly, we
noted PTX3 and PSMB8 co-expression in dystrophic mdx cardiac
vessels. Moreover, we found that myocardial damage of older
mdx triggered expansion of NG2 + pericyte population with
altered morphology. In adult mouse hearts, endothelial cells and
pericytes are the most abundant non-cardiac muscle cells (Nees
et al., 2012; Pinto et al., 2016). Considering their abundance,
phenotypic plasticity, and functional diversity, endothelial
cells and pericytes may be critically involved in regulating
inflammatory, fibrotic, angiogenic, and reparative responses in
dystrophic hearts of mdx mice. Meanwhile, the network-based
prediction analysis of changed inflammatory/fibrotic proteins
raised the possibility of Nfkb3 (STAT3) as an important hub
node. Importantly, endothelial cell-released STAT3 has a key
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role in inflammation that underlies cardiovascular disease, and
conversely, cardiomyocyte STAT3 is important for maintaining
endothelial cell functions and the capillary integrity (Zouein et al.,
2019). Furthermore, PTX3 resulted the most correlated protein
in the inflammatory/fibrotic pathway with higher correlation
to Foxp3, ATG7, and S100β proteins that have been linked
to endothelial cell functions (Kreisel et al., 2004; Krupnick
et al., 2005; Pober and Sessa, 2007; Tsoporis et al., 2010;
Singh et al., 2015; Vion et al., 2017). Overall, these results
provide the first stringent correlation between PTX3 cardiac
expression and inflammatory/fibrotic pathways in an animal
model of DMD. So far, data available propose a role for
PTX3 as a predictive marker of fibrosis in dystrophic cardiac
tissues. In general, PTX3 levels in dystrophic cardiac tissues rise
first, reflecting the inflammatory response affecting myocardial
damage and subsequently modulating the fibrotic response.
However, PTX3 may have different kinetics of production and
different patterns of recognized ligands between inflammatory
and fibrotic pathways. On this regard, high PTX3 levels were
associated with dystrophic cardiac vessels. The evidence for a
regulatory role in the pathogenesis of dystrophic cardiomyopathy
provides further incentive to the assessment of the clinical
relevance of PTX3 measurement in prognostic value and in
guiding therapy for cardiomyopathy of DMD.
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Agents for Cardiac Fibrosis
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Heart disease remains an increasing major public health challenge in the United States
and worldwide. A common end-organ feature in diseased hearts is myocardial fibrosis,
which stiffens the heart and interferes with normal pump function, leading to pump
failure. The development of cells for regenerative therapy has been met with many
pitfalls on its path to clinical translation. Recognizing that regenerative cells secrete
therapeutically bioactive vesicles has paved the way to circumvent many failures of cell
therapy. In this review, we provide an overview of extracellular vesicles (EVs), with a
focus on their utility as therapeutic agents for cardiac regeneration. We also highlight
the engineering potential of EVs to enhance their therapeutic application.

Keywords: bioengineering, cardiac fibrosis, extracellular vesicles, progenitor cells, next generation therapeutics

INTRODUCTION

Despite significant advances in science and medicine, heart disease remains an increasing public
health concern, and is a leading cause of morbidity and mortality worldwide (Roth et al., 2017).
In adult mammals, the default response to cardiac insults or disease is scar formation which
lowers myocardial compliance, decreases ventricular filling, interferes with electrical coupling,
and ultimately leads to depressed cardiac performance (Sharma and Kass, 2014). Conventional
therapies such as β-blockers are beneficial in patients with myocardial fibrosis; however, they do
not directly treat the underlying causes of fibrosis (Jameel and Zhang, 2009; Members et al., 2012).
There is ample evidence for the efficacy of cardiac cell therapy to treat myocardial fibrosis in
preclinical models (Zwetsloot et al., 2016) and, to a lesser extent, in patients (Nigro et al., 2018).
However, cells are fragile, living entities which can be difficult to manufacture and to handle
(Dodson and Levine, 2015).

In recent years, the emphasis has shifted away from cell therapy toward a cell-free therapeutic
paradigm. Although extracellular vesicles (EVs) have long been known to be produced by
eukaryotic cells, only recently were EVs implicated as mediators of the paracrine benefits of
cell therapy. Extensive evidence now supports the concept that EVs are vital for the benefits
of numerous therapeutic cells such as neural progenitors (Marzesco et al., 2005), mesenchymal
stem cells (Lai et al., 2010), CD34+ cells (Sahoo et al., 2011), and cardiosphere-derived cells
(CDCs; Ibrahim et al., 2014). Importantly, EVs offer the potential to overcome key limitations
of cell therapy. For example, advantages may include product stability (Akers et al., 2016),
immune tolerability (Gallet et al., 2017; Aminzadeh et al., 2018), flexibility of dosing (not limited
by microvascular plugging or loss of transplanted cell viability; Ibrahim and Marbán, 2016),
and the potential for engineering to enhance efficacy (Conlan et al., 2017). In this review, we
summarize EV biology, cellular and molecular players in myocardial fibrosis, the utility of EVs
as therapeutic agents, and conclude with the promise of engineered EVs as next-generation
therapeutic candidates.
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EXTRACELLULAR VESICLES DEFINED

Conserved through evolution, cellular release of EVs occurs in
bacteria, fungi, plants, and animals (Barile et al., 2017). Based
on studies of sheep reticulocytes, EV secretion was originally
postulated to be a mechanism for elimination of cell waste
including non-essential proteins (Johnstone et al., 1987). More
recently, EVs have come to be viewed as key mediators of
intercellular communication. EVs can deliver and exchange
bioactive components from donor to recipient cells, regulating
gene expression and altering cellular function (Stahl and Raposo,
2018). Several lines of evidence implicate EVs as important
signaling mediators that carry proteins, lipids, and nucleic acids
in physiological and pathophysiological conditions (Ibrahim
et al., 2014; Ibrahim and Marbán, 2016).

Classification of Extracellular Vesicles
In the classical sense, the term EVs refers to all cell-secreted
membrane vesicles. Based on their size, biogenesis, and secretory
pathway, EVs can be broadly classified into three major classes:
exosomes, microvesicles, and apoptotic bodies (Figure 1). The
primary focus here will be on the first two classes of EVs.

Exosomes are secreted and taken up by all eukaryotic cells
and have been found abundantly in nearly all biological fluids.
Exosomes are lipid-bilayer vesicles of endosomal origin that
arise from inward budding of multivesicular bodies, and range
in size from 30 to ∼100 nm in diameter. Multivesicular
bodies can fuse with the plasma membrane to release their
contents into the extracellular space, or can be trafficked to
lysosomes for degradation (Colombo et al., 2014). Exosomal
cargo contains non-random assortments of protein, RNA, and
lipids, differing substantially from the cytoplasmic contents of
the parent cells, but nevertheless reflecting the parent cell type
and its metabolic state. According to ExoCarta1, at least 9,769
proteins, 4,946 mRNAs, 2,838 miRNAs, and 1,116 lipids have
been identified in exosomes from various cell types. Though the
diversity of exosomal cargo is vast, exosomes share common
molecular markers including tetraspanins (CD9, CD63, and
CD81). However, diversity exists among the expression of these
tetraspanins – although the biological significance is currently
unclear (Bobrie et al., 2012).

In contrast to exosomes, microvesicles are generally larger
and range in size (100–1000 nm in diameter). The mechanism
of microvesicle biogenesis is not well understood; however,
it is thought to require cytoskeletal components such as
actin and microtubules (along with the respective molecular
motors), and fusion machinery (SNAREs and tethering proteins)
(Cai et al., 2007). Microvesicles arise by direct budding
from the plasma membrane and enter the extracellular space
(He et al., 2018). Accordingly, microvesicle contents closely
resemble the composition of the cytosol of the parent cell
(Mohammadi et al., 2019).

We next consider the biology of cardiac fibrosis, then return
to EVs as therapeutic candidates to offset fibrosis. For a detailed
review of cardiac regeneration and EV biology, the reader

1http://www.exocarta.org

is referred to recently published reviews (Balbi et al., 2020;
Tikhomirov et al., 2020).

ORIGIN OF CARDIAC FIBROSIS

The deposition of collagen occurs in three forms: replacement,
interstitial, and perivascular (Figure 2). As a result of
cardiomyocyte loss, replacement fibrosis ensues to fill
devoid space within the myocardium (Rogers and Otis, 2017).
Dominating in acute myocardial infarction (MI), replacement
fibrosis is critical to protecting the myocardium from rupture
and dilative remodeling by preserving structural integrity and
normalizing myocardial wall stress. Interstitial and perivascular
fibrosis develop as excess collagen deposits in the myocardial
interstitium and surrounding the peri-adventitia, respectively
(Frangogiannis, 2019). The latter two are the unfortunate
consequences of a number of insults, including myocardial
inflammation, which lead to chronic heart disease. The extent
of interstitial and perivascular fibrosis is closely associated with
adverse clinical outcomes (Berk et al., 2007; Kong et al., 2014).
As such, the development of therapeutic interventions to combat
myocardial fibrosis remain a major focus of current research.

Cellular and Molecular Players in
Cardiac Fibrosis
The hallmark of any cardiac insult remains the universal
activation of the innate and adaptive immune system.
For example, following acute myocardial infarction, dead
cardiomyocytes release DNA (Roers et al., 2016) and cellular
proteins (Scaffidi et al., 2002; Panayi et al., 2004) into the
extracellular space which serve as damage-associated molecular
patterns (Rubartelli and Lotze, 2007). These signals are sensed by
leukocytes (Tang et al., 2012) and activate nuclear factor kappa-
light-chain-enhancer of activated B cells (NFκB)-mediated
transcription of pro-inflammatory cytokines, chemokines, and
other mediators of the inflammatory response (Legrand et al.,
2019). Mounting evidence suggests infiltrating macrophages
are key mediators of the pro-fibrotic response to injury
(Frangogiannis, 2019). In animal models of pressure overload-
induced heart failure, recruited M1 macrophages communicate
with CD4+ T lymphocytes and perpetuate the pro-inflammatory
wave leading to fibrosis, cardiac dysfunction, and heart failure
(Nevers et al., 2015; Patel et al., 2018). Moreover, macrophages
can activate resident stromal cells which contribute directly to
collagen deposition. For example, in response to angiotensin-
induced hypertrophic cardiomyopathy, macrophages stimulate
cardiac fibroblasts to produce IL-6 leading to TGFβ1 production
and subsequent development of cardiac fibrosis (Ma et al., 2012).

Perhaps the most widely known macrophage-secreted
cytokine to drive fibrosis is TGFβ, which binds to its cognate
receptors on cardiac tissue (TGFβR2, ALK, and others) and
mobilizes Smad2 and Smad3 transcription factors to initiate
myofibroblast differentiation (Khalil et al., 2017; Pardali et al.,
2017). The principal source of myofibroblasts in the heart
are resident fibroblasts, and to a lesser degree, endothelial
cells. However, not all macrophages are created equal. M2c
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FIGURE 1 | Extracellular vesicle biology. Schematic of extracellular vesicle biogenesis. Exosomes arise from the fusion of inward budding of multivesicular bodies.
The resulting vesicles are either degraded by lysosomes or secreted as exsomes. Microvesicles arise by direct budding from the plasma membrane and enter the
extracellular space. Apoptotic bodies arise from membrane protrusions fragmentation of an apoptotic cell. ER, endoplasmic reticulum; ILV, intraluminal vesicle; MVB,
multivesicular body.

macrophages, for example, phagocytose dead cells and debris and
secrete matrix metalloproteinases, which can reabsorb collagen
deposits and contribute to remodeling of the extracellular matrix
(Cheng et al., 2018; Krzyszczyk et al., 2018). The interplay
among macrophages, fibroblasts, and endothelial cells is now
understood to be a major driving force of myocardial fibrosis.
Thus, in the context of anti-fibrogenesis, EVs can intervene
by direct stimulation of pro-inflammatory M1 macrophages
to differentiate into an M2-like phenotype (Silva et al., 2017).
This step is important for the resolution of inflammation and
subsequent anti-fibrotic actions. We will next discuss, in more
detail, immunomodulatory actions of EVs.

EXTRACELLULAR VESICLES AS
THERAPEUTIC AGENTS

Recently, EVs (and exosomes in particular) are attracting much
interest – not only in physiological and pathological cell–
cell communication, but also as a platform for therapeutic
development (Sluijter et al., 2018). The recognition that
progenitor cells secrete EVs that are bioactive ushered in the

concept of EVs as cell-free therapeutic candidates (Figure 3).
As the holy grail of regenerative medicine, restoring both
cardiac structure and function are fundamental goals of any
therapeutic candidate. Indeed, EVs harvested from cardiac
stem/progenitor cells, mesenchymal stem/stromal cells (MSCs),
embryonic stem cells (ESCs), induced pluripotent stem cells
(iPSCs), and non-stem cell sources have demonstrated benefits
in cardiac regeneration (Alibhai et al., 2018; Figure 4). By
supplanting cell transplantation with administration of EVs,
many concerns and limitations regarding safety and feasibility
from cell therapy can be attenuated.

Production of EVs for Therapeutic
Applications
Therapeutic exosomes are of great potential interest, but it
should be noted that there are no FDA-approved EV products.
Nevertheless, some scholarship on the topic of isolating such
exosomes has appeared (for example, Marbán, 2018b). Briefly, we
start by culturing therapeutically potent cells in vitro in serum-
free media (to exclude contaminating exosomes naturally found
in serum), and allowing the cells to condition the media. The
conditioning phase is variable and can be as brief as 24 h or as
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FIGURE 2 | Manifestations of cardiac fibrosis. Schematic of the three main
types of cardiac fibrosis. Replacement fibrosis develops to fill necrotic lesions
within the myocardium as a result of ischemia, infection, or trauma. Interstitial
fibrosis develops in the interstitial space of the myocardium as a result of
non-ischemic cardiomyopathies. Perivascular fibrosis develops in the
peri-adventitial space as a result of non-ischemic cardiomyopathies.

long as 15 days under normoxic or hypoxic conditions. Varying
conditioning phase parameters can influence cargo loading
into exosomes, which may impact their disease-modifying
bioactivity. Conditioned media contains not only exosomes
but also other EVs, proteins, and products of metabolism. To
remove non-EV components, further processing by laboratory
personnel typically involves ultrafiltration (i.e., by molecular
weight exclusion). In order to separate exosomes from larger EVs
such as microvesicles or apoptosomes, ultracentrifugation or size
exclusion chromatography may be used (Baranyai et al., 2015).
Finally, the purified product is aliquoted into dosage-defined
units and packaged into vials for later use.

Cardiosphere-Derived Cell EVs
Cardiosphere-derived cells (CDCs) are stromal cells of intrinsic
cardiac origin (White et al., 2013), and are multipotent and
clonogenic (but not self-renewing; Davis et al., 2009). CDCs
uniformly express CD105 and are negative for CD45 and
other hematogenous markers. Since the isolation of CDCs was
first reported in 2007 (Smith et al., 2007), >200 papers have
been published using this cell type from >55 independent
labs worldwide. CDCs secrete EVs (CDC-EVs) which transfer
payloads into target cells, inducing epigenomic, transcriptomic,
and phenotypic changes that underlie the benefits of CDC
therapy (Marbán, 2018b). Indeed, therapeutic bioactivity by
CDC-EVs has been demonstrated in several animal studies
such as acute MI (Ibrahim et al., 2014; De Couto et al., 2017;
Gallet et al., 2017), non-ischemic cardiomyopathy (Aminzadeh
et al., 2015), and Duchenne muscular dystrophy (DMD)-related
cardiomyopathy (Aminzadeh et al., 2018; Rogers et al., 2019b).
In preclinical studies, CDC-EVs induce cardiomyogenesis and
angiogenesis, reduce fibrosis, modulate the immune response,

and generally improve cardiac function (Marbán, 2018b).
The mechanism of benefit appears to hinge on their cargo,
particularly non-coding ribonucleic acids (ncRNA). Of the
numerous RNA species, microRNAs (miRs) are the best-
described class of small ncRNA.

