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Cardiac fibroblasts (CFs), one of the major groups of cardiac cells, play
a prominent role in the cardiac microenvironment through commu-
nicating with other cells such as cardiomyocytes, endothelial cells
and immune cells. These communications are required not only dur-
ing cardiac development but also during pathogenesis. CFs are also
involved in developmental changes in the post-natal and pre-natal
heart through depositing extra cellular matrix (ECM) and maintain-
ing cardiac tissue structure. Furthermore, CFs show both detrimen-
tal and beneficial effects in maintenance of the electrophysiology of
the heart. Senescent CFs in the cardiac microenvironment influence
other cardiac cells through paracrine signaling, which would worsen
or cure the diseases. Therefore, there is a need of exclusive study on
CFs' role in the developmental stage of the heart, electrophysiology,
and senescence. This review discusses the current research about
CFs' function, especially the CFs' role in cardiac development, electro-
physiology, and senescence, and proposes a certain gap filling future
prospective.
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1. Introduction
Cardiac fibroblasts (CFs) are mesenchymal in nature. CFs

originating from the pro-epicardial organ through epithelial
to mesenchymal transition (EMT) are referred to as epicar-
dial fibroblasts [1], whereas CFs originating from endothelial
cells by endothelial to mesenchymal transition (EndMT) are
referred as endocardial fibroblasts [2]. Depending on their
location and function, CFs can be broadly classified into in-
terstitial septal and ventricular fibroblasts, adventitial sep-
tal and ventricular fibroblasts, atrial fibroblasts, annulus fi-
broblasts and cardiac valve fibroblasts [3]. CFs produce dif-
ferent components to maintain heart structure, such as pe-
riostin (Postn), vimentin, fibronectin and collagen types I,
III, V and VI [4], and can be identified through certain mark-
ers such as cluster of differentiation 90 (CD90), discoidin do-
main receptor 2 (DDR2), fibroblast specific protein-1 (FSP-
1), spinocerebellar ataxia type-1 (Sca1), fibronectin, vimentin
and collagen types I and III [5]. Certain markers upregulate
during cardiac fibrosis, such as fibroblast activating protein

(FAP), fibroblast specific protein (FSP), fibronectin splice
variant extra domain- A (ED-A), alpha smooth muscle actin
(α-SMA), transcription factor 21 (Tcf21) and receptor tyro-
sine kinase platelet derived growth factor A (PDGFRα) [6].
Among these, α-SMA is the marker used for activated fi-
broblast identification. Tcf21 and PDGFRα are expressed by
CFs during cardiac epicardial development [7]. CFs are dis-
tributed throughout the heart, where, predominantly present
in the annulus fibrosus and adventia of coronary arteries and
hence referred as valvular fibroblasts [8]. There are alsomore
organized fibroblasts around the sinoatrial node which con-
tribute to insulating the electric impulse [9]. Further, the fi-
broblasts are mainly present in coronary vessels [10]. The
fibroblasts located between muscle fibres and referred as in-
terstitial CFs and are less functional in the cardiac microenvi-
ronment [11]. CFs are the major source for ECM regulation,
synthesis and degradation. They secret various collagens (I,
III, IV, V and VI) to form ECM [12]. CFs, secrete a great
number of proteins such as fibronectin, elastin, laminins, fib-
rillins, glycoprotein and proteoglycans, which are essential
for ECM organization and cardiac signaling [13]. They also
play roles as paracrine signals during the communication be-
tween CFs and other cardiac cells such as cardiomyocytes,
endothelial cells and immune cells in the cardiac microen-
vironment [14]. ECM composition influences the response
of fibroblasts to growth factors such as transforming growth
factor beta (TGF-β) and induces its transition to myofibrob-
lasts (MFBs) [15]. In myocardial infarcted heart, CFs at the
initial stage of the inflammatory phase secrete matrix met-
allo proteinases (MMPs) which degrade ECM and promote
cell migration to infarcted areas [16]. However, myocardial
fibrosis induced by CFs plays a dual role in cardiac remod-
eling after injury. CFs are activated and deposit ECM at the
injured part to heal thewound [13], but protracted inflamma-
tion can increase scarring and retard wound healing, causing
cardiac dysfunction [17]. CFs are one of the major groups
of cells present in cardiac tissue. In this review the develop-
ment and function of CFs, and the crosstalk between CFs and
cardiac stromal cells are discussed, especially the role of CFs
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Fig. 1. Cardiac fibroblasts and cardiomyocytes interactionwith and endothelial cells. CFs interact with cardiomyocytes either to promote or suppress
the disease. CF autocrine and paracrine interaction by release of certain cytokines facilitates cell to cell communication. The secretions of other cardiomyocytes
also influence fibroblast activation and attain myofibroblast phenotype.

functioning in electrophysiology and the induction of senes-
cence. While several what we know about CFs has been de-
rived from in vitro studies, there are also illuminating in fu-
ture research. This review aims to raise a path to fill in the
gaps of present studies, and to help better understand the role
of CFs-in cardiac diseases.

2 Transition and differentiation of cardiac
fibroblasts to cardiac myofibroblasts

CFs under the influence of several cardiac stressors such
as physical stretch, cardiac stress, growth factors, and inflam-
matory mediators activate and convert to the MFB pheno-
type [18]. Prior to conversion of CFs to MFBs cells un-
dergo an intermediate stage, the proto-myofibroblast phe-
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Fig. 2. Cardiac fibroblasts and endothelial cells interaction. Endothelin-1 and Snail expression by endothelial cells in the cardiac microenvironment
activate fibroblasts and facilitate activated fibroblast conversion tomyofibroblasts throughα-SMA. Increased Ly6/PLAUR domain containing protein (LTPD)
in fibroblasts restrains vascular network formation of human vascular endothelial cells (HUVEs).

notype. These, proto-myofibroblasts differ from MFBs by
impaired expression of α-SMA [19]. These cells have migra-
tory capacity by enhanced formation of stress fibers that fa-
cilitate contraction, while this phenomenon is not observed
in non-activated fibroblasts [20]. CF conversion to MFBs is
influenced by the TGF-β – Smad signalling pathway. TGF-
β activates fibroblasts through phosphorylation of Smad2 or
Smad3 and forming a complex with Smad4, then this com-
plex translocates to the nucleus and subsequently binds and
activates ECM genes such as collagen-I [18]. CF activation
is also triggered by several growth factors such as connec-
tive tissue growth factor (CTGF/CCN2), angiotensin-II and
platelet derived growth factor [21]. Certain intracellular sig-
nalling mediators such as, the a smad repressor- zinc finger
E- box binding homeobox2 (Ski-Zeb2) –mesenchyme home-
obox2 (Meox2) pathway, calcineurin/nuclear factor of ac-
tivated T-cells (NFAT) and P38α induce transition of CFs
to MFBs [22]. Apart from these, mechanical stretch of CFs
transitions them to MFBs [23]. The differentiation between
CFs and cardiac MFBs is challenging because of the lack of
specific biomarkers. There are certain markers, such as vi-
mentin, cluster of differentiation 31, 45 (CD31, CD45) and
FSP-1, that are expressed by CFs and also by other cardiac

