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a b s t r a c t
Kinins mediate their cellular effects through B1 (B1R) and B2 (B2R) receptors, and the activation of B2R
reduces collagen synthesis in cardiac ﬁbroblasts (CF). However, the question of whether B1R and/or B2R
have a role in cardiac myoﬁbroblasts remains unanswered.
Methods: CF were isolated from neonate rats and myoﬁbroblasts were generated by an 84 h treatment with
TGF-β1 (CMF). B1R was evaluated by western blot, immunocytochemistry and radioligand assay; B2R,
inducible nitric oxide synthase (iNOS), endothelial nitric oxide synthase (eNOS), and cyclooxygenases
1and 2 (COX-1, and COX-2) were evaluated by western blot; intracellular Ca + 2 levels were evaluated with
Fluo-4AM; collagen secretion was measured in the culture media using the picrosirius red assay kit.
Results: B2R, iNOS, COX-1 and low levels of B1R but not eNOS, were detected by western blot in CF. Also, B1R,
B2R, and COX-2 but not iNOS, eNOS or COX-1, were detected by western blot in CMF. By immunocytochemistry,
our results showed lower intracellular B1R levels in CF and higher B1R levels in CMF, mainly localized on the cell
membrane. Additionally, we found B1R only in CMF cellular membrane through radioligand displacement assay.
Bradykinin (BK) B2R agonist increased intracellular Ca2+ levels and reduced collagen secretion both in CF and
CMF. These effects were blocked by HOE-140, and inhibited by L-NAME, 1400W and indomethacin. Des-Argkallidin (DAKD) B1R agonist did not increase intracellular Ca2+ levels in CF; however, after preincubation for
1 h with DAKD and re-stimulation with the same agonist, we found a low increase in intracellular Ca2+ levels.
Finally, DAKD increased intracellular Ca2+ levels and decreased collagen secretion in CMF, being this effect
blocked by the B1R antagonist des-Arg9-Leu8-kallidin and indomethacin, but not by L-NAME or 1400 W.
Conclusion: B1R, B2R, iNOS and COX-1 were expressed differently between CF and CMF, and collagen secretion
was regulated differentially by kinin receptor agonists in cultured CF and CMF.
© 2012 Elsevier Inc. All rights reserved.

