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Affiflf-’ history: Cardiac fibroblasts (CF) not only modulate extracellular matrix (ECM) proteins homeostasis, but also
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Available online 4 July 2015 cytokines, chemokines, growth factors and differentiation into cardiac myofibroblasts (CMF). Differenti-

ation of CF to CMF involves changes in the expression levels of various receptors, as well as, changes in
cell phenotype and their associated functions.

Ié?r/ ;Zgzdggroblast CF and CMF express the [32-adrenergic receptor, and its stimulation activates PKA and EPAC proteins,
Sentinel cells which differentially modulate the CF and CMF functions mentioned above. CF and CMF also express
Receptors different levels of Angiotensin II receptors, in particular, AT1R activation increases collagen synthesis
Cytokines and cell proliferation, but its overexpression activates apoptosis. CF and CMF express different levels of
Cellular functions B1 and B2 kinin receptors, whose stimulation by their respective agonists activates common signaling

transduction pathways that decrease the synthesis and secretion of collagen through nitric oxide and
prostacyclin 12 secretion. Besides these classical functions, CF can also participate in the inflammatory
response of cardiac repair, through the expression of receptors commonly associated to immune cells
such as Toll like receptor 4, NLRP3 and interferon receptor. The activation by their respective agonists
modulates the cellular functions already described and the release of cytokines and chemokines. Thus,
CF and CMF act as sentinel cells responding to a plethora of stimulus, modifying their own behavior, and
that of neighboring cells.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Cardiac fibroblasts (CF) represent about 2/3 of the cardiac cel-
lular population, and play a relevant role in heart remodeling by
regulating structural, biochemical, mechanical and electrical prop-
erties of the heart. Several reports describe the presence of different
classes of receptors, the most important in the regulation of car-
diac fibroblast cellular functions being the 32-adrenergic ([32-AR),
angiotensin I (AT1R) and B1 (B1R) and B2 (B2R) kinin receptors
and their corresponding signaling pathways. [ 1-7]. Essential func-
tions in which CF are associated to cardiac remodeling and fibrosis
are, cell proliferation, cell death by apoptosis, autophagy, migra-
tion, adhesion, secretion of extracellular matrix (ECM) protein,
collagen gel contraction, CF differentiation to cardiac myofibrob-
lasts (CMF) and finally cytokines and growth factors synthesis [8,9]

CF have gained increasing attention for their function as inflam-
matory supporting cells in a process, inflammation, that plays
a significant role in the pathogenesis of cardiovascular diseases.
Initially it was thought that inflammatory process were only
attributable to immune cells, such as neutrophils and mono-
cytes/macrophages. However, it is now known that others cells
besides inflammatory cells are important players in cardiac inflam-
mation. In this regard, the capacity of CF to respond in an efficient
manner to pathogen-associated molecular patterns (PAMPs) or
danger-associated molecular patterns (DAMPs) secreting a broad
class of chemokines and cytokines, has refocused their role as sen-
tinel cells in cardiac tissue, highlighting their important role in
cardiac inflammation process [10], and also as cells that secrete
cytokines and therefore, can modify the function of resident car-
diac cell as cardiomyocytes, vascular smooth muscle cells and
endothelial cells [11], as well as the activity of surrounding cells
like immune cells [12].

2. Receptors, signaling pathways and cellular function
2.1. Adrenergic receptors

The adrenergic system plays, in physiological situations, a
fundamental role in the regulation of the circulation [13]. All adren-
ergic receptors (alpha and beta) are present in the heart tissue.
The 1-adrenergic receptor is the most important one in the heart,
and leads to most of the actions of adrenergic stimulation in car-
diac muscle cells [13-15]. In in vivo models, we and others have
shown that treatment of rats with isoproterenol (a nonspecific -

adrenergic agonist), in a wide range of single or multi dose, induces
both cardiac hypertrophy and fibrosis, without changes in blood
pressure [16-19]. Isoproterenol produces a microinfarct-like car-
diaclesion, and triggers inflammatory processes that lead to cardiac
fibrosis, a process in which CF and CMF participate actively [20].
However, CF express exclusively the [32-AR, and its stimulation
with isoproterenol induces several changes at molecular and cellu-
lar level regulating cell proliferation, collagen secretion, migration,
adhesion and CF differentiation.

2.1.1. B2-adrenergic receptors in cardiac fibroblast and
myofibroblasts

As mentioned before, CF only express the [32-AR (neither 31,
a1/2 or muscarinic receptors are present in this type of cell) [1,15].
Such asituation has been observed in human CF obtained from right
atrium, where only the [32-AR but not 31 is expressed [21]. This
was elegantly demonstrated with the use of Isoproterenol, a non-
selective 3-agonist that increased cAMP through [32-AR, which was
reversed by the use of (32-selective antagonist (ICI-118,551) but
not by atenolol (1 selective antagonist) [21]. In CMF, we have
described the presence and function of this receptor, although its
pharmacological characteristics do not change in relation to CF [3].
However, other groups have shown that fibroblasts treated for 24 h
with TGF-B1 (TGF-B1 induces the differentiation of CF to CMF),
exhibit a decrease in the expression of 32-AR [22], although it
should be considered that treatment for 24 h with this cytokine
is not enough to induce the differentiation from CF to CMF. The
decrease in the number 32-AR in CMF could be beneficial under
conditions of adrenergic overactivation (i.e., after cardiac infarc-
tion), since lower levels of CAMP could up-regulate the secretion
of ECM proteins, which would imply a better healing process after
cardiac injury.