cells such as, endothelial cells andmacrophages [24, 25]. Also,
there are certain markers that are expressed by CFs and car-
diac MFBs such as transcription factor 21 (Tcf 21), osteo-
pontin, frizzled-2 and DDR2 [12, 24, 26]. However, cer-
tain markers such as, platelet derived growth factor- alpha
(PDGF-α), collagen1a1- green fluorescent protein (GFP) and
cadherin-11 express on CFs but their expression on cardiac
myofibroblasts needs to be clarified [24]. A few markers,
such as transforming growth factor-β type-II receptor, an-
giotensin 1 receptor, tensin, paxillin, fibronectin, tenascin C
and Postn show upregulated expression byMFBs during spe-
cific pathological or stress conditions [27]. However, cur-
rentlyα-SMA is used as the standard biomarker to differenti-
ate cardiacMFBs and CFs because its expression is peculiar to
stressed conditions and it is specifically not expressed by CFs
[28]. Recent studies revealed a biomarker that is expressed on
human CFs and cardiac MFBs, i.e., sushi containing domain
2 (SUSD2). Cultured CFs co-express SUSD2 with fibroblast
marker PDGFRα [29].
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Fig. 3. Cardiac fibroblasts and cardiacmacrophages interaction. CFs proliferates by stimulation with ANG-II and secretes certain cytokines that triggers
infiltration of macrophages. Hyaluronan (HA) secretion downregulates expression ofα-SMA and results in conversion of CFs to myofibroblasts. CFs secreted
IL-17A upregulates GM-CSF that inhibits LY6Clo monocytes conversion to macrophages and induces LY6Chi monocyte conversion to macrophages. Cy-
tokines secreted by macrophages convert CFs to myofibroblasts, leptin secreted by myofibroblasts converts M1 macrophages to M2 macrophages through
P13K/AKT signaling. The secretion of IL-1α and Spp1 by macrophages causes activation of fibroblasts, TNF-α secretion upregulates NF-kB and MMP-9
expression in CFs and causes degradation of ECM. Green fluorescent protein transgene (GFPtpz) expression causes collagen deposit.

3. Cardiac fibroblasts in development of
pre-natal and post-natal heart

Cardiac development, also referred to as cardiogenesis, is
an important physiological process during mammalian em-
bryonic development. The heart is the first functional organ
developed during embryonic development [30]. At the 4th
week of gestation, epicardial epithelial cells undergo EMT
and form CFs and the vascular smooth muscle cells of ma-
tured hearts [31]. Cardiomyocytes, CFs, endothelial cells and

valvar interstitial cells are the major cardiac cells during em-
bryonic heart development [32]. Cells expressing genes such
as collagen type 1 alpha (COL1A1), COL1A2, COL3A1, Postn and
decorin (DCN ) are represented as CFs in the embryonic heart.
Their main function is formation of ECM [13]. CFs express
four different gene groups during the developmental stage.
The first associates with striated muscle cell development,
with expression upregulated in mid and late stages of devel-
opment [33]. At 17 weeks gestational stage development, fi-
broblasts express SRY-Box transcription factor-9 (SOX9) a
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sarcomere protein, i.e., cardiac troponin T [33]. At this stage
there is a severe change in the cell cycle. The expression of
cell cycle genes is significantly reduced during development
suggesting the reduction of CF proliferation during heart de-
velopment. The mitotic genes aurora kinase B (AURKB), cy-
clin dependent kinase 1 (CDK1) and ubiquitin conjugating enzyme
E2C (UBE2C) are downregulated, together with the upreg-
ulation of ECM deposition related genes such as DCN and
COL3A1 etc., showing upregulated expression in the early- to
mid-stage of heart development [33]. Thus ECM deposition
is essential to maintain the structure and promote cell to cell
interaction in the cardiac microenvironment. ECM expres-
sion is upregulated in week 5 to week 6 of the gestational pe-
riod. Furthermore, fibroblasts could upregulate the expres-
sion of the bone morphogenic protein (BMP) signaling path-
way during development [33] through increasing the expres-
sion of BMP signaling pathway receptors such as bone mor-
phogenic protein receptor type 2 (BMPR2), activins A re-
ceptor (ACVR), drosophila mothers against decapentaplegic
protein (SMAD)5 and SMAD9 which are essential for cell to
cell communication during cardiac development [33].

During postnatal development the interactions between
the cells in the cardiac microenvironment through several
signaling pathways contributes to heart development and dis-
ease [34]. CFs facilitate cardiomyocyte maturation by up-
regulated expression of certain genes such as DCN, laminin
subunit gamma 1 (LAMC1), placental growth factor (PGF) and
laminin subunit alpha-2 (LAMA2) to secrete maturation pro-
moting proteins which can bind to the receptor on cardiomy-
ocytes and promote maturation [35]. Furthermore, the BMP
signaling pathway between CFs and cardiomyocytes initiates
maturation of cardiomyocytes prominently, and there are
other common pathways activated by cardiac fibroblasts such
as fork head box O (FOXO), mechanistic target of rapamycin
(mTOR), and vascular endothelial growth factor (VEGF) that
contribute to switching of the heart from neonatal to post-
natal matured heart [35]. There are critical changes in heart
following birth. Heterogeneous cardiac fibroblasts popula-
tions exist from the third day after birth. These fibroblasts ex-
press different endogenous genes such as Postn and Tcf21. α-
SMA is also expressed by MFBs, which is essential for ECM
remodeling after birth. Postn’s expression is persistent un-
til postnatal day 30 (P30), but is downregulated when Tcf21
is expressed. Based on these gene expressions, CFs are of
these groups: Postn expressing at postnatal day 7 (Postn+P7),
Tcf21 expressing at postnatal day 7 (Tcf21+P7) and Tcf21
expressing at postnatal day 30 (Tcf21+P30). Postn+P7 and
Tcf21+P7 are no longer detected at P30, but Tcf21+P30
CFs downregulates ECMexpression and remains quiescent at
P30. Postn+ CFs also remain quiescent but are activated af-
ter injury to perform cardiac repair. There is a need to know
Postn+ CFs’ interaction with other CFs in cardiac microen-
vironment in the repair mechanism [36].

4. The cross talk between fibroblasts and
cardiac stromal cells

The cardiacmicroenvironment is composed of several cell
types: 60–70% of non-myocytes such as endothelial cells, vas-
cular smooth muscle cells and fibroblasts; 30–40% of car-
diomyocytes responsible for the contractility of heartmuscles
[37]. These cells interact with each other due to alterations
in development, homeostasis and pathological triggers.