Introduction
Cardiac ﬁbroblasts (CF) are the major non-myocyte cell constituent
in the myocardium and they are involved in cardiac remodeling. Notably,
transforming growth factor beta 1 (TGF-β1) stimulates the ﬁbroblast to
differentiate into myoﬁbroblast (Gabbiani, 2003). Differentiated CMF
play a central role in cardiac matrix remodeling, as they contribute to
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abnormal expansion of the interstitium and, ultimately, to cardiac ﬁbrosis. Compared with relatively quiescent CF, CMF are hypersecretory for
ﬁbrillar collagens, and these collagen subtypes provide tensile strength
for the healing of wounds and scar stabilization, thus preventing rupture
(Porter and Turner, 2009; Baum and Duffy, 2011).
Kinins are known to control relevant cardiovascular effects, such as
vascular dilation and permeability, myocardial glucose uptake, matrix
regulation and myocardial growth (Moreau et al., 2005). Moreover,
kinins play an important role in the pathophysiological processes that
accompany inﬂammation, as well as tissue damage and repair
(Maurer et al., 2011). Bradykinin (BK) and Lys-BK, or kallidin (KD),
are formed from kininogen precursors and are rapidly metabolized by
proteolytic enzymes to form active fragments, such as des-Arg9-BK
(DABK) and des-Arg10-KD (DAKD). Kinin actions are mediated
through the receptor subtypes B1 (B1R) and B2 (B2R) (Moreau et al.,
2005). The B2R is constitutively expressed in a diverse range of tissues
and mediates the action of BK and KD. Evidence from animal models
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has suggested that B2R activation is responsible for most of the actions
of kinins under normal conditions. In contrast, the B1R is rapidly
induced in vivo under stress conditions and mediates the action of
DABK and DAKD (Leeb-Lundberg et al., 2005). B1R is expressed in
lung ﬁbroblasts and alveolar macrophages after exposure to noxious
stimuli, including the cytokines interleukin-1β (IL-1β) and tumor
necrosis factor-α (TNF-α) (Calixto et al., 2004; Phagoo et al., 2001). Additionally, kinin receptors activate several second messenger systems,
depending on cell type (Moreau et al., 2005). Signaling transduction
pathways have been comprehensively studied in endothelial cells. They
are indirectly linked to cyclic nucleotide signaling, via the production of
nitric oxide (NO), which activates the soluble guanylate cyclase in
neighboring muscle cells. Furthermore, kinins can induce arachidonic
acid liberation into the intracellular space and stimulate cyclooxygenases
(COX-1 and COX-2), so as to produce prostaglandins (PG) I2 or E2 that
can interact with their own receptors (Moreau et al., 2005). The activation of ionic channels and phospholipases A2, C, and D also plays a role
in kinin receptor signaling. Thus, phospholipase C products, inositol
1,4,5-triphosphate and diacylglycerol (Moreau et al., 2005) are responsible for the increase in intracellular Ca2+ and for protein kinase C activation, respectively. In addition, Ca2+ can participate in the activation of
endothelial NO synthase (eNOS), and ultimately in NO production and
stimulation of phospholipase A2 (PLA2) (Leeb-Lundberg et al., 2005).
Although the B1R and B2R have similar intracellular transduction pathways, the signaling patterns are different in terms of Ca2+ concentration
variation, as well as regarding the susceptibility to desensitization of
both receptors (Mathis et al., 1996). However, these signaling pathways
have not been studied in depth in CF, and even less in CMF.
CF constitutively express the B2R and kinins have shown to reduce
collagen secretion (Kim et al., 1999). However, it is unknown whether
the B1R or B2R are expressed in CMF and how collagen synthesis is
regulated by kinins in CF and CMF. The aims of this study were as follows: a) to evaluate the presence of B1R and B2R in CF and CMF; and
b) to study the molecular effectors involved in the reduction of collagen
secretion by kinins.
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antibodies against vimentin (1:1000) and α-SMA (1:5000) from
Sigma-Aldrich (St Louis, MO). B1R (1:1000), B2R (1:1000), iNOS
(1:1000), eNOS (1:1000), COX-1 (1:1000), COX-2 (1:1000) and tubulin (1:1000) were obtained from Santa Cruz Biotech (Santa Cruz, CA).
All of them were incubated at 4 °C overnight. Bound antibodies were
detected by horseradish peroxidase conjugated secondary antibody
and visualized by ECL reagent.

Measurements of intracellular Ca 2+ levels ([Ca 2+]i)
Intracellular Ca 2+ levels were determined in CF and CMF preloaded with FLUO-4AM (50 μM, 30 min) by using an inverted
confocal microscope (Carl Zeiss Axiovert 135 M-LSM Microsystems).

Materials and methods
Isolation and culture of CF and CMF
Rats were obtained from the Animal Breeding Facility of the School of
Chemical and Pharmaceutical Sciences at the Universidad de Chile. All
studies followed the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85‐23, revised 1996), and experimental protocols were approved by
our Institutional Ethics Review Committee. CF were prepared from
hearts of 1–3 day-old Sprague–Dawley rats, as previously described
(Diaz-Araya et al., 2003). TGF-β1 treated CF (CMF) that resemble cardiac
myoﬁbroblasts obtained from infarcted hearts, were prepared from neonatal rat CF as follows: CF (at the second passage, 20 ×103/cm2) were
plated on plastic dishes, serum deprived and treated with TGF‐β1
(5 ng/mL) for 84 h in Dulbecco's minimal essential medium (DMEM)F12. CF to CMF differentiation was analyzed by immunocytochemistry,
using antibodies against vimentin and α-smooth muscle actin (α-SMA).
Cells were treated with or without the B1R agonist DAKD (100 nM)
or the B2R agonist bradykinin (100 nM). The B1R antagonist Des-Arg9Leu8-kallidin (leu8; 10 μM), the B2R antagonist HOE-140 (10 μM), the
general NOS inhibitor L-NAME (10 μM), the speciﬁc iNOS inhibitor
1400W (10 μM), or the COX-1 and COX-2 inhibitor indomethacin
(10 μM) were added to cultures 1 h before treatment with DAKD or BK.
Western blot (WB)
Cell proteins were extracted with a protease inhibitor cocktailcontaining lysis buffer. Aliquots were resolved on 12% SDS-PAGE,
transferred to a nitrocellulose membrane and incubated with primary