2.1.2. Intracellular signaling pathways activated by
B2-adrenergic receptor in cardiac fibroblasts

It is known that [32-AR stimulation increases cAMP levels, and
that this second messengers can modulate the activity of both
PKA and EPAC proteins which are responsible for many cellular
responses, such as proliferation, differentiation, ECM protein secre-
tion, migration and ion transport [23-26]. However, the activation
of B2-AR also mediates cAMP-independent effects through the
activation of ERK1/2, a critical signaling pathway for cell growth
and protein synthesis [27]. In particular, CF expresses EPAC1 more
abundantly than EPAC2, and it has been shown that TGF-31 pro-
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motes a decrease in the expression of EPAC1 (but not EPAC2) both
at protein and mRNA expression level.

2.1.3. Effect of agonists and/or antagonists adrenergic on
proliferation, secretion of ECM proteins, adhesion and migration
in cardiac myofibroblasts

In CF, cAMP has been implicated as a critical modulator of pro-
liferation [ 1], collagen synthesis inhibition [28], and as an inhibitor
of lung fibroblast-mediated collagen gel contraction [29]. In this
regard, the stimulation of 32-AR induces proliferation of human
and rat CF, which depends on ERK1/2 activation [5,30]. In addi-
tion, another important effect of 32-AR activation is that it triggers
CF autophagy, by a cAMP-dependent pathway, associated to a sur-
vival mechanism [5]. We showed that EPAC and PKA promoted CF
and CMF adhesion on fibronectin, as well as CF migration; how-
ever, this effect was not observed in CMF [3]. In line with this
observation, other studies have shown that PKA and EPAC dif-
ferentially regulate migration and morphology of fibroblasts: the
Epac-Rap1 pathway promotes migration and expression of fibro-
genic morphology, whereas PKA inhibits migration and promotes
a less fibrogenic morphology [31]. With respect to collagen synthe-
sis, our data showed that EPAC and PKA activation reduce collagen
synthesis in CF and CMF [3]; however, the overexpression of EPAC1
also inhibits collagen synthesis induced by TGF-31, implying that
a decrease in the expression of EPAC would be required for a
profibrotic response, thus, indicating that EPAC plays a key role
in integrating profibrotic and antifibrotic responses in fibroblasts
[31]. In agreement with this hypothesis, it has been demonstrated
that an increase in cAMP levels can inhibit the differentiation of CF
to CMF caused by TGF-31 [28,32]. We demonstrated that EPAC but
not PKA activation mediated fibroblast collagen gel contraction;
while in CMF collagen contraction was dependent on both PKA and
EPAC.

There is little information on the effects of 32-AR antagonists
in CF, and no information on its effects in CMF. Available data
show that the (32-adrenergic receptor antagonist ICI 118.551 but
not atenolol or other (31-adrenergic receptor blockers prevented
proliferation induced by isoproterenol [21,30]. Furthermore, it was
shown that carvedilol but not metoprolol reduced the secretion of
collagen from CF isolated from infarcted and non-infarcted areas,
but this effect was not due to its activity as a 3-adrenergic blocker,
but by its antioxidant effect [33]. Nonetheless, recent findings have
shown that [B-adrenergic blockers promote skin wound regener-
ation, mainly through its activity as 32-AR antagonist in dermal
fibroblasts [34,35], increasing the secretion of collagen and favoring
migration.

2.1.4. Adrenergic receptors and cytokines release in CF

To date, inflammation after cardiac injury is an interesting topic
of research [8,36,37]. In this process, there is abundant evidence
about the different cytokines released by cardiac myocytes or CF, in
terms of type, quantities released and stimulus that promotes their
synthesis and secretion [8,11]. However, the data about the partic-
ipation of 32-AR to cytokines release by CF is scarce. In this regard
CF, but not cardiomyocytes, serve as the predominant source of IL-
6 after isoproterenol stimulation in mouse myocardium [38,39].
Mouse CF treated with isoproterenol showed a time-dependent
accumulation of IL-6, which was mediated by an increase in CAMP
levels induced by 32-AR activation; however, neither PKA nor EPAC
were involved in such increase. The authors suggest the possible
intervention of other signaling pathways that could explain this
process, such as the MAPK p38. These findings open the possibility
of a novel and noncanonical cAMP responsible pathway mediated
by p38 MAPK [39].

2.2. Angiotensin receptors

The Renin-angiotensin-aldosterone system (RAAS) regulates
blood pressure and extracellular corporal volume. Angiotensin Il
(Ang II) is the main RAAS effector; it has many physiological func-
tions which are increases in ACTH secretion, aldosterone synthesis
and secretion, Na* tubular reabsorption and regulation of blood
pressure [40]. In hypertensive hearts, Ang Il induces cell growth,
promoting cardiac fibrosis [41]. Ang Il activates two receptors, AT1R
and type Il receptor (AT2R) to perform its physio-pathological func-
tions. Both receptors belong to the superfamily of G protein coupled
receptors [42].