4.1 Cardiac fibroblasts and cardiomyocytes

CFs and cardiomyocytes interconnect through cell-to-cell
communication directly or indirectly by expressing cytokines
and other mediators via the autocrine or paracrine pathway
during pathological stress [38]. In in vitro conditions, ex-
pression of tumor necrosis factor alpha (TNF-α) in CFs was
upregulated under hypoxic conditions, instead of interleukin
1 beta (IL-1β), IL-10 and interferon gamma (INF-γ), to re-
duce the threshold for mitochondrial permeability transition
(MPT) induction by reactive oxygen species (ROS) in car-
diomyocytes, causing the apoptosis of cardiomyocytes and
the decrease of CF proliferation, in turn resulting in aggra-
vation of ischemia reperfusion injury (Fig. 1) [39]. Mean-
while, hypoxic cardiomyocytes secrete some metabolites like
IL-1β, TNF-α and IL-6, among them IL-1β and TNF-α
depending on in vitro exposure time intervals, contributing
to fibroblast migration prior to myocardial damage. Pro-
longed hypoxic conditions upregulate transforming growth
factor beta (TGF-β), a pleiotropic cytokine that contributes
to cardiac repair and remodeling by significant inhibition
of fibroblast migration [40, 41]. C1q/tumor necrosis fac-
tor related protein (CTRP) expression is compromised in
cardiomyocytes of the left ventricle of mice that underwent
transverse aortic constriction (TAC), but in pressure over-
loaded mice CTRP15’s expression is upregulated by adeno
associated virus (AAV9), which contributes to downregu-
lation of profibrotic molecule TGF-β1 through the Smad3
pathway. Moreover, CTRP15 augments the phosphoryla-
tion of insulin receptor (IR) and causes the activation of
protein kinase B (AKT), which results in an antifibrotic ef-
fect (Fig. 1). There is a need to elucidate the mechanism
in upregulation of IR by CTRP15 [42]. However, in clini-
cal studies β2M (a non-glycosylated protein) over expression
by cardiomyocytes promotes the activation of CFs through
epidermal growth factor receptor (EGFR) signaling under
pressure overload, which causes cardiac dysfunction in hy-
pertension and heart failure patients [43]. Metabolites such
as hypoxia induced mitogenic factor (HIMF) overexpression
in cardiomyocytes influences the activation of CFs. More-
over, in mice HIMF also stimulates IL-6’s secretion of CFs,
but blocking of IL-6 downregulates HIMF’s expression. IL-
6 in cardiomyocytes and fibroblasts activated mitogen acti-
vated protein kinase (MAPK) and calcium/calmodulin de-
pendent kinase II (CaMKII)-signal transducer and the ac-
tivator of transcription 3 (STAT3) pathway, which stimu-
lates activation of fibroblasts and hypertrophy of cardiomy-
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ocytes resulting in promotion of fibrosis and cardiac hyper-
trophy [44]. Follistatin-like 3 (FSTL3) was overexpressed
by cardiomyocytes under a stress condition, which induced
CF activation and proliferation and led to progression of
disease [44]. α-SMA negative fibroblasts in normal heart
cause reduction of adult cardiomyocyte viability through
paracrine signaling, but cardiomyocytes, along with TGF-β,
secrete other metabolites that affect CF proliferation [45]. In
mice, the suppression of plasma membrane calcium ATPase
4 (PMCA4)’s expression in fibroblasts causes increased ex-
pression of nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-kB) and paired box gene 2 (Pax2), where
Pax2 is the major transcription factor for secreted frizzled
related protein 2 (SFRP2) expression, and its upregulation
would inhibit the Wnt pathway and then suppress hyper-
trophic responses in cardiomyocytes. Here, there is a need
to know PMCA4 action on endothelial and smooth muscle
cells, which could further contribute to therapeutics [46].
CFs secrete star microRNA (miRNAs) enriched exosomes
due to stress signals, and these exosomes act upon cardiomy-
ocytes by paracrine signaling to downregulate expression of
sorbin and SH3 domain containing 2 (SORBS2) and PDZ and
LIM domain 5 (PDLIM5) (Fig. 1). Under normal conditions,
SORBS2 is essential for the assembly ofmyofibrils and several
other important processes in cardiomyocytes, and PDLIM5
is required for maintenance of cardiac muscle structure and
function. So the downregulation of SORBS2 and PDLIM5
by miR-21 would contribute to cardiac failure caused by my-
ocardial hypertrophy [47]. In vitro and in vivo studies reveal
that cardiomyocytes secreted exosomes containingmiR-208a
were up taken by CFs. These exosomes induce proliferation
of fibroblasts and also trigger their transition toMFBs. These
effects are mediated by miR-208a through upregulation of
dual specificity tyrosine phosphorylation regulated kinase-2v
(DYrk2) expression that induces phosphorylation of NFAT,
causing cessation of its entry into the nucleus resulting in in-
duction of fibrosis [48].

4.2 Cardiac fibroblasts and endothelial cells
Endothelial cells (ECs) are an elementary part of the vas-

culature and the heart, where cardiac ECs could modulate
performance of cardiac muscles [49]. Endocardial ECs re-
lease cytokines like TGF-β, Endothelin 1 (ET-1) and an-
giotensin II (Ang-II). Among these, ET-1 stimulates CF
proliferation via the MAPK/(mitogen activated protein ki-
nases/extracellular signal-regulated kinases) ERK pathway,
which is involved in the progression of fibrosis by collagen
synthesis (Fig. 2) [50]. Zinc finger protein SNAl1 (Snail) ex-
pressed by endothelial cells could induce EndMT and stim-
ulate differentiation of CFs to MFBs in a mouse ischemia
reperfusion injury model (I/R injury). Meanwhile, the ex-
pression of connective tissue growth factor (CTGF) as a
profibrotic factor is also upregulated in correspondence with
Snail, following the secretion of α-SMA and smooth muscle
22 alpha (SM22α) as mesenchymal components to induce the
migration of fibroblasts (Fig. 2) [51]. However, Ly6/PLAUR

domain containing protein (LYPD) upregulated expression
in CFs restrains vascular network formation of human vas-
cular endothelial cells (HUVECs) [51], which exhibit cardiac
dysfunction caused by the interaction between CFs and en-
dothelial cells. In recent studies TGF-β activated CFs secrete
altered exosomes, i.e., miR-200a-3q which modifies angio-
genic potential, proliferation and migration of endothelial
cells. These exosomes regulate phosphatidylinositol glycan
anchor biosynthesis class F (PIGF)-dependent vascular en-
dothelial growth factor A(VEGF-A) signallingwhich induces
dysfunction of endothelial cells. Inhibiting miR-200a-3q in
MFBs restores endothelial function [52]. There is a need for
further exclusive study of several autocrine and paracrine fac-
tors and mechanisms that are hidden in the interaction be-
tween CFs and endothelial cells.