Several CDC-EV associated miRs impact on inflammation
and fibrosis including miR-146a (Barile et al., 2014; Ibrahim
et al., 2014), miR-210 (Barile et al., 2014), miR-181b (De Couto
et al., 2017), miR-148a (Aminzadeh et al., 2018), and miR-92a
(Ibrahim et al., 2019). miR-146a targets multiple pathways active
in cardiac disease including inflammation and fibrosis. Indeed,
miR-146a regulates NFκB (Saba et al., 2014) and TGFβ signaling
(Geraldo et al., 2012). Specifically, miR-146a inhibits Smad4-
mediated myofibroblast differentiation to attenuate myocardial
fibrosis (Liu et al., 2012). Delivery of a miR-146a mimic in
infarcted mouse hearts reproduced some, but not all the benefits
observed with CDC-EV treatment, suggesting cooperative effects
of other CDC-EV cargo in the overall benefits. Moreover, it is
unclear if other CDC-EV miRs share overlapping or synergistic
bioactivity. For example, miR-181b blunts pro-inflammatory
cytokine production by targeting protein kinase Cδ in a rat model
of acute MI (De Couto et al., 2017), while miR-148a attenuates
NFκB phosphorylation in the mdx mouse model of DMD
(Aminzadeh et al., 2018; Rogers et al., 2019b). We have recently
demonstrated CDC-EVs modulate the mdx mouse macrophage
toward a pro-regenerative phenotype with prominent secretion
of tissue inhibitor of matrixmetalloproteinase 2 (TIMP-2; Rogers
et al., 2019a). We speculate that enhanced TIMP-2 secretion may
contribute to the anti-fibrotic effect of CDC-EVs. In TIMP-2 null
mice, MI led to greater ventricular dilation and infarct expansion
(Kandalam et al., 2010). In contrast, TIMP-2 overexpression
reduced ventricular dilation and infarct expansion post-MI
(Ramani et al., 2011), and TIMP-2 inhibits human fibroblast
activation at high concentrations (Ngu et al., 2014).

In addition to miRs, other less described ncRNAs, such as
Y-RNAs, have been shown to influence the transcriptome
in cardiac tissue. Y-RNAs are components of the Ro60
ribonucleoproteins and play a key role in DNA replication
by interacting with chromatin and replication initiation proteins
(Christov et al., 2006; Zhang et al., 2011). EV-YF1, a Y-RNA
fragment found abundantly in CDC-EVs, skews macrophage
polarization toward a pro-regenerative phenotype, which
provides cardioprotection against ischemia/reperfusion injury
in rats (Cambier et al., 2017). Moreover, in a mouse model of
angiotensin-induced hypertrophic cardiomyopathy, EV-YF1
treatment attenuated myocardial hypertrophy, inflammation,
and fibrosis, which were mediated by IL-10 (Cambier et al.,
2018). While much work has focused on well-known ncRNAs
such as miRs, it is clear that other RNA species contained within
EVs are therapeutically bioactive. Further work will be required
to better understand the role other lesser-known ncRNAs play in
the mechanistic basis of EV-based therapeutics.

Mesenchymal Stem Cell-Derived EVs
MSCs are multipotent stem/stromal cells found in loose
connective tissue (e.g., areolar, reticular, and adipose), bone
marrow, and lymph tissue (Bianco et al., 2008; Choi et al., 2019).
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FIGURE 3 | Extracellular vesicle-mediated communication. Schematic of release and uptake of extracellular vesicles. Therapeutic cells secrete bioactive extracellular
vesicles, which are taken up by diseased cells to alter cell function.

While initial enthusiasm regarding MSCs originated from their
capacity to differentiate into various cell types, it is now widely
accepted that their engraftment and differentiation are negligible,
and do not account for the therapeutic effects of MSC infusions
(Iso et al., 2007; Leiker et al., 2008; Keating, 2012; Tokita et al.,
2016). In congruency with CDCs (though a distinctly different
cell type), MSCs mediate their disease-modifying bioactivity
through the secretion of paracrine factors including EVs (MSC-
EVs). Moreover, like CDC-EVs, MSC-EVs contain a plethora
of RNA species, including miRs. For example, MSC-EVs from
bone marrow-derived MSCs are enriched with miR-22, which
confers anti-apoptotic and anti-fibrotic properties in a mouse
model of acute MI (Feng et al., 2014). Further, cardioprotective
miRs miR-19a and miR-221 are commonly found in MSC-
EVs (Yu et al., 2013; Yu et al., 2015; Shi et al., 2018). Unlike
MSCs, MSC-EVs are said to have no risk of tumorigenicity or
extraosseous calcification, and a lower possibility of immune

rejection following in vivo allogeneic administration (Stoltz et al.,
2015). These features further support the notion of EVs as next-
generation therapeutic candidates.

Embryonic Stem Cell- and Induced
Pluripotent Stem Cell-Derived EVs
Embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), like CDCs and MSCs, secrete bioactive EVs
against cardiac injury and fibrosis, although they are traditionally
believed to work by engraftment and differentiation rather
than by paracrine mechanisms (Marbán, 2018a). ESC-EVs are
enriched in the miR-290/295 cluster; one member, miR-294,
promotes cardiomyocyte survival and attenuates fibrosis in MI
(Khan et al., 2015). Similarly, iPSC-EVs have also demonstrated
cardioprotective properties, mediated in part by miR-21 and
miR-210 (Wang et al., 2015).
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FIGURE 4 | Therapeutic functions of extracellular vesicle cargo. Schematic of therapeutically active cargo found inside extracellular vesicles. Defined molecules exert
specific biological functions in target tissues. EV, extracellular vesicle; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; miR, microRNA; EV-YF1,
extracellular vesicle Y-RNA fragment.

Peripheral Blood-Derived EVs
Secreted mostly by platelets and the vascular endothelium,
peripheral blood-derived EVs (PB-EVs) exhibit tissue-protective
bioactivity. PB-EVs from healthy humans or rodents exert anti-
oxidant (Vicencio et al., 2015), anti-apoptotic (Minghua et al.,
2018), and anti-fibrotic (Yamaguchi et al., 2015) effects in animal
models of MI. These therapeutic benefits appear to be, in part,
mediated by miRs. The anti-fibrotic effects appear to be largely
driven by miR-29, which has been validated to target col1a1,
col1a2, col3a1, fbn1, and eln1 transcripts (Van Rooij et al.,
2008). Moreover, PB-EVs were demonstrated to attenuate fibrosis
and cardiac dysfunction in a streptozotocin-induced diabetic
cardiomyopathy model, which was mediated, in part, by HSP20
(Wang et al., 2016).

THE PROMISE OF EXTRACELLULAR
VESICLE ENGINEERING FOR
NEXT-GENERATION THERAPEUTICS

The nature and the physiological state of the EV-secreting cell
affects the tropism and therapeutic bioactivity of the produced
vesicles (Wiklander et al., 2015; Lai et al., 2016). In the circulation,
the balance between EV production and clearance reflects the

steady-state level. Upon systemic delivery, the detection window
of labeled EVs is typically very short (Yáñez-Mó et al., 2015).
Generally speaking, EVs are distributed to many body tissues
including the liver, bone, skin, muscle, spleen, kidney, and
lung. EV-specific expression of selective adhesion molecules
may influence biodistribution. For example, CD169-expressing
macrophages in the spleen and lymph nodes capture B cell-
derived EVs. In contrast, EV trafficking to the lymphoid system
is dysregulated in CD169 knockout mice (Saunderson et al.,
2014). Other insights into cell-specific EV uptake indicate
the potential influence of saccharides. In the presence of D-
mannose or D-glucosamine, EV uptake by dendritic cells was
blunted, suggesting an EV uptake mechanism based on C-type
lectin interaction (Hao et al., 2007). However, other studies
have demonstrated sugars do not seem to play a significant
role in EV-cell interaction and uptake (Escrevente et al.,
2011), suggesting cell- or condition-specific difference in EV
uptake mechanisms.

Given the identification of EV-derived biomolecules that
mediate many of the therapeutic benefits associated with EV
therapy, selectively loading EVs with defined biomolecules is
one goal which can be achieved using various approaches
reviewed elsewhere (Kenari et al., 2020). Briefly, a non-
invasive method for loading therapeutic molecules into EVs is
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via co-incubation (Zhuang et al., 2011). This method allows
hydrophobic biomolecules to enter the EV lumen through passive
diffusion without disrupting the lipid membrane. Other methods
include, but not limited to, electroporation or sonication (Tian
et al., 2014; Kim et al., 2016). Although these methods have
been successfully used to load exogenous biomolecules into EVs,
they disrupt the lipid membrane and may result in EV damage
or lysis. Further research will be required to determine if these
are viable methods to produce clinical-grade therapeutic EVs.
In addition to loading defined molecules into EVs, engineering
their delivery to specific target tissues would be a significant
enhancement to such a therapeutic. As such, we have recently
developed a platform using membrane cloaking and surface
display technology to direct EVs to target tissues. Cloaking lends
itself to utilizing any biotinylated antibody – to which countless
are commercially available for testing. For example, we previously
demonstrated that CDC-EV uptake by cardiac fibroblasts, which
is ordinarily minimal, could be augmented in vitro by ligating
a DDR2 antibody (Antes et al., 2018). Addition of an ischemic
targeting peptide to the surface of CDC-EV conferred enhanced
in vivo targeting to the myocardium. Such an advent may
provide significant therapeutic value to target a major cell source
contributing to the development of myocardial fibrosis.

CONCLUSION

Extracellular vesicles represent a mode of intercellular
communication near and far. These tiny vesicles carry messages
in the form of biomolecules to inform recipient cells of

the current (patho)physiological state and direct the cell to
respond appropriately. The recognition that EVs secreted from
stem/progenitor cells are therapeutically bioactive when given to
animals with heart disease represents a paradigm shift away from
cell therapy toward a cell-free platform. Such a paradigm shift
overcomes many key concerns and limitations of cell therapy,
while conferring the amendable ability to modify vesicle cargo
and tissue targeting. Indeed, we and others have demonstrated
that payload RNAs, notably miRs, long non-coding RNAs,
Y-RNAs, and piRNA, produce transcriptomic and epigenomic
modifications that impart lasting effects on recipient cells. By
targeting key cellular and molecular players in cardiac fibrosis,
these defined molecules contained within therapeutically potent
EVs provide insight into avenues for bioengineering. Time will
certainly tell if EV-based therapeutics live up to their promise.
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Jianli Shi1†, Peilin Xiao1†, Xiaoli Liu1, Yunlin Chen1, Yanping Xu1, Jinqi Fan1,2 and
Yuehui Yin1*

1 Department of Cardiology, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China,
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Cardiac fibrosis is a common pathological process in multiple cardiovascular diseases,
including myocardial infarction (MI). Abnormal cardiac fibroblast (CF) activity is a key
event in cardiac fibrosis. Although the Notch signaling pathway has been reported to
play a vital role in protection from cardiac fibrosis, the exact mechanisms underlying
cardiac fibrosis and protection from it have not yet been elucidated. Similarly, Hif1α

and the RhoA/ROCK signaling pathway have been shown to participate in cardiac
fibrosis. The RhoA/ROCK signaling pathway has been reported to be an upstream
pathway of Hif1α in several pathophysiological processes. In the present study, we
aimed to determine the effects of notch3 on CF activity and its relationship with the
RhoA/ROCK/Hif1α signaling pathway. Using in vitro experiments, we demonstrated
that notch3 inhibited CF proliferation and fibroblast to myofibroblast transition (FMT)
and promoted CF apoptosis. A knockdown of notch3 using siRNAs had the exact
opposite effect. Next, we found that notch3 regulated CF activity by negative regulation
of the RhoA/ROCK/Hif1α signaling pathway. Extending CF-based studies to an in vivo
rat MI model, we showed that overexpression of notch3 by the Ad-N3ICD injection
attenuated the increase of RhoA, ROCK1, ROCK2, and Hif1α levels following MI and
further prevented MI-induced cardiac fibrosis. On the basis of these results, we conclude
that notch3 is involved in the regulation of several aspects of CF activity, including
proliferation, FMT, and apoptosis, by inhibiting the RhoA/ROCK/Hif1α signaling pathway.
These findings are significant to further our understanding of the pathogenesis of cardiac
fibrosis and to ultimately identify new therapeutic targets for cardiac fibrosis, potentially
based on the RhoA/ROCK/Hif1α signaling pathway.
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INTRODUCTION

Heart failure (HF), secondary to ischemic or non-ischemic
cardiomyopathy, is a serious health issue with high rates of
associated morbidity and mortality. The progression of HF
is in part caused by cardiac fibrosis, which is characterized
by the deposition of extracellular matrix (ECM) and the
activation of cardiac fibroblasts (CFs). Cardiac fibrosis is a
common pathological process during the development of HF in
multiple cardiovascular diseases (Li K. et al., 2019; Wang et al.,
2019). Excessive cardiac fibrosis is furthermore a predictor of
sudden cardiac death and overall mortality for cardiomyopathy
(Gulati et al., 2013).

The myocardium consists of cardiomyocytes, CFs, and
endothelial cells. CFs are predominantly involved in the
maintenance of the ECM, which plays an important role in
myocardial fibrosis (Prabhu and Frangogiannis, 2016). During
myocardial fibrosis, CFs have a proliferative and migratory
phenotype and exhibit enhanced secretion of ECM. This
alteration in CF activity is a key regulatory event in cardiac
fibrosis. Several proinflammatory and profibrotic factors are
involved in the regulation of CF activity in cardiac fibrosis, such
as NF-κB, bone morphogenetic protein, and TGF-β1 (Sun et al.,
2013; Fix et al., 2019; Li A.Y. et al., 2019). These factors have been
shown to be involved in similar pathological processes for several
different etiologies (Harvey and Leinwand, 2011).

The Notch signaling pathway is a highly conserved signaling
system involved in cellular differentiation, proliferation,
apoptosis, and epithelial-to-mesenchymal transformation
(EMT) (Hu and Phan, 2016; MacGrogan et al., 2018). Previous
studies have demonstrated that the notch signaling pathway
is able to protect the myocardium from ischemia (Zhou et al.,
2019). However, the molecular mechanisms of notch3 in
alleviating cardiac fibrosis are not fully elucidated, and further
research is required.