Fig. 1. Expression of B1R and B2R in cardiac ﬁbroblast (CF) and myoﬁbroblast (CMF),
and B1R radioligand displacement assay in CF and CMF. (A) Representative western
blots demonstrating that B1R and B2R are present in CF and CMF, and the graph
analysis is also shown. Results are exposed as means (±S.E.M.) of 3 separate experiments. *pb 0.05 for CMF v/s CF. (B) [3H][Leu9]des-Arg10-[3,4-propil-3,4H(N)]kallidine
([3H]-Antg B1R), as radioligand for displacement assays in CF and CMF with DAKD
(10 μM). The assays were done as described in the Materials and methods section herein.
Results shown are means (±S.D.) of three separate experiments. ***pb 0.001 in CMF for
TB v/s UB (TB: total binding; UB: unspeciﬁc binding).
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Radioligand binding assay

Statistical analysis

We used the speciﬁc B1R antagonist [3H][Leu9]des-Arg10-[3,4-propil-3,4H(N)]kallidine ([3H]-Antg B1R) for binding assays that were
performed on CF and CMF membranes, as previously described
(Aránguiz-Urroz et al., 2009). For competitive binding experiments,
[3H]-Antg B1R (1 nM) was used as a labeled compound. Non-labeled
DAKD agonist (10 μM) was used to conﬁrm the kinin receptor subtype.

Data are mean (±SEM) of at least 3 independent experiments.
t-Student test for comparisons between 2 groups or one-way ANOVA
followed by a Tukey's post hoc test for multigroup comparisons was
used. Signiﬁcance was set at p b 0.05.

Immunocytochemistry (ICC)
Cell cultures were grown close to 70% of conﬂuence on glass coverslips in complete medium containing 10% fetal calf serum (FBS).
Then, cells were serum-deprived for 24 h, and treated with DAKD
(for 30 min) or TGF-β1 (for 96 h). TGF-β1 induced morphological
changes were monitored by phase-contrast microscopy. After treatment, cells were ﬁxed at room temperature for 10 min in 3.7% formaldehyde (v/v) in phosphate-buffered saline (PBS). They were then
washed and blocked with serum-containing buffer (10% FBS in PBS
with 0.02% sodium azide), and cells were subsequently incubated
with antibody anti vinculin, anti α-SMA, and anti-B1R for 2 h at
room temperature. The secondary antibody that was used was conjugated with FITC. Coverslips were mounted on glass slides with Dako
mounting medium, and micrographs were obtained with a confocal
microscope (Carl Zeiss, Germany).

Results
Expression of B1 and B2 receptors in CF and CMF
Supplementary Fig. 1, shows by ICC that cultured CF and CMF were
vimentin positive. However, only CMF showed prominent and well
developed α-SMA ﬁbers. In addition, by WB we observed that CMF
express α-SMA; although low levels were found in CF they are not
forming ﬁbers. B2R WB analysis of cell protein extracts from CF and
CMF showed a band with an apparent molecular mass of 43 kDa,
with higher expression in CF than in CMF (Fig. 1A, right panel). In
contrast, WB analysis showed a band with an apparent molecular
mass of 45 kDa for B1R, having a higher expression in CMF than in
CF (Fig. 1A, left panel). Both molecular masses are close to those
calculated for human B2R and B1R, respectively. β-tubulin was used
as loading control.
Radioligand binding competition assay

Collagen secretion of cultured CF and CMF
Total soluble collagen in cell culture supernatants was quantiﬁed
using the SirCol collagen assay (Biocolor, Belfast, Ireland), following
the protocol described by the manufacturer.