4.3 Cardiac fibroblasts and cardiac macrophages
Macrophages are the key cells that induce inflammation in

cardiac injury and cardiac repair [53]. CFs and macrophages
interact with each other through several cytokines’ paracrine
activity [54]. Studies on patientswith rheumatic heart disease
withmitral/aortic valve replacement discover that Ang-II in-
duced fibroblast proliferation caused by upregulated expres-
sion of Toll/IL-1 receptor domain containing adaptor (TRIF)
during atrial fibrillation. Upregulated TRIF could increase
macrophage infiltration into atrial fibroblasts by chemotaxis
induction via c-c motif Chemokine ligand 2 (CCL2), CCL7,
CCL12 and c-x-c motif Chemokine ligand 10 (CXCL10).
These macrophages associate with atrial fibroblast prolif-
eration and result in fibrosis [55]. In myocardial infarc-
tion (MI) induced mice, there is an increased number of
CD206+F4/80+CD11b+ M2-like macrophages stimulating
CFs transformation into MFBs through increasing the ex-
pression of IL-4 post MI. Simultaneously, IL-1α and osteo-
pontin (Sppl) are also nearly 3-fold upregulated to stimu-
late the activation of fibroblasts and result in repair of post-
MI hearts [56]. In mice, induced acute myocardial infarc-
tion (AMI) studies revealed that mir-155 upregulated ex-
pression in macrophages is influenced by lipopoly saccha-
rides (LPS) and Ang-II. Activated macrophages release ex-
osomes enriched with mir-155, which inhibits cardiac fi-
broblast proliferation by suppressed expression of son of
seven less homolog 1 (Sos1) protein causing impaired car-
diac repair after MI (Fig. 3). Sos1 is a prominent protein
that interacts with growth factor receptor bound protein 2
(Grb2) and stimulates cell proliferation by activating ERK
[57]. Clinical studies on cardiac rupture (CR) in AMI re-
veal that S100A8/A9 is overexpressed by macrophages in pe-
ripheral blood and myocardial tissue. S100A8/A9 interacts
with advanced glycation end products (RA-GE) and Toll-
like receptor 4 (TLR-4) stimulates migration and activa-
tion of macrophages. Moreover, TNF-α overexpressed by
macrophages causes upregulated expression of NF-kB and
matrix metallopeptidase 9 (MMP-9) in human CFs leading
to degradation of ECM followed by CR [58]. Particularly,
our studies on experimental autoimmunemyocarditis (EAM)
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and viral myocarditis-induced mice reveal that cardiac res-
ident macrophages play a prominent role in homeostasis,
maintenance of cardiac function and tissue repair. Ang-II in-
duces transdifferentiation of CFs to MFBs, and these MFBs
could secrete leptin to promote M1/M2 macrophages con-
version through the phosphoinositide-3-kinase (PI3K) or the
AKT pathway (Fig. 1). M1 macrophages perform apoptosis
through the TNF/tumor necrosis factor-1 (TNFR1) axis re-
sulting in suppression of inflammation. Simultaneously, con-
vertedM2macrophages reside in the heart and promote anti-
inflammatory responses [59]. In myocarditis-induced mice,
high expression of IL-17A in CFs stimulates increased ex-
pression of granulocyte macrophage colony stimulating fac-
tor (GM-CSF) which suppresses lymphocyte antigen 6 low
(Ly6Clo) monocyte differentiation to macrophages, but acti-
vates lymphocyte antigen 6 high (Ly6Chi)monocytes derived
macrophage (MDMs), and causes activation of inflammation,
promotion of tissue remodeling and reduction of phagocyto-
sis, and thereby myocarditis related heart failure (Fig. 3) [60].
In a transverse aortic constriction (TACn) mouse model,
LY6Chi monocytes accumulate in cardiac hypoxic areas by
hypoxia inducible factor 1-alpha (HIF-α) signaling, which
overexpress oncostatin-m (OSM) to target TGF-β1 medi-
ated CF activation through extracellular signal regulated ki-
nase1/2 dependent phosphorylation of the SMAD liker re-
gion. Thus OSM could suppress excessive fibrosis in hy-
poxic cardiac tissue [61]. Studies in a cardiac injury mouse
model reveal that macrophages express collagen and colla-
gen associated genes that caused collagen fiber deposition in
forming scar, which suggests that macrophages participate
directly in cardiac fibrosis [62]. In the mouse model, differ-
ent macrophage subsets show different effects on CFs in car-
diac fibrosis. M2a, M2c and M0 phenotype show antifibrotic
activity, but M2b and M1 phenotype show profibrotic activ-
ity. M2a macrophages trigger cardiac fibroblasts to express
CTGF, and then cause proliferation, migration, and differ-
entiation to MFBs. M2c macrophages accelerate M2a func-
tion through upregulated expression of α-SMA. However,
M2b macrophages exert roles opposite to those of M2a and
M2c, even though M2b macrophages show beneficial action
in the early stage after myocardial I/R injury by regulating
MAPK signaling. Late stage M2b macrophages are domi-
nated by M1 macrophage and cause severity of the disease.
There is a need to elucidate the relation between M2b and
MAPK signaling and CFs, so it is necessary to clarify M2b in-
terrelations with other signaling pathways [63]. CFs secrete
hyaluranan (HA) by Has2 in I/R injury, where the down-
regulation of Has2 caused reduction of α-SMA positive fi-
broblasts, resulting in decrease of MFB differentiation and
proliferation (Fig. 3), and the blockade of CD44 as HA’s re-
ceptorwould inhibit TGF-β1-specific responses like SMAD2
phosphorylation, causing hampered secretion of α-SMA se-
cretion. Moreover, the decrease of hyaluronan synthase-2
(Has2) could induce apoptosis of macrophages, which indi-
cates that HA plays a prominent role in post-infarct healing

[64]. Macrophages could upregulate expression of TGF-β
andmetalloproteinase such asMMP2,MMP9 andMMP12 in
Chagas disease (CD) caused by Tryoanosomacruzi, due to dif-
ferentiation of CFs to MFBs. Upregulation of poly [adeno-
sine diphosphate ribose (ADP)-ribose] polymerase 1/acti-
vator protein-1 (PARP1/AP-1) in infected macrophages re-
sults in transcriptional activation of MMP/TGF-β responses
in macrophages by c-Fos and Jun B mediated AP-1, fol-
lowed by development of cardiac fibrosis [65]. Studies in
mice have confirmed the phenotypic transition of infiltrat-
ing macrophages to fibroblastic-like cells post MI, according
to the upregulation of fibroblast markers such as type-I col-
lagen, prolyl-4-hydroxylase, fibroblast specific protein-1 and
fibroblast activation protein in macrophages in the heart af-
ter MI. Macrophage transition to fibroblasts improves car-
diac regeneration afterMI. In this regard, continued research
into the transition of tissue resident macrophage merits fur-
ther exploration [66].