Hif1 is part of the family of basic-helix-loop-helix/Per-ARNT-
Sim (bHLH/PAS) DNA binding transcription factors (Greer
et al., 2012) and is a major regulator of the hypoxic response.
Hif1α is unstable and rapidly degraded by the ubiquitin–
proteasome system. The role of Hif1α in cardiovascular diseases
is controversial (Kido et al., 2005; Shyu et al., 2005a,b; Natarajan
et al., 2008). In a review of previous studies, Xiong and Liu
(2017) suggested that Hif1α may contribute to excessive ECM
deposition and vascular remodeling and thus constitutes a vital
therapeutic target for fibrotic diseases. The majority of previous
studies investigating Hif1α was looking at the hypoxia pathway,
but Hif1α is involved in a variety of other pathways. For
example, angiotensin II (Ang II) has been shown to increase
Hif1α levels in vascular smooth muscle cells independent of
the oxygen environment (Richard et al., 2000). Furthermore,
the RhoA/ROCK signaling pathway has been found to act as
an upstream pathway of Hif1α in several pathophysiological
processes, constituting a molecular switch in regulating cellular
adherence, proliferation, and apoptosis (Sarrabayrouse et al.,
2007; Jing et al., 2015; Rao et al., 2017). There is mounting
evidence suggesting that RhoA/ROCK participates in the
regulation of fibrosis by interacting with other signaling pathways

or regulators (Bei et al., 2016; Tang et al., 2018; Zhou et al.,
2018; Lai et al., 2019). However, no studies have so far clearly
demonstrated the mechanisms underlying the regulation of CF
activity via interaction of the notch signaling pathway with Hif1α

and RhoA/ROCK. To explore these signaling events in cardiac
fibrosis, we investigated the effects of Hif1α–RhoA/ROCK
interaction on the modulation of notch-dependent fibrotic events
under normoxia. Our results showed that notch3 regulated CF
activity in vitro and cardiac fibrosis in vivo. Besides, we confirmed
the involvement of the RhoA/ROCK/Hif1α signaling pathway in
these processes.

MATERIALS AND METHODS

Animal Care and Procedures
Six- to eight-week-old male Sprague–Dawley rats (weighing
250 ± 20 g) were obtained from the Animal Research Center
of Chongqing Medical University (Chongqing, China) and
housed in a temperature-controlled environment on a 12-
h/12-h light/dark cycle. All experimental procedures were
approved by the Institutional Ethics Committee of Chongqing
Medical University. The rats were anesthetized using sodium
pentobarbital (60 mg/kg, i.p.), and thoracotomy was performed.
We injected N3ICD (notch3 intracellular domain)-expressing
adenovirus (Ad-N3ICD) and GFP-expressing adenovirus (Ad-
GFP) [purchased from Genechem (Shanghai, China)] into the
free anterior wall of the left ventricle at five different sites
(2 × 109 pfu/ml, 5 µl per injection). Two days later, we
introduced a myocardial infarction (MI) model as previously
published (Qian et al., 2019). Briefly, ligation was accomplished
at the proximal third of the left anterior descending (LAD)
artery, and then the anterior wall of the left ventricle turned pale.
Two months after thoracotomy, the rats were sacrificed, and the
ventricular myocardium from the ischemic or region bordering
the scar was harvested for further experiments.

Echocardiography
Transthoracic echocardiography was performed using Toshiba
Aplio 500 ultrasound system equipped with a linear transducer
probe (PLT-1204BT) at 2 months after thoracotomy. Two-
dimensional and M-mode echocardiography was obtained both
in parasternal short- and long-axis views. Left ventricular end-
diastolic diameter (LVEDD) and calculated left ventricular
ejection fraction (LVEF) were acquired on heart rates ranging
between 400 and 500 beats per minute. All measurements were
averaged across 10 consecutive cardiac cycles.

Masson Staining
The ischemic or bordering scar region of the left ventricle
myocardium were isolated, fixed in 4% paraformaldehyde, and
embedded in paraffin. The paraffin sections were sliced at
5 µm and stained with hematoxylin staining solution for 3 min
following deparaffinization. Next, the sections were stained with
Masson Ponceau acid fuchsin solution for 5–10 min, followed by
differentiation with 1% phosphomolybdic acid aqueous solution
for 3 min, and stained with aniline blue solution for 5 min.
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Lastly, the sections were blocked with neutral gum and observed
under the microscope (Nikon TE2000-U microscope, Japan). The
area of myocardial fibrosis was quantified using Image J (v1.8.0,
National Institutes of Health, United States). Myocardial tissues
were stained with red; collagenous fibers were presented in blue.
Vasculature and scar regions with a high abundance of collagen
were excluded from quantification.

Cardiac Fibroblast Isolation, Culture, and
Cell Transfection
Cardiac fibroblasts were obtained by digesting the ventricles of
1- to 2-day-old Sprague–Dawley rats with 0.08% collagenase II
(Sigma, United States) and 0.1% trypsin (Beyotime, Shanghai) as
previously reported (Tao et al., 2014) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (high glucose, Gibco)
containing 10% fetal bovine serum (FBS) (Gibco, Gaithersburg,
United States), 100 U/ml of penicillin, and 100 µg/ml of
streptomycin (Beyotime, Shanghai) in 5% CO2 at 37◦C. The CFs
were passaged upon 80–90% confluency. Fibroblasts were only
passaged once before conducting further experiments.

Notch3-specific small interfering ribonucleic acid (si
notch3) and scrambled siRNA (sc notch3) were synthesized by
Genepharm Biotech (Shanghai, China). The siRNA sequences
were as follows:

siRNA1: 5′-GCAUCUGCCAUGGAGGAUATT-3′;
siRNA2: 5′-CCUGCAACCCGGUUUAUAATT-3′;
siRNA3: 5′-CCGUGUGGCCUCUUUCUAUTT-3′; and
scramble siRNA: 5′-UUCUCCGAACGUGUCACGUTT-3′.

The N3ICD cDNA was cloned into an expression vector
(GV314) and coupled to a Flag tag. Recombinant expression of
the pFlag-N3ICD plasmid was confirmed by DNA sequencing
(Genechem, Shanghai China). When the CFs reached 60%
confluency, si notch3, sc notch3, notch3 overexpression plasmid
(ov-N3ICD), or the empty vector plasmid (vector) was
transfected into CFs using the Lipofectamine 3000 transfection
reagent (Invitrogen). The transfection efficiency was quantified
using RT-qPCR and western blotting 48 h after transfection.

To investigate the role of Hif1α and the RhoA/ROCK
signaling pathway in the regulation of notch3-dependent effects
on CF activity, 2-ME (an inhibitor of Hif1α, MedChemExpress,
United States, 10 µmol), DMOG (an inhibitor of Hif-1α

prolyl hydroxylase, MedChemExpress, United States, 100 µmol),
and Y-27632 (an inhibitor of the RhoA/ROCK pathway,
MedChemExpress, United States, 30 µmol) were applied with a
2-h preincubation prior to transfection.

Real-Time qPCR
Total RNA from CFs and myocardial tissue was extracted using
TRIzol (Takara, Japan). Reverse transcription was carried out
with the PrimeScript RT reagent Kit with gDNA Eraser (Takara,
Japan). The qPCR primers were obtained from Invitrogen
(Carlsbad, CA, United States). The primer sequences were as
follows:

Notch3 forward primer: 5′-GCACGAACTGACCGAA
CTGG-3′;

Notch3 reverse primer: 5′-TGATGAGAATCT
GGAAGACACCC-3′;
GAPDH forward primer: 5′-AAGTTCAACGGC
ACAGTCAAGG-3′; and
GAPDH reverse primer: 5′-ACGCCAGTAGACT
CCACGACAT-3′.

Notch3 gene expression was quantified by PCR Amplification
Kit (Takara, Japan). Briefly, the PCR included the following steps:
denaturation of cDNA at 95◦C for 30 s, followed by 40 cycles of
95◦C for 5 s (denaturation) and 60◦C for 30 s (annealing and
elongation). GAPDH was used as a loading reference. Differential
expression values were calculated using the11CT method.

Western Blot Analysis
Protein was extracted from isolated CFs and ventricular tissue
using radioimmunoprecipitation assay (RIPA) buffer (Beyotime,
China) containing protease and a phosphatase inhibitor cocktail
(MCE). To separate cytosolic and membrane fractions, we
used a membrane and cytosol protein extraction kit (Beyotime,
Haimen, China) according to the manufacturer”s instructions.
Protein concentrations were quantified with the bicinchoninic
acid (BCA) assay (Beyotime, China). Proteins were separated
on an 8–12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride (PVDF) membranes (Roche Applied Science,
Germany). After being blocked with 5% milk for 1 h, the
membranes were incubated with primary antibodies at 4◦C
overnight. We used the following antibodies: notch3 (1:1,000),
α-SMA (1:2,000), total caspase3 (1:1,000), GAPDH (1:1,000), Pan
cadherin (1:1,000), and β-actin (1:1,000), all from Proteintech
(Rosemont, United States); Col I (1:1,000), Hif1α (1:1,000),
Col III (1:1,000), and Bcl2 (1:1,000) from GeneTex (Irvine,
CA, United States); and RhoA (1:1,000), ROCK1 (1:1,000), and
ROCK2 (1:1,000) from Abcam (Cambridge, United States).
The membranes were washed with TBST three times and
then incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Proteintech, Rosemont, United States)
at room temperature for 1 h. Images were acquired with the
ChemiDoc Imager (Bio-Rad, Hercules, CA, United States).

Cell Counting Kit-8 Assay
Cell viability was evaluated with Cell Counting Kit-8
(CCK8; MedChemExpress, United States) according to the
manufacturer’s instructions. Briefly, CFs were seeded in 96-well
culture plates at a density of 5 × 103 cells/well and cultured at
5% CO2 at 37◦C. After transfection for 48 h, we added 10 µl of
CCK8 solution, incubated at 37◦C for 1–4 h, and then detected
optical density of each well at 450 nm with a microplate reader
(Molecular Devices).

EdU Proliferation Assay
Cardiac fibroblast proliferation was evaluated using an EdU
cell proliferation assay kit (RibobilTM, China). The CFs were
seeded in 24-well plate, transfected with si notch3 or ov-N3ICD
plasmid for 48 h, and incubated with 10 µm EdU for 24 h. We
then fixed the cells with 4% paraformaldehyde, permeabilized
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them with 0.5% Triton-X 100 in phosphate-buffered saline
(PBS), stained with EdU, and then counterstained with DAPI
(Boster, China). Images were acquired using a Nikon TE2000-U
microscope (Tokyo, Japan). The percentage of EdU-positive cells
was calculated from six random fields over three wells.

Immunofluorescence
After transfection with si notch3 or ov-N3ICD plasmid for 12 h,
CFs were fixed with 4% paraformaldehyde for 20 min, incubated
with 0.1% Triton-X 100 in PBS for 15 min, blocked in 10% goat
serum for 30 min, and then incubated with an anti-Hif1α primary
antibody (GeneTex, United States, 1:200) overnight at 4◦C. After
three PBS washing steps, CFs were incubated with DyLight
594-conjugated goat anti-rabbit IgG (red) (EarthOx, Millbrae,
United States) at room temperature for 1 h protected from light.
The nuclei were counterstained using DAPI (Boster, China) for
5 min. We acquired confocal images at 600 × magnification on
a LEICA TCS SP2 confocal microscope. Fluorescence intensities
were quantified using Image J (v1.8.0, National Institutes of
Health, United States).

Flow Cytometry
After transfection for 48 h, CFs were digested with 0.25% trypsin
and washed three times with PBS. CFs were resuspended in
500 µl of PBS, labeled with Annexin V-APC and propidium
iodide (PI), and incubated for 15 min in the dark. Apoptotic cells
were detected by flow cytometry sorting of Annexin V and PI
double-stained cells (FACS Vantage SE, BD, United States). The
apoptotic index was calculated as follows: (number of apoptotic
cells/total number of cells tested)× 100%.

Statistical Analyses
We employed GraphPad Prism 5.0 (GraphPad Software Inc., San
Diego, CA, United States) for data analysis. Continuous variables
were presented as the mean ± SD. Statistical comparisons were
performed by Student’s t-test or one-way analysis of variance
(ANOVA). All experiments were repeated at least three times.
Statistical significance was defined as P < 0.05.

RESULTS

Notch3 Inhibits the Proliferation of
Cardiac Fibroblasts
To examine the effect of notch3 on CF proliferation, we
transfected cells with either overexpression plasmid (ov-N3ICD)
or siRNA duplexes (si notch3). After the transfection of the
ov-N3ICD plasmid, the mRNA and protein expression levels
of notch3 were significantly higher than in the control vector
group (Figures 1A,B). For silencing notch3, we constructed three
siRNA duplexes (si notch3 1, si notch3 2, and si notch3 3). RT-
qPCR confirmed that both si notch3 1 and si notch3 3 effectively
knocked down notch3 (Figure 1C). Similarly, western blotting
analysis showed that both si notch3 1 and si notch3 3 effectively
reduced protein expression of notch3 (Figure 1D). Therefore, we
used these two constructs for the following experiments.

To measure the proliferative capacity of CFs after notch3
overexpression or silencing, we carried out EdU and CCK8
staining assays. As shown in Figures 2A,B, CFs in the ov-N3ICD
group exhibited a significantly lower proliferation rate than in the
vector control group. Conversely, we found that CFs had a higher
proliferation rate after siRNA notch3 knockdown than CFs in
the scrambled notch3 control group (Figures 2C,D). Therefore,
our experiments suggested that notch3 has an inhibitory effect on
CF proliferation.

Notch3 Promotes Cardiac Fibroblast
Apoptosis
The caspase family plays an important role in the execution of
cellular apoptosis. Caspase3, in particular cleaved caspase 3—the
active form of caspase3—is widely considered as an apoptotic
marker (Zheng et al., 1998; Langford et al., 2011). It is well
known that Bcl2 protects many cell lines from apoptosis (Lessene
et al., 2008). To further detect anti-apoptotic proteins, we also
measured Bcl2 expression. Western blot analysis showed that
notch3 overexpression resulted in a significant increase in the
ratio of cleaved caspase3 to total caspase3 as well as a significantly
lower Bcl2 level as compared with controls (Figure 3A). In
contrast, notch3 knockdown exerted an opposite effect on the
cleaved caspase3 to total caspase3 ratio and expression levels of
Bcl2 (Figure 3B).

Next, we determined the CF apoptosis by flow cytometry with
Annexin V and PI double staining. In line with our previous
experiments, we found that notch3 overexpression significantly
elevated CF apoptosis (Figure 3C), whereas knockdown of
notch3 inhibited it (Figure 3D). In summary, these findings
suggest that notch3 may promote apoptosis of CFs by increasing
the ratio of cleaved caspase3 to total caspase3 and decreasing Bcl2
expression levels.

Notch3 Inhibits Cardiac Fibroblast to
Myofibroblast Transition and
Extracellular Matrix Production
Previous studies have demonstrated that fibroblast to
myofibroblast transition (FMT) and ECM production (Col
I and Col III) are key steps in cardiac fibrosis. We therefore
quantified α-SMA (a biomarker of myofibroblasts), Col I,
and Col III protein levels by western blot. The expression
of α-SMA, Col I, and Col III was lower in ov-N3ICD-
transfected CFs than in the vector control group (Figure 4A).
On the other hand, protein expression of α-SMA, Col I, and
Col III increased significantly after notch3 downregulation
(Figure 4B). Taken together, these results suggested that notch3
inhibits both the differentiation of CFs into myofibroblasts
and ECM production.