Radioligand binding was performed with membrane preparations.
Data from saturation analysis obtained with B1R selective agonist
radioligands, [3H]-Antg B1R (1 nM), showed speciﬁc displacement
from CMF, but not from CF (Fig. 1B). The reference agonist DAKD

Fig. 2. Immunocytochemistry analysis of B1R in cardiac ﬁbroblasts (CF) and myoﬁbroblast (CMF). CF (A and B) or CMF (C and D) were treated with vehicle (A and C) or with DAKD
(100 nM) (B and D) for 30 min, and then the cells were ﬁxed, permeabilized, and immunostained with antibody to B1R, and visualized by ﬂuorescence microscopy. Low levels of
B1R were localized in CF, mostly in perinuclear vesicles (A), while a higher B1R positive immunostain was localized in CMF, mostly on cell membrane (C) (white arrow), and in
perinuclear vesicles. In DAKD pretreated CF, higher immunostain was localized on cell membrane (B) (white arrow), while no difference was found in DAKD pretreated CMF
(D). The results are shown as representative of 3 independent experiments; scale bar, 50 μm).
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was very potent in displacing the radioligand only in CMF cell
membranes.
Immunolocalization of B1R on CF and CMF
Fig. 2 shows the levels and localization of B1R on CF and CMF by ICC.
In normal CF, immunoreactive B1R was found mostly in intracellular
vesicles. However, in CF pretreated with DAKD we found positive immunoreactive B1R in intracellular vesicles, and also on the cellular
membrane (white head arrows). In CMF we observed higher B1R
immunostaining, localized mostly on the cell membrane. Nevertheless,
we did not ﬁnd any difference with control in DAKD pretreated CMF.
Effects of the B2R agonist BK and the B1R agonist DAKD on [Ca 2+]i in CF
and CMF
To investigate whether B2R is functional in CF, and if B1R and B2R
are functional in CMF, we tested the effect of their speciﬁc agonists on
intracellular calcium levels ([Ca 2+]i). When BK was added as a ligand,
B2R was activated and a transient raise of [Ca 2+]i was observed in CF
(Fig. 3A) as well as in CMF (Fig. 3B). Using HOE-140, a speciﬁc B2R
antagonist, we showed that such increase in [Ca 2+]i stimulated by BK
was blocked in both cell types (Figs. 3C and D). However, Leu8, the speciﬁc B1R antagonist, did not block the increment of [Ca 2+]i in CF or in
CMF stimulated with BK (Figs. 3E and F). These results conﬁrmed
that BK selectively activated the B2R, both in CF and CMF. Additionally,
Fig. 4A shows that B1R activation by DAKD did not raise [Ca 2+]i in CF.
Conversely, a robust but transient increase in [Ca 2+]i was observed in
CMF (Fig. 4C), in which this effect was blocked by Leu8 (Fig. 4D), but
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not by HOE‐140 (Fig. 4E). This conﬁrms that B1R is functional in CMF.
Finally, we observed a small increment of [Ca2+]i when CF pretreated
for 1 h with DAKD, were stimulated with DAKD for a second time
(Fig. 4B). This last result and the WB analysis conﬁrm that B1R is present in CF, although it is not active in non-DAKD pretreated CF.
eNOS, iNOS, COX-1 and COX-2 protein levels in CF and CMF
eNOS immunoreactive bands were not detected in cultured CF and
CMF, although an immunoreactive band was found in endothelial cells
used as positive control (PC) (140 kDa) (Fig. 5A). WB probed with antiiNOS and anti-COX-1 antibodies demonstrated immunoreactive bands
only in CF. The molecular mass of the immunoreactive band for iNOS
and COX-1 found in CF was 130 kDa and 70 KDa, respectively, and
were consistent with the previously described molecular masses for
these proteins (Figs. 5A and B). COX-2 was detected both in CF and
CMF; the molecular mass of the immunoreactive band found in both
cells was 72 kDa and was consistent with the previously described
molecular mass for COX-2 (Fig. 5B).
Effects of the B1R and B2R agonists on collagen secretion in CF and CMF
We tested the effects of BK and DAKD on collagen protein secretion
in CF and CMF by analyzing the supernatants of BK and DAKD-treated
CF and CMF, respectively (Figs. 6A and B). Collagen secretion levels
were higher in CMF than in CF, and BK strongly decreased collagen secretion in both cell types when compared to control (Fig. 6A). DAKD
also reduced collagen secretion, but only in CMF (Fig. 6B).