5. Cardiac fibroblasts in cardiac
electrophysiology

Electrophysiology is a test performed to understand
proper electrical functioning of the heart. In the heart, atrial
and ventricular muscles follow a synchronized pattern of
rhythmic contraction and relaxation, represented as depo-
larization and repolarization of heart due to electrical ac-
tivity [67]. These electrical signals are generated from the
sinoatrial node (SA), also referred as the pacemaker of the
heart. These electrical activities of the heart are recorded by
a medical device referred to as an electrocardiograph (ECG)
[68]. Normally, the major cardiac cell groups such as car-
diomyocytes actively contribute to the electrophysiology of
the heart, while CFs as non- electrical cells or non- beating
cells could decrease the synchronization of cardiomyocytes
[69]. CFs can connect cardiomyocytes through intercellu-
lar communication and decrease the velocity of electrical sig-
naling. Excessive CFs cause less synchronization, influencing
the rhythm of the heart beat [70]. Upon cardiac injury, heal-
ing progresses by cardiomyocytes as opposed to CFs. CFs due
to injury convert to α-SMA expressing MFBs and result in
deterioration of heart function. Here, connexin 43 is qualita-
tively observed proving the cell to cell communication [71].
CFs co-cultured with sinoatrial nodal cells (SANCs) can beat
in a synchronized manner and also express proteins like car-
diac troponin T (cTnT) and desmin. In these studies, pro-
longed co-culture of SANCs and CFs result in the homeo-
protein expression of NK2 homeo box 5 (Nkx2.5), which is a
protein exclusively expressed by cardiomyocytes. These stud-
ies hypothesize that SANCs could help CFs transdifferentiate
to cardiomyocytes and beat, with eventual loss of pulsatility,
which may be due to Nkx2.5 loss of binding to its receptor.
To prove this hypothesis there is a need of intensive study
on early stage differentiation to cardiomyocytes [72]. Heart
failure (HF) is the cause of highest mortality. Several HF-
biomarkers such as, amino terminal pro-B type natriuretic
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peptide (NT-pro BNP), galectin-3 (gal-3) and soluble(s) ST2,
are used for assessment of acute HF clinically by collecting
peripheral venous (PV) samples [73]. In chronic heart fail-
ure (CHF) by left ventricular remodeling was because of sev-
eral cytokines such as, IL-1-β, IL-6 were elevated in coro-
nary sinus (CS) serum than PVofCHFpatients, this indicated
that these cytokines were involved in heart failure. Where,
NT-pro BNP concentration also increased in the samples ob-
tained from left ventricle in CHF patients. This suggests that
ventricular secretion of NT-proBNP cause CHF. Whereas,
inflammatory stimulation of pericardial mesothelial cells in-
creases secretion of carbohydrate antigen 125 (CA125) both
in CS and PV. Hence, not only PV but CS level of CA125
and NT pro BNP would be used as biomarkers in CHF pa-
tients [74]. To overcome HF there is device therapy, i.e.,
cardiac resynchronization therapy (CRT). However, 1/3rd of
patients are non- responsive to CRT, hence there is a need
to evaluate biomarkers responsible for HF even after CRT.
Usually, samples were collected from PV to analyse biomark-
ers but sampling from the (CS) is more prominent and useful
than PV sampling. In the CS, biomarkers such as NT-pro
BNP, gal-3 and sST2 are significantly elevated, so it would
possess a better prognostic role [75].

6. Cardiac fibroblasts and cardiomyocytes
senescence

Cellular senescence is the occurrence of cell cycle ar-
rest at G1 phase and is irreversible. It plays a promi-
nent role in physiological and pathological processes [76].
Adult CFs would decrease the electrophysiological and me-
chanical function of co-cultured neonatal rat ventricular
monocytes (NRVMs) through downregulating the expres-
sion of ion channels, electrical coupling, calcium handling
and contraction related genes in the cardiac microenviron-
ment [77]. Phenolic compounds (PCs) protect the heart
from age-related detrimental effects in age-related cardiac re-
modeling. PCs could ameliorate several hypertrophic path-
ways such as calcineurin/nuclear factor of activated cells
(NFATc3), CAMKII, extracellular regulated kinase ½ (ERK
½) and glycogen synthase kinase 3β (GSK3β). Along with
these effects, PCs reduce the expression of plasma inflam-
matory and fibrotic markers. The P38 pathway is regulated
to ameliorate ECM remodeling. PCs exhibited reduced fi-
brosis by downregulation of the pro-fibrotic TGF-β1/Smad
pathway [78]. Recent research indicated that there exists
senescence of CFs in a post-natal day 1 (P1) neonatal mouse
heart apical resection (AR) model, but the senescent cells
disappear at P21 when the hearts were fully restored. Ma-
tricellular protein cellular communication network factor-1
(CCN1) has upregulated expression in cardiomyocytes at P4
after AR. Knock down of CCN1 would decrease cardiomy-
ocytes and increase CFs. CCN1 is essential for senescence
induction of CFs and also helps in secretion of senescence as-
sociated secretory phenotype factors such as IL-1a and IL-6
[79]. In infarcted or hypoxia treated heart, fibroblasts show

upregulated expression of P53, which is a senescent cell tar-
get gene [80]. Ischemia and hypoxia-induced downregula-
tion of sirtuin 1 (Sirt1) and neonatal rat cardiomyocytes (NR-
CMs) in mouse heart causing worsening of heart function.
Resveratrol (RSV) could reverse Sirt1 expression and cause
P53 deacetylation resulting in reduction of senescent car-
diomyocytes [81]. Plasminogen activator inhibitor-1 (PAI-
1) is a prominent agent in the induction of cellular senes-
cence during aging and pathological conditions. TM544 is
the small molecule inhibitor of PAI-1 which inhibits cellu-
lar senescence caused by doxorubicin (an anti-cancer drug)
in cardiomyocytes, fibroblasts, and endothelial cells, followed
by the amelioration of anti-cancer-treatment-induced car-
diac toxicity [82]. Senescent cardiac fibroblasts express ser-
ine protease inhibitor E1 (SERPINE1), which regulates func-
tional activity of cardiac endothelial cells through deregula-
tion of angiogenesis resulting in progression of cardiac dys-
function [83].

7. Conclusions
CFs are a major component in the cardiac microen-

vironment. Their interaction with cardiomyocytes and
macrophages has beenwell studied, but themechanisms need
to be further elucidated. Improved understanding of cardiac
development helped define some of these cues. Postn+ CFs
that reside in cardiac tissue as quiescent cells can be activated
after injury, but the relation and interaction between Postn+
CFs and other CFs in cardiac tissue need to be elucidated.
CFs acquire pulsatility when co-cultured with SANCs, but
this transition did not show persistence per electrophysiol-
ogy. The mechanisms and factors involved in the transition,
which would contribute to persistent beating of early car-
diomyocytes formed from CFs, need to be elucidated. More-
over, the relationship between cardiomyocyte senescence and
CFs merit particular scientific attention. CCN1’s function is
well studied in neonatal heart. Elucidation of its function in
adult heart could contribute to future therapeutics.

Author contributions
RSL and LX drafted the manuscript under the supervision

of FL, who edited and approved the final version. RSL and
YPZ drafted all figures. All authors contributed to editorial
changes in the manuscript. All authors read and approved
the final manuscript.

Ethics approval and consent to participate
Not applicable.

Acknowledgment
We would like to express our gratitude to all those who

helped us during the writing of this manuscript and thank to
all the peer reviewers for their opinions and suggestions.

1180 Volume 22, Number 4, 2021



Funding
This work was supported by National Natural Science

Foundation of China (Grant No. 81871244), the Science
and Technology Planning Social Development Project of
Zhenjiang City (SH2020030), the Natural Science Founda-
tion of the Jiangsu Higher Education Institutions of China
(20KJB310010).

Conflict of interest
The authors declare no conflict of interest.

References
[1] Moore-Morris T, Cattaneo P, Puceat M, Evans SM. Origins of

cardiac fibroblasts. Journal of Molecular and Cellular Cardiology.
2016; 91: 1–5.

[2] Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts
and mechanism of cardiac fibrosis. Journal of Cellular Physiology.
2010; 225: 631–637.

[3] Tallquist MD. Cardiac Fibroblast Diversity. Annual Review of
Physiology. 2020; 82: 63–78.