Notch3 Alters the Expression of Hif1α

and RhoA/ROCK in Cardiac Fibroblasts
To investigate the effects of notch3 on Hif1α, we quantified
Hif1α levels after notch3 overexpression or knockdown,
respectively. Immunofluorescence of CFs showed that the
nuclear expression of Hif1α was significantly lower after notch3
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FIGURE 1 | Notch3 was overexpressed and knocked down successfully in cardiac fibroblasts (CFs). (A,B) Rat CFs were transfected with ov-N3ICD plasmid or
vector. Notch3 expression was detected by RT-qPCR and western blotting analysis (n = 3). (C) CFs were treated with small interfering RNA constructs (sc notch3, si
notch3 1, si notch3 2, or si notch3 3), and mRNA expression of notch3 was quantified by RT-qPCR (n = 3). (D) Western blot analysis of notch3 expression after
notch3 knockdown (n = 3). Values represent the mean ± SD. *P < 0.05, **P < 0.01.

overexpression (Figure 5A), whereas notch3 knockdown
induced Hif1α expression in the nucleus (Figure 5D).
The western blotting analysis demonstrated that notch3
overexpression reduced the expression of Hif1α, RhoA, ROCK1,
and ROCK2 (Figure 5B). To further evaluate the function of
the RhoA/ROCK signaling pathway in CFs, we also measured
the activity levels of RhoA. Previous studies suggested that
membrane-associated RhoA GTP is the active form of RhoA
(Somlyo and Somlyo, 2000) and showed that RhoA activity

is correlated with membrane-associated RhoA protein levels
(Tamma et al., 2003). Western blot analysis showed that
pan cadherin (membrane marker) was strongly expressed
whereas β-actin was extremely low in the membrane fractions.
However, β-actin was present at a very high concentration,
whereas pan cadherin was hardly detected in the cytosolic
fractions. These results suggest that the membrane fractions
and the cytosolic fractions were separated adequately. We
also found that notch3 overexpression reduced the ratio
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FIGURE 2 | Notch3 inhibits the proliferation of rat cardiac fibroblasts (CFs). (A,C) We used the EdU assay to measure CF proliferation after notch3 overexpression or
knockdown (n = 6). Scale bars = 200 µm. (B,D) We next used the Cell Counting Kit-8 (CCK8) assay to determine CF proliferation (above, n = 3). Quantification of
the CF proliferation determined by EdU assay (below, n = 6) and CCK8 assay (above, n = 3) in different groups, as indicated. Values represent the mean ± SD.
*P < 0.05, **P < 0.01.

of membrane-associated RhoA to total RhoA (Figure 5C).
Conversely, notch3 knockdown changed the expression levels
of Hif1α, RhoA, ROCK1, ROCK2, and membrane-bound RhoA
(Figures 5E,F).

Notch3 Regulates Cardiac Fibroblast
Proliferation, Apoptosis, and Fibroblast
to Myofibroblast Transition via the
RhoA/ROCK/Hif1α Pathway
Among the two effective siRNA duplexes (si notch3 1 and si
notch3 3), si notch3 1 exhibited better interference and was

therefore used for the following experiment. To clarify the
role of Hif1α in regulation of CF proliferation via notch3,
CFs were pretreated with Hif1α inhibitor, 2-ME, for 2 h
and then transfected with si notch3 1 for 48 h. The EdU
assay and CCK8 staining demonstrated that 2-ME reversed
the notch3 knockdown-induced positive regulation on CF
proliferation (Figures 6A,B) and resulted in attenuated CF
proliferation. Similarly, 2-ME pretreatment could effectively
weaken the rise of α-SMA, Col I, and Col III caused by notch3
knockdown (Figure 6E).

We next used DMOG, a potent Hif1α prolyl hydroxylase
inhibitor and therefore Hif1α activator, to investigate the
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FIGURE 3 | Notch3 promotes the apoptosis of rat cardiac fibroblasts (CFs). (A,B) Representative western blot and quantitative data of cleaved caspase3, total
caspase3, and Bcl2 after notch3 overexpression or knockdown (n = 3). (C,D) The CF apoptotic rate after notch3 overexpression or knockdown, detected by flow
cytometry. Q1-UR and Q1-LR were used to analyze the change of apoptotic rate in different experimental groups (n = 3). Values represent the mean ± SD.
*P < 0.05, **P < 0.01. C-caspase3, cleaved caspase3; T-caspase3, total caspase3.

interaction between Hif1α and notch3 in the regulation
of CF apoptosis. The ratio of cleaved caspase 3 to
total caspase 3 and Bcl2 levels were restored when CFs
were pretreated with DMOG before ov-N3ICD plasmid
transfection (Figure 6C). Meanwhile, we had previously
shown by flow cytometry that overexpression of notch3
increases apoptosis; this effect was abolished by DMOG
pretreatment (Figure 6D).

Therefore, our results suggested that Hif1α is involved in
the notch3-dependent regulation of CFs. To further explore
the relationship between the RhoA/ROCK pathway and Hif1α,
we applied Y-27632, an inhibitor of RhoA/ROCK pathway,
to CFs before notch3 overexpression and knockdown. We
found that Y-27632 pretreatment was able to abolish the
increase in Hif1α protein expression induced by notch3
knockdown (Figures 6F,G). These results indicated that
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FIGURE 4 | Notch3 inhibits cardiac fibroblast to myofibroblast transition. (A,B) Western blots measuring α-SMA, Col I, and Col III after notch3 overexpression or
knockdown. The quantification of the protein bands is shown on the right (n = 3). Values represent the mean ± SD. *P < 0.05, **P < 0.01.

Hif1α might be a downstream molecule of the RhoA/ROCK
signaling pathway in CFs.

Overall, our results therefore indicate that the
RhoA/ROCK/Hif1α signaling pathway is associated with
the proliferation, apoptosis, and FMT of CFs in vitro.

Notch3 Alleviates Cardiac Fibrosis After
Myocardial Infarction via the
RhoA/ROCK/Hif1α Pathway
Next, we went on to confirm our findings in vivo. We
therefore injected an N3ICD-overexpressing adenovirus into
myocardium 48 h before LAD ligation to investigate the
effects of notch3 on cardiac fibrosis and its underlying
mechanism. Both RT-qPCR and western blotting analysis
confirmed that notch3 was successfully overexpressed in the
myocardium after adenovirus injection (Figures 7A,B). Two
months after ligation, echocardiography revealed that Ad-
N3ICD + MI animals had a higher LVEF (Figure 7C,
54.60 ± 4.93% vs. 38.40 ± 3.65%, P = 0.004) and lower
LVEDD (Figure 7C, 6.68 ± 0.43 vs. 5.30 ± 0.51 mm,
P = 0.017) than the control group (Ad-GFP + MI). Masson
staining revealed that myocardial fibrosis area in the Ad-
GFP + MI group increased significantly compared with
that in the sham group (Figure 7D, 3.54 ± 1.31% vs.

38.58 ± 6.68%, respectively; P < 0.001). However, the Ad-
N3ICD injection alleviated myocardial fibrosis induced by MI
(Figure 7D, 38.58 ± 6.68% vs. 14.62 ± 6.21%, respectively;
P < 0.001).

Using western blotting, we confirmed that the expression
of α-SMA, Hif1α, RhoA, ROCK1, and ROCK2 increased
after MI, whereas notch3 overexpression in myocardium
can ameliorate these protein expressions induced by MI
(Figure 7E). The expression of membrane-bound RhoA
increased after MI. However, this effect can be abolished
by notch3 overexpression (Figure 7F). Therefore, we
conclude that notch3 may alleviate MI-induced cardiac
fibrosis via the RhoA/ROCK/Hif1α signaling pathway
in vivo.

DISCUSSION

Cardiac fibrosis is a pathological process present in
most heart diseases accompanied by loss of myocardium
and fibrous tissue replacement, thereby affecting the
compliance and function of the ventricle (Kong et al.,
2014). CFs predominantly regulate ECM protein
synthesis and degradation, and therefore an aberrant and
persistent stimulation of CFs has been suggested to be a
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FIGURE 5 | The effects of notch3 on Hif1α, RhoA, ROCK1, and ROCK2 in rat cardiac fibroblasts (CFs) with different treatments. (A) Representative
immunofluorescence images and quantitative data of Hif1α (red) in neonatal rat cardiac fibroblasts after notch3 overexpression (n = 6). Nuclei were detected with
DAPI (blue). Scale bars = 200 µm. (B) The protein expression of Hif1α, RhoA, ROCK1, and ROCK2 was determined by western blot after notch3 overexpression
(n = 3). (C) Western blots of RhoA in the membrane and cytosol after notch3 overexpression (n = 3). (D) Hif1α (red) in neonatal rat cardiac fibroblasts after notch3
knockdown was detected by immunofluorescence and statistical analysis of mean intensity (n = 6). Nuclei were detected with DAPI (blue). Scale bars = 200 µm. (E)
Hif1α, RhoA, ROCK1, and ROCK2 were detected by western blot after notch3 silencing (n = 3). (F) Western blots of RhoA and cadherins in the membrane and
cytosol after notch3 silencing (n = 3). Values represent the mean ± SD. *P < 0.05, **P < 0.01. M-RhoA, membrane RhoA; C-RhoA, cytosolic RhoA; M-pan
cadherin, membrane pan cadherin; C-pan cadherin, cytosolic pan cadherin; M-β-actin, membrane β-actin; C-β-actin, cytosolic β-actin.

decisive cause of cardiac fibrosis (Krenning et al., 2010;
Travers et al., 2016).

Notch in Cardiac Fibroblast Proliferation,
Apoptosis, and Fibroblast to
Myofibroblast Transition
Several studies have confirmed that the notch signaling pathway
regulates organ development and fibrosis. However, the exact
functions of notch receptors depend on different cellular and
physiological pathological conditions. Accumulated evidence
shows that notch1 is a protective factor during myocardial
fibrosis (Zhou et al., 2015), whereas few researches were reported
on notch2, notch3, and notch4. Luxan et al. (2013) reported
that inactivation of the notch pathway causes left ventricular
non-compaction cardiomyopathy. Urbanek et al. (2010) found

that inhibition of notch1-dependent cardiomyogenesis results
in cardiomyopathy of the neonatal heart (Urbanek et al.,
2010). In addition, Yu and Song (2014) identified that notch1
inhibits cardiomyocyte apoptosis after myocardial ischemia.
Besides, notch3 has been suggested to be a protective factor
for prevention of post-MI myocardial fibrosis (Zhang et al.,
2016), but the underlying molecular mechanism remained
unclear. Owing to the crucial role of CFs in myocardial
fibrosis, the effects of notch3 on CF activity required further
investigation. Therefore, we evaluated CF activity upon both
notch3 overexpression and knockdown. Our results revealed that
notch3 overexpression inhibits CF proliferation and promotes
CF apoptosis. Activated CFs, labeled with the contractile
protein α-SMA, secrete large amounts of collagen, which
determines myocardial stiffness and compliance. In our study,
we found that notch3 overexpression inhibits FMT and decreases
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FIGURE 6 | Notch3 regulates cardiac fibroblast (CF) function via the RhoA/ROCK/Hif1α pathway. (A) CFs were pretreated with 2-ME for 2 h before notch3
knockdown. CF proliferation was quantified using the EdU assay (n = 6). Scale bars = 200 µm. (B) The Cell Counting Kit-8 (CCK8) assay was also used to determine
CF proliferation (above, n = 3). Quantification of CF proliferation determined by EdU assay (below, n = 6). (C) Western blot analysis of cleaved caspase-3, total
caspase3, and Bcl2 in different groups. The quantification of the protein bands is shown on the right (n = 3). (D) CFs were pretreated with DMOG for 2 h before
notch3 overexpression. Flow cytometry quantified the percentage of apoptosis in each group (n = 3). (E) Western blot analysis of α-SMA, Col I, and Col III in CFs
pretreated with 2-ME for 2 h before notch3 knockdown. The quantification of the protein bands is shown below (n = 3). (F) Representative Western blot and
quantification of Hif1α in CFs pretreated with Y-27632 for 2 h before notch3 knockdown (n = 3). (G) Representative immunofluorescence images and quantification
of Hif1α (red) in CFs pretreated with Y-27632 for 2 h before notch3 knockdown (n = 6). Nuclei were detected with DAPI (blue). Scale bars = 200 µm. Values
represent the mean ± SD. *P < 0.05, **P < 0.01.

protein levels of α-SMA, Col I, and Col III, whereas notch3
downregulation shows inverse effects. Several pathways are
involved in ECM maintenance. Here, we investigated one
line of notch signaling; however, as ECM deposition is a
key regulatory event in fibrosis, other involved molecules,
such as matrix metalloproteinases (MMPs), should also be
investigated. Future research should therefore address the
pathophysiological mechanisms of MMPs in modulating the
Notch-dependent fibrosis.

Notch and the RhoA/ROCK/Hif1α
Pathway
Hif1 is ubiquitously expressed in nearly all mammalian cells
and is an essential regulator under hypoxia. Hif1 contains two
subunits, Hif1α and Hif1β (Imtiyaz and Simon, 2010; Masoud
and Li, 2015). Hif1α has been shown to be closely associated with
organ fibrosis: Han et al. (2019) suggested Hif1α promotes liver
fibrosis by action on the PTEN/p65 pathway in non-alcoholic
fatty liver disease. Ichihara et al. (2019) found that Hif1α was

elevated in Ang II-induced cardiac fibrosis. In addition, Hif1α has
been shown to participate in the activation of the notch signaling
pathway in both odontogenic keratocysts (Miranda da Costa
et al., 2019) and neurogenesis during acute epilepsy (Li et al.,
2018). Moreover, notch signaling can enhance the expression
of Hif1α in human adipose-derived mesenchymal stromal cells
(Moriyama et al., 2018). Even so, the direct effects of Hif1α on CF
activity and its interaction with the notch signaling pathway in
CFs remained incompletely understood. Our results showed that
Hif1α can be detected in CFs and is downregulated by notch3
overexpression but upregulated by notch3 knockdown.

Hif1α is a central component of the oxygen sensing system.
Normoxia provokes ubiquitin–proteasome system, thereby
promoting Hif1α degradation (Huang et al., 1998; Kaelin and
Ratcliffe, 2008). Therefore, the expression of Hif1α is very low
under normoxia and even at an undetectable level. Besides
hypoxia, Hif1α can be also induced by inflammatory cytokines,
growth factors, and hormones under normoxic conditions (Zhou
and Brüne, 2006). McMahon et al. (2006) have demonstrated
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FIGURE 7 | Notch3 alleviates cardiac fibrosis after myocardial infarction via the RhoA/ROCK/Hif1α pathway. (A,B) Notch3 overexpression in the myocardium after
Ad-N3ICD injection was confirmed by RT-qPCR and western blot (n = 5). (C) Measurements of cardiac function indices of rats in each group 2 months after
myocardial infarction (MI) injury (n = 5). (D) Masson staining of the rat heart tissues. The positively stained area (blue) represents fibrosis (n = 5). (E) Western blot
analysis and quantitative results of α-SMA, RhoA, ROCK1, ROCK2, and Hif1α (n = 5). (F) Western blot analysis of membrane-bound RhoA and cadherins in rat
hearts from different treatments. Values represent the mean ± SD. *P < 0.05, **P < 0.01. M-RhoA, membrane RhoA; C-RhoA, cytosolic RhoA; M-pan cadherin,
membrane pan cadherin; C-pan cadherin, cytosolic pan cadherin; M-β-actin, membrane β-actin; C-β-actin, cytosolic β-actin.

TGF-β1 enhances Hif1α protein stability by inhibiting PHD2
expression in hepatoma cells. Our present research found that
Hif1α could be detected and is regulated by the notch signaling
pathway under normoxic conditions. Taken together, these
results suggest that Hif1α can be activated by both hypoxia-
dependent and hypoxia-independent pathways. To clarify the
relationship between Hif1α and notch signaling pathway in a
normoxic environment, CFs were pretreated with 2-ME (Hif1α

inhibitor) or DMOG (Hif1α enhancer) before transfection with
notch3 overexpressing or silencing constructs. We found that 2-
ME weakened the positive regulation of notch3 interference on
α-SMA, Col I, Col III, and CF proliferation, whereas DMOG
abolished the effect of notch3 on CF apoptosis. To our knowledge,
our results describe for the first time that notch3 is capable
of inhibiting the expression of Hif1α in CFs and regulates CF
activity by Hif1α inactivation.