2.2.1. Ang Il receptors in cardiac fibroblast and myofibroblasts

CF express both AT1R and AT2R [6,43], and AT1R activation
induces cell proliferation and increases ECM proteins synthesis
[44]. Hypertension or cardiac infarct promotes the increase in CF
AT1R expression, which is associated with cardiac fibrosis [45].
AT2R effects in CF are unclear. Data from our laboratory indicate
that AT2R is expressed in CF, but its overexpression does not induce
changes in cell viability [6]. Similar results were obtained in porcine
CF, where AT2R does not modulate cell proliferation, collagen I
expression and ERK1/ERK2 activity [46]. In CMF, radioligand bind-
ing studies demonstrated that these cells expressed a single class
of high affinity Ang Il AT1R; whereas CMF from the infarct area
revealed a lower maximal binding capacity, compared to sham
operated myocardium. Conversely, CMF from remote area had a
higher expression of Ang Il ATIR mRNA compared to CMF from
sham operated [47].

2.2.2. Angiotensin receptors signaling-pathways in cardiac
fibroblasts

Ang Il binding to its specific receptor AT1R promotes activation
of various signaling pathways; being phospholipase C and protein
kinase C the most studied ones. Bai et al. demonstrated that Ang II
induces CF differentiation into CMF and calphostin C (PKC inhibitor)
abolished Ang Il effect [48]. Data from our laboratory indicate that
the overexpression of AT1R in CF caused apoptosis induced by Ang
II. This effect was inhibited when CF were incubated with U73122
(aPLCinhibitor) and G66976 (a PKC inhibitor), whereas AT2R over-
expression had no effect on CF [4]. AT1R activation is also involved
in the increase of reactive oxygen species (ROS) through NADPH
oxygenase [49], an effect implicated in the development of cardiac
fibrosis and hypertrophy [50]. This association can be explained by
the fact that Ang Il induces cardiomyocyte hypertrophy through
NADPHox activation [51], whereas in CF, Ang Il promotes ROS
increase through NADPHox activation and triggers proliferation
and collagen I synthesis. These effects were prevented by losar-
tan (AT1R antagonist) [50]. In CF, AT1R activation also promotes
MAPK signaling-pathway activation, which induces CF prolifera-
tion; PD98059 (a MEK-ERK inhibitor) blocked Ang II effect [52]. In
atrial CF Ang Il induced CTGF expression (profibrotic factor), which
was suppressed by the AT1R antagonist losartanas well as a p38
MAPK inhibitor (SB202190), ERK1/2 inhibitor (PD98059) and the
JNKinhibitor (SP600125)[53]. Finally AT2R generally exerts actions
which are opposite to those of AT1R, mainly through nitric oxide
production and activation of phosphatases that inhibit MAPK func-
tions [54]. AT2R signaling-pathways activated in CF are not fully
elucidated.

2.2.3. Effect of AT1R activation on proliferation, secretion of ECM
proteins, adhesion and migration in cardiac myofibroblasts: a key
event in promoting cardiac fibrosis

CF functions associated to cardiac fibrosis development have
been studied in different experimental models. Proliferation and
collagen synthesis were increased, and migration and adhesion
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decreased in CF isolated from cardiac infarcted area but not in
those from remote regions [55]. The importance of AT1R in cardiac
fibrosis has been demonstrated in some studies, which show that
ACE inhibitors and AT1R antagonists abolish cardiac fibrosis pro-
moted by hypertension or myocardial infarct. In CF, AT1R activation
induces TGF-[31 synthesis and secretion, and losartan decreases col-
lagen I synthesis and CF differentiation to CMF induced by Ang II
[56]. CTGF is a TGF-B1 effector that is highly expressed in cardiac
fibrosis, and its expression is associated with CF differentiation and
cardiac fibrosis [57-59]. Ang II also plays a critical role in CF adhe-
sion [60], since integrin expression are upregulated by Ang II, and
this effect was associated to increases in FAK activity [61]. Another
important CF function that is regulated by Ang II is cell migration,
which is a key process in wound healing. Siddesha et al. reported
that Ang Il promotes CF migration by suppressing the MMP regu-
lator “reversion-inducing-cysteine-rich protein with Kazal motifs”
(RECK), through a mechanism dependent on AT1R, ERK MAPK, and
Sp1 [62]. Cardiac fibrosis relationship with AT2R seems less clear.
AT2R expression is upregulated in failing hearts, and CF present in
the interstitial regions are the major cell type responsible for its
expression [63]. Furthermore, AT2R functions are controversial, as
it effects on cardiac fibrosis remain to be elucidated [64,65]. How-
ever, recently Ocaranza et al. demonstrated that angiotensin-(1-9)
promotes beneficial effects in hypertensive rats, such as cardiac
dysfunction and fibrosis decrease. This latter protective effect of
angiotensin-(1-9) was blunted by coadministration of the AT2R
blocker PD123319 [66].