[4] Tallquist MD, Molkentin JD. Redefining the identity of cardiac
fibroblasts. Nature Reviews. Cardiology. 2017; 14: 484–491.

[5] Fu X, Liu Q, Li C, Li Y, Wang L. Cardiac Fibrosis and Cardiac
Fibroblast Lineage-Tracing: Recent Advances. Frontiers in Phys-
iology. 2020; 11: 416.

[6] Goldsmith EC, Bradshaw AD, Zile MR, Spinale FG. Myocardial
fibroblast-matrix interactions and potential therapeutic targets.
Journal of Molecular and Cellular Cardiology. 2014; 70: 92–99.

[7] Ivey MJ, Kuwabara JT, Riggsbee KL, Tallquist MD. Platelet-
derived growth factor receptor-α is essential for cardiac fibroblast
survival. American Journal of Physiology-Heart and Circulatory
Physiology. 2019; 317: H330–H344.

[8] Park J, Tallquist MD. Cardiac Fibroblast. Encyclopedia of Cardio-
vascular Research and Medicine. 2018; 139: 420–433.

[9] Easterling M, Rossi S, Mazzella AJ, Bressan M. Assembly of the
Cardiac Pacemaking Complex: Electrogenic Principles of Sinoa-
trial Node Morphogenesis. Journal of Cardiovascular Develop-
ment and Disease. 2021; 8: 40.

[10] Majesky MW. Adventitia and perivascular cells. Arteriosclerosis,
Thrombosis, and Vascular Biology. 2015; 35: e31–e35.

[11] Goldsmith EC, Hoffman A, Morales MO, Potts JD, Price RL, Mc-
Fadden A, et al. Organization of fibroblasts in the heart. Develop-
mental Dynamics. 2004; 230: 787–794.

[12] Fan D, Takawale A, Lee J, Kassiri Z. Cardiac fibroblasts, fibrosis
and extracellular matrix remodeling in heart disease. Fibrogenesis
& Tissue Repair. 2012; 5: 15.

[13] Hortells L, Johansen AKZ, Yutzey KE. Cardiac Fibroblasts and the
ExtracellularMatrix in Regenerative andNonregenerative Hearts.
Journal of Cardiovascular Development and Disease. 2019; 6: 1–
17.

[14] Ranjan P, Kumari R, Verma SK. Cardiac Fibroblasts and Cardiac
Fibrosis: Precise Role of Exosomes. Frontiers in Cell and Devel-
opmental Biology. 2019; 7: 318.

[15] Trial J, Cieslik KA. Changes in cardiac resident fibroblast phys-
iology and phenotype in aging. American Journal of Physiology.
Heart and Circulatory Physiology. 2018; 315: H745–H755.

[16] Dobaczewski M, Gonzalez-Quesada C, Frangogiannis NG. The
extracellularmatrix as amodulator of the inflammatory and repar-
ative response following myocardial infarction. Journal of Molec-
ular and Cellular Cardiology. 2010; 48: 504–511.

[17] Humeres C, Frangogiannis NG. Fibroblasts in the Infarcted, Re-
modeling, and FailingHeart. JACC: Basic toTranslational Science.
2019; 4: 449–467.

[18] Roche PL, Filomeno KL, Bagchi RA, Czubryt MP. Intracellular
signaling of cardiac fibroblasts. Comprehensive Physiology. 2015;
5: 721–760.

[19] Gabbiani G, Ryan GB, Majne G. Presence of modified fibroblasts
in granulation tissue and their possible role in wound contraction.
Experientia. 1971; 27: 549–550.

[20] Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA. My-
ofibroblasts and mechano-regulation of connective tissue remod-
elling. Nature Reviews. Molecular Cell Biology. 2002; 3: 349–363.

[21] Ambari AM, Setianto B, Santoso A, Radi B, Dwiputra B,
Susilowati E, et al. Angiotensin Converting Enzyme Inhibitors
(ACEIs) Decrease the Progression of Cardiac Fibrosis in
Rheumatic Heart Disease Through the Inhibition of IL-33/sST2.
Frontiers in Cardiovascular Medicine. 2020; 7: 115.

[22] Li S, Sun X, Wu H, Yu P, Wang X, Jiang Z, et al. TRPA1 Pro-
motes Cardiac Myofibroblast Transdifferentiation after Myocar-
dial Infarction Injury via the Calcineurin-NFAT-DYRK1a Signal-
ing Pathway. Oxidative Medicine and Cellular Longevity. 2019;
2019: 1–17.

[23] Husse B, Briest W, Homagk L, Isenberg G, Gekle M. Cyclical me-
chanical stretch modulates expression of collagen I and collagen
III by PKC and tyrosine kinase in cardiac fibroblasts. American
Journal of Physiology. Regulatory, Integrative and Comparative
Physiology. 2007; 293: R1898–R1907.

[24] Moore-Morris T, Guimarães-Camboa N, Yutzey KE, Pucéat M,
Evans SM. Cardiac fibroblasts: from development to heart failure.
Journal of Molecular Medicine. 2016; 93: 823–830.

[25] Doppler SA, Carvalho C, Lahm H, Deutsch M, Dreßen M, Puluca
N, et al. Cardiac fibroblasts: more than mechanical support. Jour-
nal of Thoracic Disease. 2017; 9: S36–S51.

[26] Zahradka P. Novel Role for Osteopontin in Cardiac Fibrosis. Cir-
culation Research. 2008; 102: 270–272.

[27] Turner NA, Porter KE. Function and fate of myofibroblasts after
myocardial infarction. Fibrogenesis & Tissue Repair. 2013; 6: 5.

[28] Baum J, Duffy HS. Fibroblasts and myofibroblasts: what are we
talking about? Journal of Cardiovascular Pharmacology. 2011; 57:
376–379.

[29] Schmuck EG, Roy S, Dhillon A,Walker S, Spinali K, Colevas S, et
al. Cultured cardiac fibroblasts and myofibroblasts express Sushi
Containing Domain 2 and assemble a unique fibronectin rich ma-
trix. Experimental Cell Research. 2021; 399: 112489.

[30] Meng Z,Wang J, Peng J, Zhou Y, Zhou S, SongW, et al. Dynamic
transcriptome profiling toward understanding the development
of the human embryonic heart during different Carnegie stages.
FEBS Letters. 2020; 594: 4307–4319.

[31] MoerkampAT, LodderK, vanHerwaardenT,Dronkers E,Dinge-
nouts CKE, TengströmFC, et al. Human fetal and adult epicardial-
derived cells: a novel model to study their activation. Stem Cell
Research & Therapy. 2016 7: 174.

[32] Furtado MB, Nim HT, Boyd SE, Rosenthal NA. View from the
heart: cardiac fibroblasts in development, scarring and regenera-
tion. Development. 2016; 143: 387–397.

[33] Cui Y, Zheng Y, Liu X, Yan L, Fan X, Yong J, et al. Single-Cell
Transcriptome Analysis Maps the Developmental Track of the
Human Heart. Cell Reports. 2019; 26: 1934–1950.e5.