We further investigated how notch3 regulates Hif1α levels
in CFs. We found that the RhoA/ROCK signaling pathway
potentially acts as a molecular bridge, connecting notch and
Hif1α in the regulation of CF activity. The RhoA/ROCK signaling
pathway has been shown to be involved in cardiac protection
(Lee et al., 2014; Lai et al., 2017), but the effects of the notch on
the RhoA/ROCK signaling pathway vary in different pathological
processes. In the ischemic liver, the RhoA/ROCK pathway
is activated by Notch1 deficiency (Lu et al., 2018). On

the other hand, notch activates the RhoA/ROCK pathway
in endothelial barrier dysfunction (Venkatesh et al., 2011).
Takata et al. (2008) reported that a Rho-kinase inhibitor,
fasudil, prevents Hif1α expression under hypoxia in endothelial
cells. Our results suggest that notch3 regulates CF activity
via suppression of the RhoA/ROCK pathway. We used
Y-27632, RhoA/ROCK pathway inhibitor, to confirm the
relationship between the RhoA/ROCK pathway and Hif1α

in CFs, and we found that inhibition of the RhoA/ROCK
pathway attenuated a notch3-knockdown-induced increase in
Hif1α levels. These results provide evidence for a role of
notch3 in modulating CF activity by negative regulation of the
RhoA/ROCK/Hif1α axis in vitro.

Previous studies have confirmed that notch overexpression
in rat heart is capable of preventing cardiac fibrosis after
MI (Rodriguez et al., 2019; Zhou et al., 2019). Similarly,
we confirmed our findings with an in vivo rat MI model.
Consistent with previous studies, Masson staining and α-SMA
expression levels showed that notch3 overexpression could
alleviate MI-induced myocardial fibrosis. We furthermore found
that notch3 overexpression inhibited the protein expression of
RhoA, ROCK1, and ROCK2. Therefore, it is plausible that
notch3 interacts with the RhoA/ROCK/Hif1α pathway to inhibit
pathologic CF activity and further prevent MI-related cardiac
fibrosis in the rat hearts.
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A key limitation of our research is that we did not measure
the local oxygen concentration in CFs and were therefore
unable to determine whether CFs experience intrinsic hypoxia
and whether notch3 affects intracellular oxygen balance or
not. So far, our results only confirm that notch3 regulates
CF activity by inhibiting the RhoA/ROCK/Hif1α axis in a
normoxic environment.

CONCLUSION

Our study demonstrates, for the first time, that notch3
inhibits both CF proliferation and cardiac FMT and
promotes apoptosis via inhibition of the RhoA/ROCK/Hif1α

signaling pathway to ultimately attenuate MI-induced
myocardial fibrosis. These findings are significant for the
further understanding of cardiac fibrosis pathogenesis and
provide new therapeutic avenues for future treatment of
cardiac fibrosis.
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Heart failure is a leading cause of death worldwide. While there are multiple etiologies
contributing to the development of heart failure, all cause result in impairments in
cardiac function that is characterized by changes in cardiac remodeling and compliance.
Fibrosis is associated with nearly all forms of heart failure and is an important contributor
to disease pathogenesis. Inflammation also plays a critical role in the heart and
there is a large degree of interconnectedness between the inflammatory and fibrotic
response. This review discusses the cellular and molecular mechanisms contributing to
inflammation and fibrosis and the interplay between the two.

Keywords: cardiac, fibrosis, fibroblast, inflammation, leukocyte, cytokine

INTRODUCTION

Cardiovascular disease is the leading cause of death worldwide and represents an immense
health and economic burden (Benjamin et al., 2019). It is comprised of a group of conditions
affecting the blood vessels and heart, culminating in impaired cardiovascular performance. Heart
failure, the clinical manifestation of cardiovascular disease, is characterized by fibrosis, chamber
remodeling and a reduction in ventricular compliance. Cardiomyocytes have limited capacity for
regeneration thus, injury to the heart, leading to death of cardiomyocytes, results in clearing of
dead cardiomyocytes and repair through fibrotic scar tissue replacement. This helps maintain the
structural and functional integrity of the heart, but results in impairments in contractility and
cardiac function when excessive. Ischemic heart disease is the leading type of cardiovascular disease
and results in a fibrotic scar, however, fibrosis is a major contributor to many forms of heart disease
and is recognized as a pathological hallmark in the heart (Travers et al., 2016).

Inflammation is a major regulator of the reparative response after cardiac injury. Following
injury, there is an acute, intense inflammatory response that is important for initiating healing
(Prabhu and Frangogiannis, 2016). Later immune responses promote repair. Proper timing and
magnitude of inflammatory responses is critical for normal healing. Persistent inflammation can
promote further tissue destruction while insufficient responses prolong the injurious stimuli.
Inflammation regulates all aspects of cardiovascular health including cardiac fibrosis. There is
a high degree of interconnectedness between immune cells and fibroblasts with each regulating
the other’s function. While recently these responses have been increasingly studied, inflammatory
events that occur in the heart continue to not be fully understood. This further need to understand
the mechanisms of cardiac repair is exemplified by the fact that no large-scale immunomodulatory
or anti-inflammatory therapeutic strategies have been successfully translated into clinical practice.

CARDIAC FIBROSIS

Cardiac fibrosis is the process of pathological extracellular matrix (ECM) remodeling resulting
in abnormal matrix composition leading to impairments in cardiac contractility and function.

Frontiers in Physiology | www.frontiersin.org 1 September 2020 | Volume 11 | Article 529075143

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.529075
http://creativecommons.org/licenses/by/4.0/
mailto:grisantil@missouri.edu
https://doi.org/10.3389/fphys.2020.529075
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.529075&domain=pdf&date_stamp=2020-09-15
https://www.frontiersin.org/articles/10.3389/fphys.2020.529075/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-529075 September 11, 2020 Time: 18:25 # 2

Thomas and Grisanti Cardiac Inflammation and Fibrosis

Fibrosis is involved in nearly all types of heart disease including
various ischemic and non-ischemic etiologies (Liu et al., 2017).
Initially, ECM deposition is protective and important for wound
healing, but excessive or prolonged deposition can lead to
impairments in tissue function. Fibrosis leads to a stiffer and
less compliant heart, ultimately contributing to the progression
of heart failure.

In the mammalian adult heart, cardiomyocytes are organized
in a network of parenchymal cells, which includes a large
number of fibroblasts, and ECM proteins. The ECM is composed
predominantly of fibrillary collagens with type I collagen being
the predominant form and type III collagen representing a
smaller fraction along with other proteins such as fibronectin and
elastin (Rienks et al., 2014). The ECM serves as a scaffold for cells
and is also important in transmission of contractile forces in the
normal myocardium.

Cardiac fibroblasts are the predominant cell type involved
in cardiac fibrosis. They reside in the interstitium, epicardial
and perivascular regions of the heart. Studies assessing fibroblast
numbers have varied depending on species, technique and
markers used, but regardless, it is appreciated that there is an
abundant fibroblast population in the heart (Nag, 1980; Banerjee
et al., 2007). Due to a lack of fibroblast specific markers, studies
involving fibroblast have been difficult and likely represent
a heterogeneous population of cells and numbers likely vary
depending on the species studied, age and gender (Nag, 1980;
Camelliti et al., 2005; Banerjee et al., 2007).

While fibroblasts are plentiful in the non-pathological heart,
their function remains poorly understood. Resident fibroblasts
originate from the embryonic epicardium (Gittenberger-de
Groot et al., 1998). Under normal conditions, fibroblasts
contribute to the homeostasis of the heart through the
contribution of ECM, which serves as a structural scaffold
for cardiomyocytes, distributes mechanical forces and mediates
electrical conduction (Travers et al., 2016). Fibroblasts also
contribute to matrix remodeling through the production of
ECM regulatory proteins including the matrix metalloproteinases
(MMPs) and TIMPs. Fibroblasts also have the ability to rapidly
respond to alterations in their microenvironment. They are
networked into the interstitial and perivascular matrix putting
them in a strategic location for serving as sentinel cells to sense
injury and trigger reparative responses (Kawaguchi et al., 2011;
Diaz-Araya et al., 2015).

In the healthy heart, resident fibroblasts remain in the
quiescent state, however, during pathological conditions, these
resident fibroblasts and other precursor cells become activated
and transdifferentiate into myofibroblasts. The origin of activated
cardiac myofibroblasts is less clear with potential sources
include resident fibroblasts, vascular endothelium, epicardium,
perivascular cells and hematopoietic bone marrow-derived
progenitor cells. There is substantial evidence that resident
fibroblasts proliferate and activate in response to pathological
stimuli (Fredj et al., 2005; Teekakirikul et al., 2010; Ali et al.,
2014; Moore-Morris et al., 2014) however, these studies do not
discount the possibility of other sources of activated fibroblasts.
With the advent of transgenic mouse models, lineage tracing
studies are beginning to be used to address this question.

Endothelial, epicardial and perivascular cells have been proposed
to undergo an endothelial-mesenchymal transition to acquire
a fibroblast, pro-fibrotic phenotype. Lineage tracing studies
have been performed to identify the contribution of these cell
populations to the fibroblast population after injury however,
many of the markers used such as Tie2 and vascular endothelial
cadherin are not specific to the cell population being studied
and immune cells express many of these same markers (Kisanuki
et al., 2001; Monvoisin et al., 2006; Zeisberg et al., 2007;
Russell et al., 2011; Ali et al., 2014; Kramann et al., 2015).
Similarly, hematopoietic bone marrow-derived progenitor cells
have also been proposed as a potential source of fibroblasts
during pathology. This is due to initial studies using GFP-labeled
bone marrow transplants where a large number of GFP-positive
cells were located in fibrotic regions after pressure overload
and myocardial ischemia (Haudek et al., 2006; Zeisberg et al.,
2007; van Amerongen et al., 2008). However, these findings may
be due to the presence of inflammatory cells in the fibrotic
region and not a transition of these cell populations into
myofibroblasts (Yano et al., 2005; van Amerongen et al., 2007).
Regardless, CD45-positive cells including monocytes can express
myofibroblast markers (Haudek et al., 2006) and it is known
that inhibition of monocyte recruitment diminishes the cardiac
fibroblast population (van Amerongen et al., 2007). Whether
this is due to the importance of early immune responses in the
recruitment and activation of fibroblast populations is unknown.
However, lineage tracing experiments using the Vav-Cre and
other lines suggest minimal contribution of hematopoietic cells to
the cardiac fibroblast population (Ali et al., 2014; Moore-Morris
et al., 2014, 2018).

The identification of fibrocytes in the circulation has renewed
the interest of cells of hematopoietic origin as potential fibroblast
contributors (Bucala et al., 1994). Fibrocytes are a unique
fibroblast progenitor population that expresses fibroblast markers
such as pro-collagen I and vimentin as well as hematopoietic
markers (Abe et al., 2001). They originate from hematopoietic
stem cells and have been shown to contribute to cardiac fibrosis
in several injury models (Mollmann et al., 2006; Zeisberg et al.,
2007; Xu et al., 2011).

Regardless of their origin, myofibroblasts appear shortly after
injury and have a fibroblast-smooth muscle cell phenotype,
with the acquisition of α-smooth muscle actin, contractile
functions and enhanced secretion of collagens and other ECM
components to promote scar formation. In accordance with
their hypothesized sentinel cell function, following insult or
injury, there is an upregulation of pro-inflammatory and pro-
fibrotic factors in cardiac fibroblasts, which culminates in
increases in fibroblast proliferation and the transition to a
myofibroblast phenotype.

Myofibroblasts are the major cell type responsible for ECM
and secretion. They are characterized by the development of
stress fibers and expression of contractile proteins such as
α-smooth muscle actin (Frangogiannis et al., 2000b; Santiago
et al., 2010). Myofibroblasts secrete collagen and other ECM
proteins to preserve the structural integrity of the heart.
Failure of the heart to adapt and meet the pressure-generating
capacity results in myocardial dysfunction and rupture. After
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ECM deposition, the tensile strength increases at the site of
injury leading to mature scar formation. While these processes
are initially adaptive, they can lead to the development of
adverse changes in compliance and structure, worsening the
progression of heart failure over time. Pathological remodeling
is characterized by fibroblast accumulation and excessive ECM
deposition. This leads to alterations in the heart’s architecture
and has additional consequences on cardiac function. Fibrosis
damages cardiac function due to the increased stiffness
in the ventricle, producing contractile impairments. ECM
and fibroblasts can disrupt the mechano-electric coupling of
cardiomyocytes, diminishing cardiac contraction and increasing
the risk of arrhythmia. Paracrine signaling from fibroblasts
can induce hypertrophy and further cardiac dysfunction.
Additionally, apoptosis resistant myofibroblasts can reside in
mature scars perpetuating these responses.

Cardiac fibrosis presents itself in three forms: perivascular,
reactive interstitial, and replacement fibrosis (Anderson et al.,
1979), which are exemplified in Figure 1. Reactive interstitial
fibrosis is adaptive to preserve cardiac structure and function
whereas replacement fibrosis fills areas cause by cardiomyocyte
death. Perivascular fibrosis, often occurring with other forms
of fibrosis, is characterized by increased collagen deposition
around vessels and microvasculature which function to provide
oxygen and nutrients to cardiac tissue (Ytrehus et al., 2018).
Perivascular fibrosis is heavily involved in hypertension and leads
to impaired blood flow hampering the delivery of oxygen and
nutrients to potentiate a pathogenic response (Kai et al., 2006).
Pressure overload models, such as transaortic constriction, have
a period of reactive interstitial fibrosis while the heart adapts
to the hemodynamic changes followed by replacement fibrosis
upon cardiomyocyte death. During myocardial infarction or
ischemia/reperfusion injury, where there is an acute, extensive
cardiomyocyte death, replacement fibrosis occurs, which fills the
region devoid of cardiomyocytes and prevent cardiac rupture.

Fibrosis is also an essential aspect of cardiac repair. Initially
it is a protective process and acts to preserve the architecture
of the heart through the deposition of connective tissue.
However, fibrosis can become pathological when progressive
and excessive, leading to aberrant scarring, further organ
damage and impairments in cardiac function. Ischemic diseases,
hypertension, valvular disorders, and primary/secondary
cardiomyopathies all include at least one of the three types
of fibrosis and ECM remodeling (Burt et al., 2014). As the
heart adopts a pathologic state, ECM remodeling and excessive
fibrosis in turn lead to changes in chamber dimension and
in some cases cardiomyocyte hypertrophy. As the injured
healing heart adjusts to meet the demands of the rest of the
body the myocardium around the fibrotic scar dilates. The
progressive increased load on the heart causes a further dilation
of the left ventricle, thereby increasing ventricular cavity
size. Due to the naturally quiescent non-proliferative state
of cardiomyocytes, existing viable cardiomyocytes undergo
hypertrophy to account for an increased volume load. These
changes lead to progressive ECM remodeling and interstitial
fibrosis resulting in decompensated heart failure.

INFLAMMATION IN THE HEART

Inflammation is an important defense mechanism that acts to
remove harmful stimuli and promote recovery. While some
wound healing and fibrotic processes can occur in the absence
of cellular immunity, inflammation is an important contributor
to cardiac health both in the normal and diseased state.
Inflammation of the appropriate timing, duration and magnitude
is critical for normal healing. Failure to activate sufficient
inflammatory responses can lead to persistence of the injurious
stimuli whereas failure to resolve inflammation can further
tissue destruction.