2.2.4. Angiotensin receptors and cytokines release in cardiac
fibroblasts

Formerly, in the heart the CF were simply considered as sup-
porting cells, whose main known function was to regulate ECM
integrity. However, it is now known that CF exhibit different types
of receptors that allow them to respond to pathological stimuli.
In damaged cardiac tissue, TGF-[31 is initially secreted by inflam-
matory cells and then is synthesized and secreted by CF. TGF-31
promotes anti-inflammatory effects, which favor tissue wound
healing [8]. The more important stimulus that increases the synthe-
sisand secretion of TGF-1 is Ang I, through AT1R activation, which
is associated to cardiac fibrosis and anti-inflammatory effects [56].
However, data demonstrate that AT1R promotes inflammation in
heart tissue as well. Spontaneously hypertensive rats present tis-
sue damages, with inflammatory zones, endowed with numerous
inflammatory cells and high levels of proinflammatory cytokines,
such as IL-13 and IL-6. Interestingly, captopril, an ACE inhibitor
and losartan decreased these inflammatory markers, demonstrat-
ing that Ang II, through AT1R activation, is important to cardiac
inflammation [67]. Furthermore, AT1R activation in mice promoted
an inflammatory environment through TNF-o secretion and TNF-a
receptors, which is linked to cardiac fibrosis and losartan prevented
Ang Il effects [68]. In this regard, it was observed that CF were the
main cardiac cells responsible for TNF-a synthesis and secretion
induced by Ang II, associated to cardiac fibrosis development [69].

2.3. Kinin receptors

Additional to the RAAS and in direct interaction with this system,
the Kinin/Kallikrein system (KKS) also participates in the homeo-
stasis of blood pressure and cardiovascular pathophysiology. All
components of this system have been identified in the heart, includ-
ing tissue kallikrein, kininogen, kinins and B1R and B2R [70-72].
Bradykinin (BK) and Lis-bradykinin (Lys-BK) [73] are agonists for
the B2R, while des-Arg-BK (DABK) and Des-Arg-LysKD (DAKD) are
agonists for the B1R [74]. BK and kallydin (KD) are inactivated by
ACE, which removes the C-terminal of BK and KD, generating bio-
logically inactive fragments. Moreover, BK and KD act locally and

produce pain, vasodilatation, increased vascular permeability and
synthesis of prostaglandins and nitric oxide [70]. The expression
of B1IR and B2R are increased after myocardial ischemia [71], and
KO animals for the B2 receptor develop ventricular hypertrophy,
myocardial damage and heart failure associated with fibrosis [75].
These findings support the idea that the absence of the B2R has a
deleterious effect on the myocardium and therefore, reinforce the
idea that the kinin/kallikrein system would have a protective effect
by preventing the development of cardiac fibrosis.

2.3.1. Kinin receptors in cardiac fibroblasts and myofibroblasts

In physiological conditions, B2R is widely expressed and is the
responsible for the action of kinins [76]; however, only a few
cell types express B1R,which is increased pathological conditions
such as ischemia, atheromatous disease or exposure to inflamma-
tory cytokines [70,77,78]. Villarreal et al. identified B2R in rat and
human CF [79], whereas Catalan et al. described the presence of
both receptors in CF and in CMF; however, the expression levels
for BIR were higher in CMF respect CF [7], whereas B2R expression
was unaffected.

2.3.2. Kinin receptors signaling-pathways in cardiac fibroblasts

The intracellular signal transduction pathways activated by
kinin receptors involves the activation of a variety of second mes-
senger systems, depending on the cell type [76,80]. Kinin receptors
are coupled to Gai and/or Gaq proteins, which activates ionic
channels (Ca2*) as well as phospholypases C, A2 and D (PLC, PLA2
and PLD). The PLC generated products, such as inositol 1,4,5-
triphosphate and diacylglycerol (DAG), activate protein kinase C
(PKC), endothelial NO synthase (eNOS), and PLA2 [76], a system in
which eNOS and PLA2 are responsible for the production of NO and
prostaglandins (PGs) E2 and 12, respectively. In addition to these
classical pathways, B2R can activate cytoplasmic signaling proteins
endowed with tyrosine kinase activity [81], and the pathway of
JAK/STAT in endothelial cells [82]. The B1R also interacts directly
with Gai and Gaq proteins, and shares the same signaling pathways
of B2R, being principally associated with the activation of PLC, but
also acting through PLA2 and MAP-kinases [76,74]. Although B1R
and B2R appear to occupy similar signal transduction pathways, the
cell signaling patterns differ in terms of variation and concentration
of Ca2* (in both duration and intensity) [83].

In CF BK activates the B2R and induces an increase in intra-
cellular Ca?*; whether this increase come from intracellular
compartments or by external influx is not yet clear. Finally, BK
activates iNOS and COX1 and COX2 leading to the production of
NO and PGI2 [7]. Associated with these pathways we have also
described that CMF do not express NOS, and only express COX2.
Moreover, in CMF the intracellular signaling pathways activated
by B1R and B2R converge to a same effect, because the activation
of B1R and B2R by DAKD and BK, respectively, induced an increase
in the concentration of intracellular Ca2* [7].