[34] Aguilar-Sanchez C, Michael M, Pennings S. Cardiac Stem Cells in
the Postnatal Heart: Lessons from Development. Stem Cells In-
ternational. 2018; 2018: 1247857.

[35] Wang Y, Yao F, Wang L, Li Z, Ren Z, Li D, et al. Single-cell
analysis of murine fibroblasts identifies neonatal to adult switch-
ing that regulates cardiomyocyte maturation. Nature Communi-
cations. 2020; 11: 2585.

[36] Hortells L, Valiente-Alandi I, Thomas ZM, Agnew EJ, Schnell DJ,
York AJ, et al. A specialized population of Periostin-expressing
cardiac fibroblasts contributes to postnatal cardiomyocyte matu-
ration and innervation. Proceedings of the National Academy of
Sciences. 2020; 117: 21469–21479.

[37] Wanjare M, Huang NF. Regulation of the microenvironment for
cardiac tissue engineering. RegenerativeMedicine. 2017; 12: 187–
201.

[38] Pellman J, Zhang J, Sheikh F. Myocyte-fibroblast communication
in cardiac fibrosis and arrhythmias: Mechanisms and model sys-

Volume 22, Number 4, 2021 1181



tems. Journal of Molecular and Cellular Cardiology. 2016; 94: 22–
31.

[39] Shivakumar K, Sollott SJ, Sangeetha M, Sapna S, Ziman B, Wang
S, et al. Paracrine effects of hypoxic fibroblast-derived factors on
the MPT-ROS threshold and viability of adult rat cardiac my-
ocytes. American Journal of Physiology. Heart and Circulatory
Physiology. 2008; 294: H2653–H2658.

[40] Shi H, Zhang X, He Z,Wu Z, Rao L, Li Y. Metabolites of Hypoxic
Cardiomyocytes Induce theMigration of Cardiac Fibroblasts. Cel-
lular Physiology and Biochemistry. 2017; 41: 413–421.

[41] Stanciu AE. Cytokines in heart failure. Advances in Clinical
Chemistry. 2019; 113: 63–113.

[42] Zhao Q, Zhang C, Xiang R, Wu L, Li L. CTRP15 derived from
cardiac myocytes attenuates TGFβ1-induced fibrotic response in
cardiac fibroblasts. Cardiovascular Drugs and Therapy. 2020; 34:
591–604.

[43] Li Y, Zhang X, Li L, Wang X, Chen Z, Wang X, et al. Mechanical
stresses induce paracrine β-2 microglobulin from cardiomyocytes
to activate cardiac fibroblasts through epidermal growth factor re-
ceptor. Clinical Science. 2018; 132: 1855–1874.

[44] Kumar S, Wang G, Zheng N, Cheng W, Ouyang K, Lin H, et
al. HIMF (Hypoxia-Induced Mitogenic Factor)-IL (Interleukin)-
6 Signaling Mediates Cardiomyocyte-Fibroblast Crosstalk to Pro-
mote Cardiac Hypertrophy and Fibrosis. Hypertension. 2019; 73:
1058–1070.

[45] Cartledge JE, Kane C, Dias P, Tesfom M, Clarke L, Mckee B, et
al. Functional crosstalk between cardiac fibroblasts and adult car-
diomyocytes by solublemediators. Cardiovascular Research. 2015;
105: 260–270.

[46] Mohamed TMA, Abou-Leisa R, Stafford N, Maqsood A, Zi M,
Prehar S, et al. The plasmamembrane calciumATPase 4 signalling
in cardiac fibroblasts mediates cardiomyocyte hypertrophy. Na-
ture Communications. 2016; 7: 11074.

[47] Bang C, Batkai S, Dangwal S, Gupta SK, Foinquinos A, Holz-
mann A, et al. Cardiac fibroblast-derived microRNA passenger
strand-enriched exosomes mediate cardiomyocyte hypertrophy.
The Journal of Clinical Investigation. 2014; 124: 2136–2146.

[48] Yang J, YuX,Xue F, Li Y, LiuW,Zhang S. Exosomes derived from
cardiomyocytes promote cardiac fibrosis via myocyte-fibroblast
cross-talk. American Journal of Translational Research. 201810:
4350–4366.

[49] Segers VFM, Brutsaert DL, De Keulenaer GW. Cardiac Remodel-
ing: Endothelial Cells Have More to Say Than Just NO. Frontiers
in Physiology. 2018; 9: 382.

[50] Kuruvilla L, Nair RR, Umashankar PR, Lal AV, Kartha CC. Endo-
cardial endothelial cells stimulate proliferation and collagen syn-
thesis of cardiac fibroblasts. Cell Biochemistry and Biophysics.
2007; 47: 65–72.

[51] Lee S, Won J, KimWJ, Lee J, Kim K, Youn S, et al. Snail as a po-
tential target molecule in cardiac fibrosis: paracrine action of en-
dothelial cells on fibroblasts through snail and CTGF axis. Molec-
ular Therapy. 2013; 21: 1767–1777.

[52] Ranjan P, Kumari R, Goswami SK, Li J, Pal H, Suleiman Z, et
al. Myofibroblast-Derived Exosome Induce Cardiac Endothelial
Cell Dysfunction. Frontiers in Cardiovascular Medicine. 2021; 8:
676267.

[53] Sun K, Li Y, Jin J. A double-edged sword of immuno-
microenvironment in cardiac homeostasis and injury repair. Sig-
nal Transduction and Targeted Therapy. 2021; 6: 79.

[54] O’Rourke SA, Dunne A, Monaghan MG. The Role of
Macrophages in the Infarcted Myocardium: Orchestrators
of ECM Remodeling. Frontiers in Cardiovascular Medicine.
2019; 6: 101.

[55] Chen X, Zhang D, Zhang M, Guo M, Zhan Y, Liu F, et al. TRIF
promotes angiotensin II-induced cross-talk between fibroblasts
and macrophages in atrial fibrosis. Biochemical and Biophysical
Research Communications. 2015; 464: 100–105.

[56] Shiraishi M, Shintani Y, Shintani Y, Ishida H, Saba R, Yamaguchi
A, et al. Alternatively activated macrophages determine repair of

the infarcted adult murine heart. Journal of Clinical Investigation.
2016; 126: 2151–2166.

[57] Wang C, Zhang C, Liu L, A X, Chen B, Li Y, et al. Macrophage-
Derived mir-155-Containing Exosomes Suppress Fibroblast Pro-
liferation and Promote Fibroblast Inflammation during Cardiac
Injury. Molecular Therapy. 2017; 25: 192–204.

[58] Shi S, Yi JL. S100A8/A9 promotes MMP-9 expression in the fi-
broblasts from cardiac rupture after myocardial infarction by in-
ducing macrophages secreting TNFα. European Review forMed-
ical and Pharmacological Sciences. 2018; 22: 3925–3935.

[59] Lu H, Chen R, Barnie PA, Tian Y, Zhang S, Xu H, et al. Fibroblast
transdifferentiation promotes conversion ofM1macrophages and
replenishment of cardiac resident macrophages following cardiac
injury in mice. European Journal of Immunology. 2020; 50: 795–
808.