Under non-pathological conditions, cardiac macrophages and
other resident immune populations help regulate homeostasis.
While the role of immune responses in cardiac homeostasis has
been an understudied area, it is known that the heart has resident
populations of mast cells and macrophages that play an important
role in homeostasis and following injury (Sperr et al., 1994;
Frangogiannis et al., 1999). There are also small populations of
B and T cells present in the healthy myocardium (Pinto et al.,
2016). Under steady-state conditions, resident immune cells are
believed to play a sentinel role in surveilling against invading
pathogens, similar to what is observed in other tissues (Franken
et al., 2016). Mast cells are located in the perivascular areas
and contain stores of inflammatory mediators such as tumor
necrosis factor (TNF), histamine and tryptase, which can be
quickly released following injury and represent an important
contributor to triggering inflammatory responses (Frangogiannis
et al., 1998a; Somasundaram et al., 2005).

The heart also contains resident macrophage populations
that are comprised primarily of CCR2- cells of embryonically
derived cells that originate from yolk sac macrophages and fetal
monocytes (Pinto et al., 2012; Epelman et al., 2014; Heidt et al.,
2014; Mylonas et al., 2015). There is also a small population
derived from CCR2+ monocytes. Some studies suggest that
resident cardiac macrophages die following injury and are
replaced by monocyte-derived CCR2-expressing populations
that are highly pro-inflammatory (Heidt et al., 2014). Outside
of pathogen surveillance, resident immune populations are
hypothesized to facilitate physiological turnover of cells and
ECM, debris clearance after changes in metabolic load, and also
play a role in the conduction system (Swirski et al., 2009). Gene
expression profiling has identified distinct profiles of CCR2-
macrophages in human myocardium compared to CCR2+
populations with enhanced expression of pathways involved in
cell growth and ECM formation (Bajpai et al., 2018). While
functional outcomes of these differences of these gene expression
differences is not well characterized, these findings are consistent
with the role of resident macrophage populations in other tissues
(Franken et al., 2016). Outside of the classic role of tissue
macrophages, cardiac macrophages have also been recognized as
having organ-specific functions. Resident cardiac macrophages
are enriched in the conduction system of the heart and depletion
disrupts electrical conduction in the heart (Hulsmans et al.,
2017). These studies have identified a relationship between
cardiomyocytes and macrophages through the formation of
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FIGURE 1 | Masson’s trichrome staining of the mouse heart demonstrating fibrosis (blue) in the healthy myocardium, interstitial fibrosis following isoproterenol
administration (30 mg/kg/d for 2 weeks), replacement fibrosis after myocardial infarction (4 weeks) or perivascular fibrosis following isoproterenol infusion
(30 mg/kg/d for 2 weeks). Red represents the cytoplasm and black represent nuclei. Animal procedures were performed in house with approval by the Institutional
Animal Care and Use Committee at the University of Missouri and in accordance to the National Institutes of Health Guidelines on the Use of Laboratory Animals.

gap junctions that enable cardiac macrophages to contribute to
steady-state electrical conduction.

Pathologically, inflammation regulates virtually all aspects
of cardiovascular health including cardiomyocyte contractility
and cardiac fibrosis and represents an important regulatory
mechanism. Following injury, acute inflammatory responses
occur that help remove dead or damaged cardiomyocytes, ECM
debris and initiate healing. Cardiac repair after injury is a finely
tuned and regulated series of events that is critical for adequate
healing (Figure 2). With the exception of myocarditis, other
forms of cardiac injury are considered sterile inflammation and
follow a similar series of events. This progression of events
has been well defined for myocardial infarction and include
the inflammatory, proliferative and maturation phases (Prabhu
and Frangogiannis, 2016). While these responses may not be
identical in timing, duration and magnitude between heart
failure etiologies, they are thought to be broadly applicable
to other forms of sterile cardiac damage (Fildes et al., 2009).
Following insult or injury, there is an acute inflammatory phase
characterized by infiltration of pro-inflammatory immune cell
populations that digest and clear damaged cells and ECM tissue.
This is followed by a reparative phase with the resolution
of pro-inflammatory responses and activation of reparative
responses such as myofibroblast accumulation, ECM deposition
and neovascularization. Appropriate magnitude and duration
of each event is critical for optimal repair. Early inflammatory
activation is needed for the transition to a reparative response
whereas an excessive inflammatory phase can further tissue
damage and lead to improper healing.

THE INFLAMMATORY PHASE

The inflammatory phase is characterized by the recruitment
of inflammatory cells to the site of damage (Prabhu and
Frangogiannis, 2016). Cardiomyocytes are more susceptible to
ischemic injury or damage than non-cardiomyocytes. Injury or
death of cardiomyocytes causes the release of danger-associated
molecular patterns (DAMPs) that bind to a cognate pattern

recognition receptor (PRR) on neighboring cells to initiate
inflammatory responses (Figure 3). A number of factors released
from damaged or dying cardiomyocytes have been identified as
DAMPs including mitochondrial DNA (Bliksoen et al., 2016),
the chromatin protein high mobility group box 1 (HMGB1)
(Lotze and Tracey, 2005), purine metabolites (Kono et al., 2010;
McDonald et al., 2010), sarcomeric protein fragments (Lipps
et al., 2016), and S100 proteins (Rohde et al., 2014). Additionally,
fragments of the ECM that arise from damage including biglycan
(Schaefer et al., 2005), decorin (Merline et al., 2011), hyaluronan
(Scheibner et al., 2006) and fibronectin (Gondokaryono et al.,
2007; Lefebvre et al., 2011; Sofat et al., 2012) have been shown
to activate PRRs to contribute to inflammatory responses.

DAMP activation of PRRs induces the production of
a cascade of inflammatory mediators including cytokines,
chemokines and cell adhesion molecules (Mann, 2011). PRRs
are present on cells of the innate immune system but can
also act on surviving resident cell populations including
cardiomyocytes (Kukielka et al., 1993; Frantz et al., 1999;
Tarzami et al., 2002), fibroblasts (Zhang et al., 2015; Turner,
2016) and endothelial cells (Kumar et al., 1997) to potentiate
the inflammatory cascade (Frantz et al., 1999). The best
characterized family of PRRs are the Toll-like receptors (TLR)
but others include nucleotide-binding oligomerization domain-
like receptors (NLRs) and receptor for advanced glycation
end-products (RAGE). Signal transduction by PRRs has been
extensively delineated and converges on the activation of
mitogen-activated protein kinases (MAPKs) and nuclear factor
(NF)-κB to regulate the expression of a large panel of
pro-inflammatory genes including cytokines, chemokines and
adhesion receptors (Akira and Takeda, 2004). These factors
enhance leukocyte recruitment to amplify the inflammatory
response, promote efferocytosis of dying cells and augment tissue
digestion by proteases and oxidases.

Due to their close proximity, wide distribution in the
myocardium, ability to rapidly respond to stimuli and potential
as a source of inflammatory mediators, fibroblasts have
been proposed to serve as sentinel cells in the heart.
Within days of tissue damage, cardiac fibroblasts acquire a
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FIGURE 2 | During the Inflammatory Phase, damage or death of cardiomyocytes activates resident fibroblasts and other cell populations to produce cytokines and
recruit pro-inflammatory leukocyte populations, primarily neutrophils and monocytes that differentiate into M1-like macrophages. This acute, pro-inflammatory
response transitions into a reparative response during the Proliferative Phase with the recruitment of reparative lymphocyte and M2-like macrophages populations.
Activated myofibroblasts secrete collagen and other extracellular matrix components. Pro-angiogenic factors are secreted that promote neovascularization. The
events conclude during the Maturation Phase with the apoptosis of reparative immune cell and myofibroblast populations and matrix crosslinking, resulting in mature
scar formation.

pro-inflammatory phenotype characterized by the secretion
of cytokines/chemokines including IL-8, IL-1β, CCL2, eotaxin
and TNF-α and the presence of matrix-degrading properties
(Sandanger et al., 2013; Sandstedt et al., 2019). The inflammatory
potential of cardiac fibroblasts has been extensively documented
in vitro (Heim et al., 2000; Lafontant et al., 2006). Stimulation
of cardiac fibroblasts with ATP results in a large release of
pro-inflammatory cytokines (Lu et al., 2012). A number of

different factors in addition to ATP are also known to cause
fibroblast activation including reactive oxygen species (ROS)
(Siwik et al., 2001; Lijnen et al., 2006; Lu et al., 2012) and
cytokines (Lafontant et al., 2006; Zymek et al., 2007; Turner
et al., 2009). Cytokines have been implicated in inducing an
inflammatory phenotype in cardiac fibroblasts and potentiating
cytokine and chemokine synthesis (Lafontant et al., 2006; Zymek
et al., 2007; Turner et al., 2009). They have also been shown to
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FIGURE 3 | Damage or death of cardiomyocytes leads to the release of DAMPs. DAMPs acting through PRRs on neighboring cardiomyocytes, fibroblasts, resident
immune cells, endothelial cells and other parenchymal cells of the heart promote cytokine and chemokine release. Immune cells migrate in response to
cytokine/chemokines in the heart and secrete TGF-β and other pro-fibrotic factors to promote fibrosis and myofibroblast conversion.

regulate expression of matrix-degrading proteases (Li et al., 2002;
Siwik and Colucci, 2004). However, the contribution of cardiac
fibroblasts in activating inflammatory cascades in pathological
settings is less understood. In vivo studies have been limited
due to the absence of specific markers for cardiac fibroblasts
(Kong et al., 2013). As a result, studies have been largely
descriptive. However, infarction models in mice show activation
of the inflammasome in cardiac fibroblasts, an indication

of the generation of active IL-1β (Kawaguchi et al., 2011;
Sandanger et al., 2013).

Endothelial and resident mast cell populations have also
been implicated in triggering the inflammatory cascade post-
infarction (Lakshminarayanan et al., 1997, 2001; Frangogiannis
et al., 1998a). As previously mentioned, there is a small
population of resident mast cells that plays an important
role in homeostasis in the normal myocardium and during
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pathological events. Expansion of the mast cell population
is associated with cardiac fibrosis in response to multiple
pathological challenges (Frangogiannis et al., 1998b; Patella et al.,
1998; Shiota et al., 2003; Wei et al., 2003). The mechanisms
associated with this expansion is not well understood. Stem cell
factor (SCF), which is known to be involved in the recruitment
and differentiation of mast cell progenitors, is upregulated in
hearts following myocardial infarction and may contribute to the
proliferation of resident mast cells (Frangogiannis et al., 1998b).
However, other studies suggest mast cell progenitors infiltrate the
myocardium from outside sources (Bujak et al., 2008). Regardless
of origin, mast cells are known to be vital in the pathogenesis
of cardiac fibrosis. Mast cell deficiency results in attenuated
perivascular fibrosis and reduced progression to decompensated
heart failure in a mouse model of pressure overload (Hara et al.,
2002). Pharmacological prevention mast cell product release
in spontaneously hypertensive rats reduced fibrosis, reduced
inflammatory cell recruitment and decreased pro-inflammatory
cytokines (Levick et al., 2009).

How mast cells influence fibrosis is also poorly understood.
Mast cells are known to have abundant numbers of granules
that store a wide range of mediators. This includes many pro-
fibrotic mediators including TNF-α (Frangogiannis et al., 1998a),
TGF-β (Shiota et al., 2003), and platelet-derived growth factor
(PDGF) (Nazari et al., 2016). However, these mediators are
produced by many cell types and the relative contribution of mast
cells has not been fully elucidated. Additionally, mast cells have
abundant expression of chymase, a protease implemented in the
angiotensin converting enzyme (ACE)-independent generation
of angiotensin II (Urata et al., 1990a,b). This mechanism may
represent an important mechanism in the progression of cardiac
fibrosis in the presence of ACE inhibition.

The cytokine rich environment present in the heart following
injury causes infiltration of pro-inflammatory immune cell
populations including phagocytic neutrophils and mononuclear
cells which clear the area of dead cells and ECM debris (Prabhu
and Frangogiannis, 2016). These responses are facilitated by
changes in the vasculature. Hypoxia compromises the vascular
endothelial cell integrity and barrier function, increasing vessel
permeability to facilitate leukocyte infiltration (Sansbury and
Spite, 2016). Neutrophils are among the first immune cell types
to infiltrate into the damaged heart in response to a number
of pro-inflammatory mediators including DAMPs, cytokines,
chemokines, endogenous lipid mediators (prostaglandins and
leukotrienes), histamine and complement components (Yan et al.,
2013; Puhl and Steffens, 2019). Neutrophils are continually
produced from hematopoietic progenitors in the bone marrow
through the process of granulopoiesis. They reside in specific
niches in the bone marrow through the action of CXCL12
(Katayama et al., 2006; Russell et al., 2011). Maturation of
immature neutrophils is regulated by granulocyte colony-
stimulating factor (G-CSF), which is produced in response to
IL-17 from γδT-cells and counteracted by IL-23 (Stark et al., 2005;
Liao et al., 2012; Yan et al., 2012; Savvatis et al., 2014). In this way
γδT-cells regulate neutrophil and macrophage infiltration and
have detrimental effects on remodeling in myocardial infarction
models (Yan et al., 2012). Following maturation, neutrophils

remain in the bone marrow through the actions of CXCR4 or
are release into the circulation by CXCR2-dependent signaling
(Tarzami et al., 2003; Devi et al., 2013).

Extravasation of neutrophils into the heart is dependent on
adhesion interactions between the neutrophils and endothelial
cells. Endothelial cells activated by PRR-dependent mechanism
rapidly upregulate pre-stored P-selectin. There is a slower
upregulation of E-selectin that is generated de novo (Ley et al.,
2007; Petri et al., 2008). Circulating neutrophils express selectin
ligands, which causes them to interact with the endothelium and
roll along the endothelial layer. The two selectins have partially
overlapping functions and bind P-selectin glycoprotein ligand 1
(PSGL1) leading to tethering of neutrophils and initiate rolling
(Ley et al., 2007). Lymphocyte function-associated antigen 1
(LFA1), which binds to intracellular adhesion molecule (ICAM)
1 and 2 on endothelium facilitates neutrophil rolling (Zarbock
et al., 2011). Rolling neutrophils respond to chemokines bound
to the endothelial surface to induce a conformational change of
integrins and endothelial cell surface molecules such as ICAM1
and ICAM2, enhancing their adhesion and resulting in arrest
(Detmers et al., 1990; Herter and Zarbock, 2013). It is thought
that full activation requires a two-step process initiated by
specific priming pro-inflammatory cytokines including TNFα

and IL-1β however other chemoattractants and growth factors
may also be involved (Summers et al., 2010). This priming
is also important for maximal neutrophil degranulation and
activation (Guthrie et al., 1984; Summers et al., 2010). Signaling
initiated by CXCL8 in humans (CXCL1, CXCL2 and CXCL5
in mice) via CXCR2 further activates neutrophils and promotes
their adhesion (Pruenster et al., 2009; Williams et al., 2011).
The neutrophils transmigrate through the endothelial junctions
and then the basement membrane through multiple effectors
including VCAM1, PECAM1, and VLA4 (Wang et al., 2006).
Many of these processes have been studied extensively in
other tissues and are believed to be directly applicable to
the heart, however, a careful examination of cardiac specific
neutrophil extravasation and transmigration process have not
been extensively investigated.