2.3.3. Kinin effects on cell proliferation/cell death, migration,
adhesion and ECM protein secretion in cardiac fibroblast and
myofibroblasts

BK or DAKD did not show effects on CF and CMF prolifera-
tion and viability [7]. Similar results to this effect have also been
assessed indirectly through the use of ACEi drugs. The effects of
these drugs on apoptosis/proliferation are quite divergent and
depend on the ACEi administered, experimental model and cell
type evaluated. The anti-apoptotic effects of ACEi have been stud-
ied in vitro on cardiac myocytes [84], and in vivo in models of
ischemia-reperfusion; these effects were blocked by coadministra-
tion of the B2R antagonist icatibant [85], indicating that the actions
of ACEi may be mediated by kinins; the same anti-apoptotic effects
of ACEi has been found in endothelial cells [86] and CF [87]. Various
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mechanisms are responsible for these effects, including decreased
levels of Ang II, the anti-oxidant effect produced by the increase of
NO levels triggers by B2R activation, endothelin-1 reduced expres-
sion and the role of proinflammatory cytokines [88]. In CF and CMF
the activation of B2R negatively modulates collagen secretion, an
effect mediated by the release of NO and PGI2 [7,89,90]; however,
only in CMF the activation of B1R decrease collagen synthesis. In
CF the reduction of collagen secretion by BK was iNOS dependent,
since both L-NAME (a pan NOS inhibitor) and 1400W (a specific
iNOS inhibitor), prevented the reduction of collagen secretion. Sim-
ilarly, indomethacin (a COX inhibitor) also prevented the reduction
in collagen secretion levels, indicating that the secretion of PGs
induced by BK is responsible for these effects. While, in CMF the
effect of the stimulation of B1R and B2R led to a decrease in colla-
gen secretion, and this effect was inhibited by indomethacin but not
by L-NAME and 1400W. These results indicate that the decrease in
collagen secretion is regulated by the same intracellular signaling
pathways activated by B1R and B2R, but different from those in
fibroblasts [7].

2.3.4. Kinin receptors and cytokines release in cardiac fibroblasts
There is no information about cytokines secretion induced after
activation of B1R or B2R in CF and CMF. However, BK and DAKD
induce the secretion of NO and PGs, which has a recognized role as
proinflammatory signal [7]. Conversely, the available data indicate
that IL-1@ and TNF-a are the main inductors of BIR and B2R. In CF
from normotensive Wistar-Kyoto (WY) and spontaneously hyper-
tensive (SHR) rat, IL-13 increased B1R and B2R at similar levels;
however, following IL-1f3 treatment, BK attenuated the turnover
of ECM proteins in SHR but not WK cells, indicating that SHR cells
are more susceptible to BK. In contrast, DAKD did show no signifi-
cant effects in either cell [91]. Finally, there are no data regarding
TNF-a effects on B1R or B2R expression in CF, although in dermal
fibroblast TNF-a increased B1R, but B2R remained unchanged [92].
Thus, although CF and CMF do not secrete cytokines, these cells
are target of cytokines which could affect in a different manner the
cellular function associated to cardiac inflammation and fibrosis.

3. Receptors linked to inflammatory response in cardiac
fibroblasts

Multiple families of germ-line encoded pattern-recognition
receptors (PRRs) participating in the innate immune system par-
ticipate actively to inflammation. To date, PRRs are divided into
at least 4 distinct families: Toll-like receptors (TLRs), retinoic
acid-inducible gene-I-like receptors (RLRs), C-type lectin recep-
tors (CLRs), and the nucleotide-binding domain leucine-rich repeat
containing receptors (NLRs; also known as Nod-like receptors). Of
these, TLRs and NLRs are known to be involved in sterile inflam-
matory responses of myocardial infarct (MI) [93]. In the last few
years, there has been great advance in the field of immune-cardiac
system interaction. It has been extensively described that immune
cells participate in most of cardiac pathologies associated to inflam-
mation, such as myocarditis, Ml and hypertension [94], through
their ability to quickly adapt and communicate with cardiac cells.
This highly regulated process allows cardiac resident cells, such as
CF to participate actively in all phases of cardiac tissue repair as
multipurpose cell. At first, CF promote the synthesis and release of
inflammatory mediators while at later stages, tissue scarring and
reparation are governed by CMF [93].

3.1. Toll-like receptors
Toll-Like Receptors (TLR) recognize and react to highly con-

serve structural motifs known as pathogen-associated microbial
patterns (PAMPS), which are exclusively expressed by microbial

pathogens or with danger-associated molecular patterns (DAMPs)
released after cell death or tissue injury [95]. TLR4 has been one
of the most studied receptors due to the accumulating evidence
that describes its activation as a key element in the initiation and
resolution of inflammatory responses [96]. TLR4 holds particular
interest in cardiac inflammation, since it can also be activated by
endogenous ligands such as heat shock protein (HSP), hyaluronate
and fibronectin; all of which are released after tissue injury, which
promotes a strong pro-inflammatory response via by the activa-
tion of inflammatory signaling pathways, release of cytokines and
expression of cellular adhesion molecules [97].