[60] HouX, ChenG, Bracamonte-BaranW,Choi HS, DinyNL, Sung J,
et al. The Cardiac Microenvironment Instructs Divergent Mono-
cyte Fates and Functions in Myocarditis. Cell Reports. 2019; 28:
172–189.e7.

[61] AbeH, TakedaN, IsagawaT, SembaH,Nishimura S,MoriokaMS,
et al. Macrophage hypoxia signaling regulates cardiac fibrosis via
Oncostatin M. Nature Communications. 2019; 10: 2824.

[62] Simões FC,Cahill TJ, KenyonA,GavriouchkinaD,Vieira JM, Sun
X, et al. Macrophages directly contribute collagen to scar forma-
tion during zebrafish heart regeneration and mouse heart repair.
Nature Communications. 2020; 11: 600.

[63] Yue Y, Huang S, Wang L, Wu Z, Liang M, Li H, et al. M2b
Macrophages Regulate Cardiac Fibroblast Activation and Allevi-
ate Cardiac Fibrosis after Reperfusion Injury. Circulation Journal.
2020; 84: 626–635.

[64] Petz A, Grandoch M, Gorski DJ, Abrams M, Piroth M, Schneck-
mann R, et al. Cardiac Hyaluronan Synthesis is Critically Involved
in the Cardiac Macrophage Response and Promotes Healing af-
ter Ischemia Reperfusion Injury. Circulation Research. 2019; 124:
1433–1447.

[65] Choudhuri S, Garg NJ. Trypanosoma cruzi Induces the
PARP1/AP-1 Pathway for Upregulation of Metalloproteinases
and Transforming Growth Factor β in Macrophages: Role in
Cardiac Fibroblast Differentiation and Fibrosis in Chagas Disease.
MBio. 2020; 11: 1–18.

[66] Haider N, Boscá L, Zandbergen HR, Kovacic JC, Narula N,
González-Ramos S, et al. Transition ofMacrophages to Fibroblast-
Like Cells in Healing Myocardial Infarction. Journal of the Amer-
ican College of Cardiology. 2019; 74: 3124–3135.

[67] Weisbrod D, Khun SH, Bueno H, Peretz A, Attali B. Mecha-
nisms underlying the cardiac pacemaker: the role of SK4 calcium-
activated potassium channels. Acta Pharmacologica Sinica. 2016;
37: 82–97.

[68] Boyett MR, Honjo H, Kodama I. The sinoatrial node, a hetero-
geneous pacemaker structure. Cardiovascular Research. 2000; 47:
658–687.

[69] Vasquez C, Benamer N, Morley GE. The cardiac fibroblast: func-
tional and electrophysiological considerations in healthy and dis-
eased hearts. Journal of Cardiovascular Pharmacology. 2011; 57:
380–388.

[70] Kaneko T, Nomura F, Yasuda K. On-chip constructive cell-
Network study (I): Contribution of cardiac fibroblasts to car-
diomyocyte beating synchronization and community effect. Jour-
nal of Nanobiotechnology. 2011; 9: 21.

[71] Cavallini F, Tarantola M. ECIS based wounding and reorganiza-
tion of cardiomyocytes and fibroblasts in co-cultures. Progress in
Biophysics and Molecular Biology. 2019; 144: 116–127.

[72] Kiuchi S, Usami A, Shimoyama T, Otsuka F, Yamaguchi S, Naka-
mura T, et al. Cardiac Pacemaker Cells Generate Cardiomyocytes
fromFibroblasts in Long-TermCultures. Scientific Reports. 2019;
9: 15174.

[73] Januzzi JL, Peacock WF, Maisel AS, Chae CU, Jesse RL, Baggish
AL, et al. Measurement of the interleukin family member ST2 in
patients with acute dyspnea: results from the PRIDE (Pro-Brain

1182 Volume 22, Number 4, 2021



Natriuretic Peptide Investigation of Dyspnea in the Emergency
Department) study. Journal of the American College of Cardiol-
ogy. 2007; 50: 607–613.

[74] Stanciu AE, StanciuMM, Vatasescu RG. NT-proBNP and CA 125
levels are associatedwith increased pro-inflammatory cytokines in
coronary sinus serum of patients with chronic heart failure. Cy-
tokine. 2018; 111: 13–19.

[75] Truong QA, Januzzi JL, Szymonifka J, Thai W, Wai B, Lavender
Z, et al. Coronary sinus biomarker sampling compared to periph-
eral venous blood for predicting outcomes in patients with severe
heart failure undergoing cardiac resynchronization therapy: the
BIOCRT study. Heart Rhythm. 2014; 11: 2167–2175.

[76] Tominaga K. The emerging role of senescent cells in tissue home-
ostasis and pathophysiology. Pathobiology of Aging&AgeRelated
Diseases. 2015; 5: 27743.

[77] Li Y, Asfour H, Bursac N. Age-dependent Functional Crosstalk
Between Cardiac Fibroblasts and Cardiomyocytes in a 3D Engi-
neered Cardiac Tissue Graphical abstract HHS Public Access Au-
thor manuscript. Acta Biomaterialia. 2017; 55: 120–130.

[78] Chacar S, Hajal J, Saliba Y, Bois P, Louka N, Maroun RG, et al.

Long-term intake of phenolic compounds attenuates age-related
cardiac remodeling. Aging Cell. 2019; 18: e12894.

[79] Feng T, Meng J, Kou S, Jiang Z, Huang X, Lu Z, et al. CCN1-
Induced Cellular Senescence Promotes Heart Regeneration. Cir-
culation. 2019; 139: 2495–2498.

[80] Zhu F, Li Y, Zhang J, Piao C, Liu T, Li H, et al. Senescent cardiac
fibroblast is critical for cardiac fibrosis after myocardial infarction.
PLoS ONE. 2013; 8: e74535.

[81] Feng H, Mou S, Li W, Zhang N, Zhou Z, Ding W, et al. Resvera-
trol Inhibits Ischemia-InducedMyocardial Senescence Signals and
NLRP3 InflammasomeActivation. OxidativeMedicine and Cellu-
lar Longevity. 2020; 2020: 1–20.

[82] Ghosh AK, Rai R, Park KE, Eren M, Miyata T, Wilsbacher
LD, et al. A small molecule inhibitor of PAI-1 protects against
doxorubicin-induced cellular senescence: molecular basis. Onco-
target. 2016; 7: 72443–72457.

[83] Vidal R,Wagner JUG, BraeuningC, Fischer C, Patrick R, Tombor
L, et al. Transcriptional heterogeneity of fibroblasts is a hallmark
of the aging heart. JCI Insight. 2019; 4: e131092.

Volume 22, Number 4, 2021 1183


	1. Introduction
	2 Transition and differentiation of cardiac fibroblasts to cardiac myofibroblasts
	3. Cardiac fibroblasts in development of pre-natal and post-natal heart
	4. The cross talk between fibroblasts and cardiac stromal cells
	4.1 Cardiac fibroblasts and cardiomyocytes
	4.2 Cardiac fibroblasts and endothelial cells
	4.3 Cardiac fibroblasts and cardiac macrophages

	5. Cardiac fibroblasts in cardiac electrophysiology 
	6. Cardiac fibroblasts and cardiomyocytes senescence
	7. Conclusions
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	References