Once in the tissue, neutrophils release proteolytic enzymes
such as myeloperoxidase (MPO) and play an important role
in clearing the area of dead cells and matrix debris (Puhl and
Steffens, 2019). They may also amplify the immune response
through production of pro-inflammatory mediators (Boufenzer
et al., 2015) and have been shown to regulate recruitment of
pro-inflammatory monocyte populations to the heart (Alard
et al., 2015). While these actions are critical for proper healing,
neutrophils may also exert cytotoxic actions on cardiomyocytes
to exacerbate the injury (Simpson et al., 1988; Entman et al.,
1992; Ali et al., 2016). These cytotoxic effects occur through
the release of reactive oxygen species (ROS) and also release
of granules associated with adverse left ventricular remodeling
(Vasilyev et al., 2005; Ciz et al., 2012).

Following injury, this resident macrophage populations
expands (Yan et al., 2013). There are two distinct subsets of
monocyte recruitment to the damaged heart (Nahrendorf et al.,
2007). Pro-inflammatory, M1-like macrophages are recruited to
the heart shortly after neutrophils. This initial population of
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macrophages is derived from bone marrow progenitor cells and
release from splenic reservoirs. They are recruited to the heart
through the MCP-1(CCL2)/CCR2 axis (Swirski et al., 2009; Bajpai
et al., 2018). The first subset is pro-inflammatory and recruited
through the MCP-1(CCL2)/CCR2 axis. This pro-inflammatory
population is characterized by high Ly-6C expression (Dewald
et al., 2005). Infiltrating Ly-6Chigh populations are derived from
bone marrow progenitor cells and reservoirs of mononuclear
cells in the spleen that can be deployed quickly to the site of
inflammation (Swirski et al., 2009). These M1-like macrophages
are proteolytic with increased expression of proteinases such as
cathepsins and MMPs and are involved in ECM remodeling due
to being a major source of MMPs and TIMPs (Huang et al., 2012;
Khokha et al., 2013). Like fibroblasts, macrophages play a role
in ECM remodeling through the secretion of ECM components.
These classically activated macrophage populations serve as a
major source of pro-inflammatory cytokines including IL-12,
IL-23, IL-1, and IL-6 as well as being involved in phagocytosis.

THE PROLIFERATIVE PHASE

Suppression and resolution of inflammation is an active
process. While the mechanisms contributing to the initiation
of inflammation have been well characterized, resolution of
inflammation is not as well understood. Neutrophils that are
recruited initially during the inflammatory phase are short-
lived cells and rapidly undergo cell death primarily through
apoptosis, but also necrosis, which releases mediators that
promote the resolution of inflammation including lipoxins
and resolvins that suppress neutrophil transmigration and
promote neutrophil apoptosis (Serhan et al., 2008; Mantovani
et al., 2011; Geering et al., 2013). Dying neutrophils also
express decoy and scavenging receptors that deplete the area
of inflammatory mediators (Soehnlein and Lindbom, 2010;
Penberthy and Ravichandran, 2016). Phagocytosis of necrotic
neutrophils by macrophages clears the area of apoptotic cells and
induces a pro-resolving M2 macrophage phenotype characterized
by the secretion of suppressors of inflammation such as
transforming growth factor (TGF)-β, IL-10, interleukin receptor
associated kinase-M (Chen et al., 2012) and pro-resolving lipid
mediators such as lipoxins and resolvins (Sansbury and Spite,
2016; Horckmans et al., 2017). An anti-inflammatory/reparative
monocyte subpopulation is recruited to contribute to the M2-
like macrophage pool and contributes to the resolution of
inflammatory responses. Similarly, these pro-resolving, M2-like
macrophages secrete anti-inflammatory, pro-fibrotic and pro-
angiogenic cytokines including IL-10 and TGF-β to suppress
inflammation and promote tissue repair.

Dendritic cells infiltrate the damaged heart predominantly
during the reparative phase (Yan et al., 2013). They play
an important role in the resolution of inflammation, scar
formation and angiogenesis. Deletion of dendritic cells prolongs
the accumulation of Ly-6Chigh monocytes, pro-inflammatory
macrophages and pro-inflammatory mediators (Anzai et al.,
2012). Mice lacking dendritic cells have a reduction in endothelial
cell proliferation and worsened cardiac function following

myocardial infarction. Additionally, they have been shown to
play a role in activation of T cell populations, which play a role
in remodeling (Van der Borght et al., 2017). They also play an
important role in phagocytosis of foreign or damaged material
and antigen presentation making them an important link
between the innate and adaptive immune response (Dieterlen
et al., 2016; Van der Borght et al., 2017).

Lymphocytes migrate to the heart following injury and there
is emerging evidence for an important role of lymphocyte
populations in mediating cardiac fibrosis in both ischemic and
non-ischemic heart failure (Laroumanie et al., 2014; Nevers
et al., 2015; Bansal et al., 2017). The cause of T lymphocytes
in the non-ischemic myocardium is uncertain but may be a
result of mechanical-stress activation of neurohumoral pathways
(Amador et al., 2014; Li et al., 2017). In the ischemic heart,
T cells are recruited via chemokine-dependent mechanisms
primarily during the reparative phase (Dobaczewski et al.,
2010b). Cytotoxic T cells are activated after infarction and
may exert cytotoxic actions on healthy cardiomyocytes in a
mechanism that is thought to involve cross-reactive cardiac
antigens (Varda-Bloom et al., 2000; Ilatovskaya et al., 2019). B
cells are also recruited to the heart through poorly understood
mechanisms (Wang et al., 2019). They are thought to have
a negative impact on remodeling though their role is not
well defined (Adamo et al., 2018, 2020). B cells promote
mobilization of pro-inflammatory Ly-6Chigh monocytes through
the production of CCL7 and may affect the heart through
their role in antibody deposition (Zouggari et al., 2013; Adamo
et al., 2020). CD4+ helper T cells play an important role in
response to cardiac injury. Following myocardial infarction,
they are likely activated by cardiac autoantigens to promote
wound healing, resolution of inflammation, proper collagen
matrix and scar formation (Hofmann et al., 2012). Studies using
CD4+ T-cell deficient mice, mice lacking the MHCII genes
and OT-II mice that have defective T-cell antigen recognition,
have augmented infiltrating leukocytes and disrupted collagen
matrix formation Hofmann et al., 2012). Regulatory T cells
(CD4+ Foxp3+) are also critical for favorable wound healing,
scar formation and resolution of inflammation after myocardial
infarction, in part, through modulating macrophage polarization
toward an M2-like phenotype (Weirather et al., 2014). NKT cell
activation reduces leukocyte infiltration and adverse remodeling
following both non-perfused and reperfused myocardial
infarction partially through enhanced expression of IL-10
and other anti-inflammatory cytokines (Sobirin et al., 2012;
Homma et al., 2013).

Along with the repression of inflammation, there is induction
of mediators that activate mesenchymal cells. During the
proliferative phase there is abundant infiltration of fibroblasts and
vascular cells. Suppression of pro-inflammatory signaling such
as IL-1β and interferon-γ-inducible protein (IP)-10 allows for
growth and infiltration of cardiac fibroblasts (Palmer et al., 1995;
Koudssi et al., 1998). Fibroblast migration is a critical aspect of
fibroblast biology in the damaged myocardium. Fibroblasts must
migrate to the site of dead cardiomyocytes for optimal repair
in a manner that is dependent on their ability to degrade and
deposit matrix (Tschumperlin, 2013). Several factors have been
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shown to mediate fibroblast migration including leukotrienes
(Blomer et al., 2013), cytokines such as IL-1β and cardiotrophin-
1 (Mitchell et al., 2007; Freed et al., 2011) and growth factors
including fibroblast growth factor (FGF) and TGF-β (Detillieux
et al., 2003; Liu et al., 2008).

Fibroblast proliferation also plays an important role during the
proliferative phase. Studies demonstrate an intense proliferation
of fibroblasts in the injured heart (Frangogiannis et al., 1998b;
Virag and Murry, 2003). Many factors influence fibroblast
proliferation including the growth factors fibroblast growth
factor (FGF)-2 and platelet-derived growth factor (PDGF) (Booz
and Baker, 1995; Zymek et al., 2006). Other factors including
angiotensin II, mast cell-derived tryptase and chymase also play
a role. However, the relative importance of these factors is
not well defined.

Following infiltration and proliferation at the sight of injury,
fibroblasts differentiate into myofibroblast. Myofibroblasts arise
primarily through proliferation of resident fibroblasts (Fredj
et al., 2005; Teekakirikul et al., 2010; Ali et al., 2014;
Moore-Morris et al., 2014) and are characterized by the
expression of contractile proteins and the ability to secrete
large amounts of matrix proteins (Cleutjens et al., 1995b).
While myofibroblasts may become activated through several
potential mechanisms, transforming growth factor (TGF)-β is
the best characterized mechanism of myofibroblast activation.
TGF-β is upregulated in the damaged heart and induces
transcription of myofibroblast genes through canonical Smad-
dependent signaling (Dobaczewski et al., 2010a). Alternatively,
non-canonical signaling through p38 mitogen-activated protein
kinase (MAPK), also plays a role in myofibroblast conversion
(Hashimoto et al., 2001; Sousa et al., 2007).

Activated myofibroblasts secrete ECM to form the fibrotic
scar. Myofibroblasts are thought to represent the main source
of ECM deposition (Cleutjens et al., 1995a; Squires et al.,
2005). Secretion of structural proteins including collagens and
fibronectin as well as matrix metabolism through the expression
of MMPs and TIMPs are critical for fibrosis. At the end of
the proliferative phase, there is an ECM composed primarily of
collagen. Signals leading to the transition from the proliferative
to the maturation phase are not well characterized. Regardless,
fibrotic and angiogenic responses are halted, preventing the
expansion of fibrosis and leading to the maturation phase.

THE MATURATION PHASE

The maturation phase follows the proliferative phase and is
characterized by mature scar formation. During the maturation
phase, cross-linking of the extra cellular matrix occurs. Reparative
cells that are present during the proliferative phase become
deactivated and may go through apoptosis. The mechanisms
involved in the transition from the proliferative phase to the
maturation phase are largely unknown. Myofibroblasts undergo
quiescence, potentially due to a lessening of fibrotic growth
factors and decreased TGF-β and angiotensin II signaling. They
may also go through apoptotic death (Takemura et al., 1998).

INFLAMMATION IN MYOCARDITIS

Inflammatory cardiomyopathy or myocarditis occurs due to
inflammation in the heart. Unlike other forms of heart failure,
myocarditis is initiated by a pathogen or autoimmune response
and may produce a unique type of inflammation depending
on the causative agent. Myocarditis is commonly associated
with viral infection (Caforio et al., 2007), the Coxsackie virus
of group B (CVB) is the most studied, which leads to viral
particle processing by innate immune cells followed by antigen
presentation and activation of the antiviral cytotoxic CD8+
T cells and some CD4+ T cell populations. While viruses
of the adenovirus, enterovirus, and parvovirus families are
most commonly associated with myocarditis, other infectious
events including bacterial causes such as staphylococcus,
streptococcus and Clostridia infections, fungal diseases including
aspergillosis and actinomycosis, protozoan illnesses such as
Chagas disease and malaria and parasitic infections like in
schistosomiasis. Toxins and autoimmune disorders can also give
rise to myocarditis (Caforio et al., 2007). While the immune
response is unique depending on the cause of myocarditis,
common hallmarks include inflammatory cell infiltration, which
can lead to fibrosis. Inflammation in myocarditis is highly
linked to the severity of the disease (Kindermann et al., 2008).
Most individuals who have inflammatory cardiomyopathy see a
resolution of symptoms however, the type, extent and duration of
the inflammatory response determines whether myocarditis will
be resolved or progress to dilated cardiomyopathy and ultimately
heart failure. Patients with an acute hypersensitive myocarditis
seem to recover after a few days, while patients with giant cell
myocarditis and eosinophilia myocarditis more often progress to
heart failure (Fung et al., 2016).

Similar to other forms of injury, the noxious insult initiating
myocarditis causes damage to cardiomyocytes, stimulating the
recruitment of circulating immune cells. If the extent of damage
results in a loss of cardiomyocytes, the heart repairs itself
through the deposition of ECM and myocardial fibrosis. This
process can be exacerbated by continued inflammation due
to prolonged exposure to the pathogen or toxic agent, T
lymphocyte responses to specific antigens and persistent immune
responses due to antibodies against or similar to endogenous
heart antigens (Cooper, 2009).

INFLAMMATION IN HYPERTENSION

Hypertension involves both the innate and adaptive immune
system throughout the progression of the disease. Inflammation
is believed to be a contributing factor to the diseased state of
hypertension. T lymphocytes have been shown to have a role in
the onset of the disease in an Angiotensin II (Ang II)-induced
hypertension mouse model. In a RAG-1−/− mouse model null
of T and B lymphocytes, mice display a dampened form of
hypertension, while reintroduction of T cells recapitulated the
classical hypertension readouts (Guzik et al., 2007). A more
recent study closely investigated the role of B lymphocytes in
Ang II-induced hypertension and found depletion of B cells

Frontiers in Physiology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 529075151

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


fphys-11-529075 September 11, 2020 Time: 18:25 # 10

Thomas and Grisanti Cardiac Inflammation and Fibrosis

ablated the phenotype associated with the model and adoptive
transfer of B cells recapitulated the hypertensive phenotype
(Chan et al., 2015). In a similar Ang II infusion induced
hypertensive mouse model, immune cells of the monocytic
lineage were shown to be a key mediator in enabling vascular
dysfunction (Wenzel et al., 2011; Harrison, 2014). Ablation
of LysM+ monocytes in this model significantly dampened
vascular macrophage infiltration, aortic macrophage populations,
and inflammatory gene expression in vasculature. The common
accepted mechanism follows enhancement of hypertension
symptoms due to the stress put on vasculature and the release
of damage associated molecular patterns (DAMPs) causing a
secondary chronic inflamed state (Drummond et al., 2019). The
involvement of the immune system in hypertension further
exacerbates the disease state induced by high blood pressure.

CYTOKINES-MEDIATORS OF FIBROSIS

Many of the Th-2 cytokines were first recognized as having
pro-fibrotic properties including IL-4, IL-5, IL-10, and IL-13.
IL-4 has been shown to increase collagen and matrix protein
synthesis in fibroblasts (Fertin et al., 1991; Postlethwaite et al.,
1992) and deletion reduces myocardial fibrosis (Kanellakis et al.,
2012; Peng et al., 2015). IL-4 is pleiotropic in nature and effects a
variety of cell types including having immunosuppressive effects
on pro-inflammatory mediators (Hart et al., 1989; Levings and
Schrader, 1999). IL-13 has also been shown to directly activate
fibroblasts (Oriente et al., 2000) and plays a role in fibrosis and
deletion in mice aggravates healing after myocardial infarction
(Hofmann et al., 2014).

While many immune responses are thought to be a reciprocal
regulation between cell populations, Th-1 and Th-17 cytokines
also promote fibrogenesis (Mosmann and Coffman, 1989; Choy
et al., 2015). IL-17 has reported direct and indirect pro-fibrotic
properties (Li et al., 2014). Some Th1 cytokines, including TNF-α,
are pro-fibrotic while others, such as IFN-γ and IL-12, are anti-
fibrotic (Zhang et al., 2011; Han et al., 2012; Li et al., 2012; Kimura
et al., 2018; Lee et al., 2019).