3.1.1. TLR4 expression in cardiac fibroblasts

TLR4 is widely expressed in the myocardium and its levels
increase in several models of heart infarct [98] . TLR4 knockout
mice exposed to MI, exhibit less hypertrophy and adverse remod-
eling associated to a decrease in the infarct size and inflammatory
response [99]. Whereas high levels of one of its ligand, HSP70, have
been found in biopsies of patients after heart surgery, followed by
amodest increase in proinflammatory cytokines [100]. While most
of the studies have focused on the expression of TLR4 on immune
cells recruited to the site of injury after MI [101], it is interesting
to note that this receptor is also expressed in CF [102]. Considering
the high diversity of receptors expressed by these cells and their
involvement with cardiac pathologies, it seems evident that TLR4
should also play an important role in the modulation of adverse
remodeling and fibrosis.

3.1.2. TLR4 signaling-pathways in cardiac fibroblasts

The stimulation of TLR4 facilitates the activation of two signaling
pathways: (a) the MyD88 independent pathway, which activates
IRF3 and leads to the production of type I interferon (IFN R), and (b)
the MyD88-dependent pathway, involving early activation of NF-
kB, inducing proinflammatory cytokine expression. By activation of
the MyD88 dependent pathway, TLR recruits and activates various
downstream kinases such as IRAk-1, IRAK-4 and others, via specific
scaffold protein, which involves the activation and nuclear migra-
tion of NF-kB. However, it should be noted that other signaling
pathways, such as MAPK and IFN are also involved in many of TLR4
responses [95] (See Fig. 1). In last years, the inflammatory role of
CF has drawn attention as a possible therapeutic target, especially
in the cytokine synthesis and release.

3.2. NLRP3 receptor and the inflammasome in cardiac fibroblasts

The inflammasome is a multiprotein complex extensively stud-
ied in the last decade. This complex consists of three different types
of proteins. (1) Receptor protein, belonging to the PRR family recep-
tor and responsible for the immune innate response to foreign
pathogens and danger signals. The most studied receptor is NLRP
and particularly NLRP3 (NALP3). DAMPs or PAMPs signals activate
intracellular NLRP3 and induce its polymerization. (2) Adaptor pro-
tein, that is essential for receptor proteins that do not have a CARD
domain for caspase binding,. These small molecules work as a link
between the receptor protein and the effector protein. NLRP3 does
not have a CARD domain and utilizes ASC as an adaptor. (3) Caspase-
1 that acts as the the inflammasome effector protein. Normally this
enzyme is inactive (pro-caspase-1), but when it is recruited by ASC
is activated and cleaves pro-IL-1f3 into IL-1(3.

The inflammasome system has a particular activation; it needs
two signals, the first one is triggered by a PAMP or DAMPS that
activates a PRR, like TLR, and concludes with the transcription and
translation of pro-IL-1f3 and pro-IL-18, while the second one is trig-
gered by specific molecules like ATP, nigecirin [102], monourate
sodium uric (MSU) [103], cholesterol crystals [104] and silica
[105], among others. These molecules activate, by a non-elucidated
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Fig. 1. TLR4Cardiac fibroblast signaling pathways associated to cardiac inflammation and fibrosis. Cardiac fibroblasts express TLR4 and its activation by DAMPS or PAMPs
triggers MYD88-dependent and -independent signaling pathways. The MYD88-dependent pathway activates MAPK and NF-kB and controls cellular function associated to
cardiac fibrosis or cardiac inflammation, whereas the independent pathway activates IFN type I, which is also associated to inflammation.

mechanism, the inflammasome assembly and the activation of
caspase-1,leading to the cleavage and release of active IL-1f3 and IL-
18.This inflammatory signaling has been widely studied inimmune
cells, but its role and function on cardiac cells has not been fully
understood. CF are the main resident cells that release IL-1§3 dur-
ing initial injury, initiating the immune phase [10]. These cells have
similar inflammasome activation, which is activated by ATP but not
by MSU [106]. Kawaguchi et al. described that CF inflammasome is
an important mediator in ischemia and reperfusion, suggesting its
potential therapeutic uses in MI [10]. In addition, in vivo experi-
ments corroborated a marked increase in NLRP3, IL-1f3, and IL-18
mRNA expression in the left ventricle after MI, primarily located
on CF. Further, isolated CF released IL-1f3 and IL-18 when the cells
were stimulated with LPS and ATP (mimicking a MI) [106].

CF inflammasome not only plays a critical role in models of
inflammation caused by MI or I/R models. An animal sepsis model
showed that there is a relation between endotoxemia and inflam-
masome NLRP3, caspase-1 and IL-1 in CF. Furthermore, the NRLP3
blockage with the sulfonylurea receptor 1 inhibitor glyburide or
a NRLP3 siRNA prevented IL-1p release in isolated CF [12]. In
addition, Bracey et al. reported that NLRP3-deficient CF displayed
impaired differentiation and R-Smad activation in response to TGF-
1. This effect was independent of the role of inflammasome
assembly in CF. These finding suggests that CF NLRP3 could also be
related to CF differentiation [ 107]. Thus, the cardiac inflammasome
is an active and it can be a novel target for cardiac disease.