INTERLEUKIN-1

IL-1α and IL-1β are upregulated in the injured heart and play
an important role in inducing the expression of other cytokines,
chemokines, adhesion molecules and growth factors (Guillen
et al., 1995; Herskowitz et al., 1995). Most cell types in the heart
are impacted by IL-1 family members, particularly IL-1β. It plays
a large role in pro-inflammatory leukocyte recruitment to the
heart following damage (Saxena et al., 2013). Notably, IL-1β has
been found to be particularly important in regulating cardiac
fibroblast function during the inflammatory phase. It is markedly
upregulated in the infarcted myocardium (Herskowitz et al.,
1995; Christia et al., 2013). Induction mediates inflammatory
signaling and ECM metabolism through its effects on proteases
(Bujak et al., 2008). IL-1β promotes fibroblast migration through
increasing the expression of proteins involved in ECM turnover

(Mitchell et al., 2007). IL-1β may also play a role in the conversion
of fibroblasts into myofibroblasts (Saxena et al., 2013). It has
also been linked to fibroblast proliferation where it has been
shown to inhibit proliferation through the modulation of cyclins,
cyclin-dependent kinases and their inhibitors (Palmer et al.,
1995; Koudssi et al., 1998). However, many of these studies were
performed in vitro and the actions of IL-1β in vivo is less clear.

In vivo studies assessing the role of IL-1β are more
confounding. Viral overexpression of IL-1 receptor antagonist
(IL-1ra) in the hearts of rats subjected to ischemia reperfusion
injury was protective through the inhibition of inflammatory
responses and decreased cardiomyocyte apoptosis (Suzuki
et al., 2001). Global IL-1RI knockout mice have decreased
inflammation and immune cell recruitment following
myocardial infarction, which culminated in an attenuated
fibrotic response (Bujak et al., 2008). Contrarily, neutralizing
antibody administration for IL-1β in mice in the acute phase
after myocardial infarction delayed the wound healing process
leading to increased incidence of cardiac rupture and enhanced
maladaptive remodeling long-term (Hwang et al., 2001). These
confounding studies demonstrate the increasingly appreciated
pleiotropic nature of many cytokines including the IL-1 family.

INTERLEUKIN-6

IL-6 has been extensively characterized for its role in increasing
fibroblast proliferation and myocardial fibrosis (Banerjee et al.,
2009). It is a member of a family of structurally related
cytokines including oncostatin-M and cartotrophin-1 that have
overlapping functions. IL-6 effects most cells of the heart. In
cardiomyocytes, IL-6 protects cells from death and promotes
hypertrophy (Sano et al., 2000; Smart et al., 2006). Inhibition of
IL-6 diminishes acute immune cell recruitment (Muller et al.,
2014). Lack of IL-6 protects the heart from fibrosis in several
models of heart failure (Gonzalez et al., 2015; Zhang et al., 2016).

INTERLEUKIN-10

IL-10 is upregulated in the injured heart (Frangogiannis
et al., 2000a). It is produced primarily by activated Th2
cells and monocytes that have anti-inflammatory properties
(Frangogiannis et al., 2000a). In macrophages, IL-10 suppresses
the synthesis of pro-inflammatory cytokines and chemokines
such as IL-1, IL-6, and TNF-α (Fiorentino et al., 1991). It
can also regulate ECM remodeling through the regulation
of MMPs and TIMPs (Lacraz et al., 1995). IL-10 knockout
mice have increased mortality and enhanced inflammation in
response to ischemia/reperfusion injury (Yang et al., 2000). Since
IL-10 is increased at later time points following myocardial
infarction and has potent anti-inflammatory effects, it would
be anticipated that IL-10 might play an important role in
the resolution of inflammation. However, studies have been
conflicting. Studies using IL-10 knockout mice showed that, while
mice have augmented acute inflammatory responses, resolution
of inflammation was unchanged (Zymek et al., 2007).
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TUMOR-NECROSIS FACTOR

TNF-α is a pleiotropic cytokine capable of effecting all cell types
involved in cardiac injury and repair. It is able to suppress
cardiac contractility and augment cardiomyocyte apoptosis
(Finkel et al., 1992; Yokoyama et al., 1993). Secretion by various
cell types involved in remodeling enhances production of pro-
inflammatory cytokines, chemokines and adhesion molecules
by immune cells. TNF-α can also effect ECM metabolism
through its ability to decreased collagen synthesis in fibroblasts
and enhance MMP activity (Siwik et al., 2000). While these
findings and studies showing that TNF-α knockout mice
have decreased inflammation and improvements in cardiac
remodeling and function following myocardial infarction suggest
TNF-α neutralization would be beneficial in the injured heart,
this has not been the case (Maekawa et al., 2002; Berthonneche
et al., 2004; Sugano et al., 2004; Sun et al., 2004). Inhibiting
TNF-α through gene therapy to express the soluble TNF receptor
produced deleterious effects in a mouse model of myocardial
infarction through increased incidence of cardiac rupture and
augmented cardiac remodeling (Monden et al., 2007b). Genetic
deletion of TNFR1/TNFR2 produced increased infarct size
and enhanced cardiomyocyte apoptosis following myocardial
infarction (Kurrelmeyer et al., 2000). These findings have been
proposed to be due to distinct TNF-α effects through different
receptor subtypes (Monden et al., 2007a), but may also be
attributed to the complex nature of TNF-α signaling on biological
processes in the heart.

INTERFERONS

Interferons (IFN) can be secreted by immune cells or fibroblasts
to effect a wide array of biological responses (Noppert et al.,
2007; Ivashkiv and Donlin, 2014). IFN-γ knockout mice have
a reduction in the myofibroblast marker α-smooth muscle
actin following angiotensin II administration (Han et al., 2012).
Similarly, mice lacking the INF-γ receptor have decreased cardiac
hypertrophy and fibrosis along with reductions in macrophage
and T cell infiltration following angiotensin II infusion (Marko
et al., 2012). However, these studies used global knockout mice
and fail to determine the specific cardiac contribution of immune
cells compared to fibroblasts.

TRANSFORMING GROWTH FACTOR
FAMILY

TGF-β1 has been proposed to be a master regulator in the
transition from inflammation to repair in the damaged
heart (Dobaczewski et al., 2011). Neutralization of TGF-
β1 worsens cardiac dysfunction and prolongs inflammation
in a model of myocardial infarction (Ikeuchi et al., 2004).
However, cardiomyocyte-specific knockout of TGF-β receptors
is protective and promotes anti-inflammatory and cytoprotective
signaling (Rainer et al., 2014). These studies suggest that the
detrimental effects of loss of TGF-β1 signaling is not likely

through directly impacting cardiomyocytes, but though loss
of anti-inflammatory actions and fibrosis. In addition to its
role in suppressing inflammation and promoting reparative
immune responses, TGF-β1 is critical for myofibroblast
transdifferentiation (Hashimoto et al., 2001; Wang et al., 2005;
Dobaczewski et al., 2010a).

Growth differentiation factor-15 (GDF-15) is also a member
of the TGF-β family that has been implicated in suppression of
inflammation after myocardial infarction. GDF-15 counteracts
integrin activation on leukocytes to curb pro-inflammatory
responses (Kempf et al., 2011). Knockout of GDF-15 in mice
augments inflammation and increases cardiac rupture following
myocardial infarction (Kempf et al., 2011). This is also reflected
in the patient population where patients with elevated plasma
GDF-15 are prone to increased mortality (Kempf et al., 2007).

CLINICAL PERSPECTIVES

Currently approved heart failure therapies target the short-term
clinical status to minimize symptoms and improve quality of
life, but long-term prognosis remains poor (Machaj et al., 2019).
Treatments aimed at preventing the progression of heart failure
or reversing maladaptive remodeling are an attractive target, but
have culminated in minimal success. Due to the involvement
of inflammation in all stages of disease progression, targeting
the immune response has been an ongoing area of interest
to address this unmet clinical need. In the past two decades
the field of cardiac inflammation has made numerous ventures
into clinical trials targeting inflammatory pathways. To date,
cytokine-targeted therapies have dominated with clinical trials
targeting TNF-α and IL-1β (Murphy et al., 2020).

Early studies identified TNF-α as a potential therapeutic
target due to its known role as a pro-inflammatory mediator in
heart failure. To date, several randomized, placebo-controlled,
anti-TNF-α studies have been performed. The RENEWAL
trial (Randomized Etanercept Worldwide Evaluation), testing
etanercept, and the ATTACH trial (Anti-TNF-α Therapy Against
Congestive Heart Failure), involving infliximab, showed no
indication of beneficial effects with treatment and the ATTACH
trial exposed adverse effects of anti-TNF-α therapy (Bozkurt
et al., 2001; Chung et al., 2003; Mann et al., 2004). These
initial studies targeting the inflammatory response demonstrate
our lack of understanding and under appreciation of the
complexity of immune system involvement in heart failure. TNF-
α is a widely expressed cytokine with pleotropic actions. This
includes a protective role in cardiomyocytes by preventing death
(Kurrelmeyer et al., 2000; Evans et al., 2018). Appropriate TNF-α
levels may also be necessary for adequate tissue remodeling and
repair (Anker and Coats, 2002).

IL-1β is another potential cytokine target for the treatment
of heart failure due to its up-regulation in heart failure, role
in pro-inflammatory responses and positive benefits from IL-
1β inhibition in preclinical trials (Van Tassell et al., 2015). The
CANTOS trial (Canakinumab Anti-Inflammatory Thrombosis
Outcome Study) was a randomized, double-blinded, placebo-
controlled, anti-IL-1β study investigating the use of the
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FIGURE 4 | Integrative schematic of inflammation and cardiac fibrosis. After a cardiac insult, the release of DAMPs from dying or damaged cardiomyocytes (CM)
triggers an inflammatory cascade through PRRs expressed on resident fibroblast, endothelial, mast cell, macrophage and other immune cell populations in the heart.
This results in the cytokine/chemokine-mediated infiltration of the immune cells, initially neutrophils then Ly-6Chigh monocytes that contribute to an increase in
M1-like macrophages into the myocardium. M1-like macrophages and neutrophils contribute to clearance of dead cells and ECM debris through phagocytosis.
Macrophages also contribute to ECM remodeling through the production of collagen and other ECM components and ECM turnover though the regulation of MMPs
and TIMPs. Macrophage engulfment of apoptotic neutrophils promotes and M2-like phenotype, which promotes the proliferation and migration of fibroblast and
promotes differentiation into myofibroblast, primarily through the action of TGF-β. Antigen presentation by phagocytic cells activate T lymphocyte populations that
contribute to fibrosis through poorly defined mechanisms. Myofibroblasts are the major source of ECM components and contribute to remodeling of the ECM. The
fibrotic response concludes with ECM crosslinking and the apoptosis or quiescence of immune cells and myofibroblasts, producing a mature scar.

monoclonal antibody canakinumab (Ridker et al., 2017). All
doses tested had a positive impact on inflammatory burden
as indicated by C-reactive protein. However, only the highest
dose examined (150 mg) was successful in reducing one of
the primary end points of the study, reoccurrence of non-fatal
MI, with no changes in other end points including stroke or
cardiovascular death.

The ACCLAIM trial (Advanced Chronic Heart Failure
Clinical Assessment of Immune Modulation Therapy) was a
double-blinded, placebo-controlled study using a device-based
non-specific immunomodulation therapy approach (Torre-
Amione et al., 2008). This study did not find a significant
reduction in cardiovascular hospitalization or mortality.
However, in certain populations, those without a previous
myocardial infarction and New York Heart Association (NYHA)

II heart failure, significant reductions in primary endpoints
were observed, suggesting that this approach may be beneficial
in certain groups. Important to note, the mechanisms of
immunomodulation are not well defined and the impact on
cytokine levels were not measured making the findings difficult
to interpret at a mechanistic level.

The clinical trials targeting inflammation for the treatment of
heart failure, with the exception of the CANTOS trial (anti-IL-
1β), have been largely disappointing (Van Tassell et al., 2015).
However, to date, strategies have broadly targeted inflammation
through either a generic approach or inhibition of cytokines that
have an array of functions on many cell types. It is also important
to note that these studies involve subsets of heart failure patients
and it should not be discounted that these approaches may be
valuable in certain patient populations such as inflammatory
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cardiomyopathies. These findings highlight our need for a
better understanding of how inflammation contributes to the
pathogenesis of heart failure. More recent preclinicial studies
targeting a specific signaling pathways and cell populations give
hope for future immunomodulatory therapies for the treatment
of heart failure. The CCL2/CCR2 axis that is important for
infiltrating pro-inflammatory monocytes has be targeting using
small molecular antagonists (Hilgendorf et al., 2014; Grisanti
et al., 2016; Liao et al., 2018; Patel et al., 2018), antibodies (Patel
et al., 2018), small interfering RNA (Leuschner et al., 2011),
lipid micelles containing CCR2 antagonists (Wang et al., 2018),
and microparticles (Getts et al., 2014). Antibody-depletion based
approaches targeting lymphocyte populations including CD3 and
CD4 antibodies for T cell (Nevers et al., 2015; Bansal et al.,
2017), CD25 for regulatory T cell (Bansal et al., 2019) and
CD22 for B cell (Cordero-Reyes et al., 2016) depletion all display
promise. However, if these and other preclinical studies translate
in humans remains to be seen.

THE IMPACT OF INFLAMMATION ON
FIBROSIS

It should be apparent that inflammation is a major regulator
of the reparative response after cardiac injury (Figure 4).
Inflammatory cells, such as neutrophils and macrophages,
infiltrate to the site of injury where they release numerous
pro-inflammatory mediators including tumor necrosis factor
(TNF)-α, interleukin (IL)-1β and IL-6. These cytokines play an
important role in the induction of resident fibroblast proliferation
and activation of myofibroblasts initiating the production of
ECM components (Christia et al., 2013). In turn, activated cardiac
fibroblasts upregulate various cytokine and growth factors
to influence healing via autocrine and paracrine-dependent
mechanisms (Zhao and Eghbali-Webb, 2001).

Monocytes/macrophages play an important role in the fibrotic
response following injury. While it is now recognized that
the historical view of macrophage polarization into M1 and
M2 phenotypes is an oversimplification and there are several
differentiation states that are dynamic in response to changes
in the environmental milieu (Xue et al., 2014), these distinct
populations play unique roles in their modulation of fibrosis.
Macrophage-derived TGF-β induces migration, growth and
activation of fibroblasts and promotes collagen synthesis (Fine
and Goldstein, 1987; Clark et al., 1997; Acharya et al., 2008).
Macrophages also represent an important source of MMPs and

TIMPs that influence matrix degradation (Huang et al., 2012;
Khokha et al., 2013). MMPs are also involved in the control of
chemokines to influence inflammatory responses (Van den Steen
et al., 2000; Dean et al., 2008; Song et al., 2013).

During the proliferative phase of cardiac repair, cardiac
fibroblast populations undergo expansion and conversion to
myofibroblasts (Travers et al., 2016). The conversion of
macrophages to a reparative phenotype promotes the recruitment
and expansion of fibroblasts through the secretion of pro-fibrotic
factors (Bajpai et al., 2018). These macrophages and recruited
lymphocyte populations contribute to the activation of fibroblasts
into a myofibroblast phenotype through cytokine release of
factors such as TGF-β (Dobaczewski et al., 2011). Myofibroblasts,
in turn, generate large amounts of ECM to repair the damaged
heart (Travers et al., 2016).

The interplay between the immune and fibrotic response is
extremely interconnected. Immune cells regulate all aspects of
fibroblast biology and fibroblasts, in turn, regulate immune cell
recruitment, activation and function. Dissecting the role of the
various mediators has proven to be difficult due to the pleiotropic
nature of many of these factors and their context-dependent and
cell type-dependent nature. Furthermore, lack of cell type specific
markers has hampered progress. Understanding the relationship
between inflammation and cardiac remodeling is an important
avenue of study due to its importance for recovery and represent
a significant potential area of therapeutic intervention.
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