3.3. Interferon receptors

Interferons (IFNs) are a family of cytokines that cause a myr-
iad of biological responses, depending from the type of cell which
they originate from [108]. IFNs are classified in IFN-type I (IFN-I)
(with more than 20 subtypes including «, B, €, w, etc.), [FN-type
I (IFN-II) or IFN gamma (IFN-vy) and the IFN-type III (IFN-III) or
IFN lambda (IFN-A). IFN-I can be produced by several cells from
the innate immune system, including macrophages and dendritic
cells, as well as in non-immune cells such as CF[109]. Their produc-
tion is predominantly induced as an inflammatory response after
the activation of several Toll-type receptors (TLRs) present in these
cells [110]. IFN-vy is only produced by immune cells, such as natural
killer cells (NK) and T cells after the cytokine stimulus, such as IL-12
[108].

3.3.1. Interferon receptor and canonical transduction pathway

All IFN-I subtypes are recognized by a common receptor, com-
posed by the IFNAR1 and IFNAR2 sub-units [111], while [FN-v joins
the IFN-II receptor, composed by two subunits, [IFNGR1 and IFNGR2
[112]. The different subtypes of IFNs share some common transduc-
tion pathways, such as its canonical signaling pathway, Janus kinase
(JAK)/signal transducer and activator of transcription (STAT); there-
fore, they activate some common genes that participate in different
biological effects [ 108]. Subsequently, complex formation of homo-
and hetero-dimers of phosphorylated STAT (p-STAT) are generated,
which join with interferon regulatory factors (IRF) to form different
transcription factors, such as the interferon stimulated gene factor
3 (ISGF3), composed of (p-STAT1, p-STAT2 and IRF9) to schedule
and control the gene expression.

Several studies have determined that cells like the cardiomy-
ocytes have a bigger baseline expression of IFN-I when compared
to CF, resulting in major nuclear baseline components activated of
ISGF3 and major baseline expression of RNAm of Interferon Stimu-
lated Gene (ISG). In contrast, the basal CF expresses more sub-units
of IFNAR1 and cytoplasmic components of JAK/STAT, which allows
them to be better prepared to respond to INFs [113]. In the heart,
IFN-y can also activate other non-canonical signaling pathways
downstream, including protein kinase C (PKC), which may have
effects on the contractile capability, as well as the remodeling of
the heart [114]. In this regard, it has been demonstrated that IFN-
v regulates the phosphorylation of PKCe in mouse embryonic CF
correlated with the responsiveness to, which may change the cell-
matrix interactions [115].

3.3.2. Anti-fibrotic and anti-inflammatory effects of interferons in
FC

The role played by the IFN-vy in cardiac fibrosis is controversial.
Several reports remark its pro-fibrotic and anti-fibrotic effect [116].
Han et al. showed a marked decrease of a-SMA expression levels
in knockout mice of IFN-y after an infusion of Ang II, which sug-
gest a reduced CF differentiation [117] . Likewise, KO mice of the
receptor IFN-y (IFNGR) treated with the Ang II, exhibit a decrease
in cardiac hypertrophy and fibrosis, as well as a reduction in the
infiltration of macrophages and T cells [ 118]. Savvatis et al. demon-
strated that IFN-y in rat CF led to significant decrease of the a-SMA
and collagen I and Il expressions, thus inhibiting the migration and
differentiation of myofibroblasts [119]. (see Fig. 2).
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Fig. 2. Interferon receptor in cardiac fibroblasts. Interferon IFNGR is expressed in cardiac fibroblasts and its activation by IFN-II triggers cellular changes associated to cardiac
fibrosis reducing a-SMA expression, collagen secretion, CF migration and CF to CMF differentiation.

Until now, there were few reports about IFN-f3 in CF, particu-
larly on the study of the specific functions of formed STAT dimers.
Nonetheless, in fibroblasts of different origin, it has been published
that IFN-y can induce anti-fibrotic and anti-inflammatory prop-
erties. One of these studies reported that IFN-3 prevents hepatic
stellate cells (HSC) activation by inhibiting signaling pathways of
TGF-B and the platelet derived growth factor (PDGF), as well as
a decreasing a-SMA and collagen [120], resulting in an overall
reduction of the fibrotic response. Such beneficial effects have also
been described in cardiac injury, where the action of the JAK/STAT
pathway fulfills a protective role in the development of the car-
diac remodeling of the left ventricle after a myocardial infarction.
Mainly, the activation of the p-STAT3 dimers by several cytokines
fulfills a cardio-protector role through the increase of angiogen-
esis, the decrease of inflammation, the inhibition mitochondrial,
apoptosis and oxidative stress [121-123].

The inflammatory process plays a critical role in cardiac remod-
eling even though the activation of the inflammatory response and
its specific functions in the cardiac remodeling still remain unclear.
The IFN/JAK/STAT pathway may exercise control over important
aspects of inflammation, ranging from leukocyte migration and
invasion of tissue, their activation and effector functions [ 124]. Still,
there are some unexplored activities of the JAK/STAT pathway, such
as the regulation of the different p-STAT dimers activated by IFNs
and their involvement in the production of IL-13 by the inflam-
masome. In this regard, IFN-I through the p-STAT1 dimer could
exert suppressive activity in NLRP1 and NLRP3 inflammasomes.
This has been demonstrated in a recent study which observed
that IFN-I inhibits the IL-1 production through 2 different
mechanisms: (a) a direct mechanism involving the suppression
NLRP1 and NLRP3 inflammasomes through STAT1 activation; and
(b) an indirect mechanism, inducing the expression and secretion

of IL-10; which in an autocrine manner can decrease the accumu-
lation of pro-IL-13 [125,126]. Since CF are the main producers of
IL-1 B in the cardiac tissue, is seems crucial to know exactly which
effects IFNs produce on CF ability to synthesize collagen and other
products from the ECM, and if they stimulate the release of other
fibrotic and inflammatory mediators.

4. Cardiac fibroblasts as sentinel cells: inflammatory
function of fibroblasts

Increasing evidence demonstrates that cardiac tissue repair is
a complex process in which the immune system has an important
role in mediating the development of cardiac fibrosis [127]. Since
immune and non-inmune cells coexist in the injured heart [128],
it is to be expected a crosstalk between both types of cells. In this
regard, a number of studies have suggested that CF are not only
capable of interacting with other cardiac cells [129], but can also
communicate with immune cells, such as lymphocytes, monocytes
and macrophages to modulate their behavior and orchestrate heart
injury and repair process [130]. It has been consistently demon-
strated that CF are able to contribute to the onset, development
and resolution of the inflammatory responses associated to tissue
repair. At the early stages, CF are able to recruit leucocytes, via the
release of chemokines including MCP-1, macrophage inflamma-
tory protein (MIP)-1 and RANTES [131]. It has been reported that
fibroblast from other tissues, such as lung or liver, directly inter-
act with leucocytes via the leucocyte surface antigen CD40, which
is expressed on fibroblasts, whereas its ligand CD40L is expressed
on immune cells [132]; however, this appears not to be the case
for CF as these cells do not exhibit significant levels of CD40 [133].
Nonetheless, there may be other similar interactions since CF can
express adhesion molecules (ICAM-1 and VCAM-1) on their sur-
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face, in response to proinflammatory stimuli [ 134], which suggests
a possible adhesion to the immune cells attracted to the site of
injury. This statement was proven by Couture et al., who reported
the adhesion of neutrophils and B lymphocytes to CF [135]. These
discoveries support the idea of CF as specialized immune cells
recruiters, a function that was previously thought to be unique
to endothelial cells. Once recruited, infiltrated leucocytes are in
direct contact with cardiac cells present at the site of injury. Due to
their high number and strategic location, CF appear to be of critical
importance to cardiac remodeling post injury. In fact, they exhibit
a wide range of phenotypical and functional alterations during the
entire reparative process which allows them to modify their activ-
ity to contribute to the different phases of heart repair (from an
inflammatory to an activated phenotype) [97]. It is widely known
that leucocytes can modulate this phenotypic behavior of CF via
the release of different inflammatory/antinflammatory cytokines,
such as TGF-B1 from neutrophils or TNF-a from monocyte [133].
However, the fibroblasts can also modify the quality, quantity and
duration of the inflammatory infiltrate during the induction of
inflammatory responses [136]. While this statement holds true in
different models of inflammatory diseases such as cancer [137],
it has be to be fully proven in heart disease. In this regard, Lind-
ner et al. described that leucocytes changed their cytokine profile
activity when stimulated with conditioned medium of CF, suggest-
ing the possible role of CF as supporter inflammatory cells in heart
failure [138].

CF interaction with immune cells is not limited to their recruit-
ment and activity during the initial events of heart repair. Buckley
et al. demonstrated that they also contribute to the resolution of
inflammation, by promoting the apoptosis of infiltrated leucocytes,
through the tight regulation of cytokine and chemokine gradients
necessary for the survival of immune cells [139]. It is interesting to
hypothesize that a failure in such mechanism might be crucial in
understanding how the repair process switches from an acute to
chronic inflammation, since the inability of fibroblasts to eliminate
the immune cells recruited during the acute phase of inflamma-
tion, would result in their accumulation in the heart tissue leading
to chronic inflammation [139]. Since CF modulates all stages of leu-
cocytes activities in the repair process (recruitment, inflammatory
activity and cell death) it is probable that the maladaptive mecha-
nism of chronic inflammation could be, partially explained by the
presence of defective or over activated CF/CMF, whose cytokine
secretion disrupts the normal lifespan of leucocytes infiltrated into
the heart during tissue repair.

Concluding remarks

Until recently, CFwere considered exclusively as supporting car-
diac cells. However, in the last few years, accumulating evidence
has reconsidered them as sentinel cells. The variety of receptors
present on CF trigger the release of cytokines, chemokines and
growth factors which enable these cells to play a key role on the
inflammation and fibrotic processes. In addition, the cytokines and
chemokines released by CF may affect the phenotype of surround-
ing cells; such as cardiomyocyte and immune cells infiltrated in
infarcted area. These novel functions of CF highlight their impor-
tance in cardiac pathologies, focusing them as new interesting
targets in the field of cardiovascular research.
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