Fig. 3. BK triggers intracellular calcium increase by B2R in cardiac ﬁbroblast (CF) and myoﬁbroblast (CMF). CF and CMF were loaded with Fluo-4/AM and treated with B2R agonist
(bradykinin: BK 100 nM). Typical proﬁles on intracellular Ca2+ levels in response to BK are observed in CF (A) and CMF (B), in the presence of HOE-140 as B2R antagonist (C and D),
or in the presence of Leu8 as B1R antagonist (E and F). The ﬂuorescence ratios are representative data for 3 similar and independent experiments.
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Fig. 4. DAKD triggers intracellular calcium increase by B1R in cardiac ﬁbroblasts (CF) and myoﬁbroblasts (CMF). CF and CMF were loaded with Fluo-4/AM and treated with B1R
agonist (DAKD, 100 nM). Typical proﬁles of intracellular Ca2+ levels in response to DAKD are observed in CF (A) and CMF (C), in the presence of Leu8 as B1R antagonist (D), or
in presence of HOE-140 as B2R antagonist (E). A low increase in Ca2+ levels was observed in CF pretreated with DAKD (100 nM) for 30 min prior to a second stimulus with
DAKD (100 nM) (B). The ﬂuorescence ratios are representative data of 3 similar and independent experiments.

Modulation of B2R and B1R signaling pathways involved in collagen
secretion in CF and CMF
We tested the effects of the B2R antagonist, NOS and COX inhibitors
on BK-reduced collagen secretion in CF and CMF (Figs. 6C and D, respectively). Collagen secretion was not reduced in cells preincubated
with HOE-140 and stimulated with BK, thus maintaining similar levels
to unstimulated CF and CMF. Similarly, when cells were preincubated
with L-NAME or 1400 W and stimulated with BK, collagen secretion
did not change compared to control in CF. However, BK decreased
collagen secretion even in the presence of L-NAME or 1400W in CMF.
Finally, in cells pretreated with indomethacin, BK did not reduce
collagen secretion in both cell types. HOE-140 or the inhibitors themselves did not exhibit any effect on basal secreted collagen. These results suggest that although BK decreases collagen secretion in CF and
CMF through the B2R, the signaling pathways activated in both cell
types are different, involving iNOS and COXs in CF, and only COX-2 in
CMF.
Accordingly, we tested the effects of B1R and B2R antagonists, NOS
and COXs inhibitors on the reduction of collagen secretion induced by
DAKD in CMF. DAKD caused collagen secretion to signiﬁcantly decrease
in a concentration dependent manner, being maximal at 100 nM
(Fig. 6E). When the B1R was blocked by Leu8, DAKD did not reduce
collagen secretion, as compared to levels observed in non-stimulated
CMF. The addition of DAKD in the presence of HOE-140 reduced collagen secretion, which was similar to what was found with DAKD alone.
DAKD decreased collagen secretion even in the presence of L-NAME or
1400W (Fig. 6F). Nevertheless, indomethacin prevented this reduction.

The antagonist or the inhibitors themselves did not exhibit any effect
on basal secreted collagen. Taking into account our previous observations, these results indicate that DAKD decreases collagen secretion in
CMF through a pathway mediated by B1R and COX-2.

Discussion
It is well established that TGF-β1 stimulates the differentiation of
CF to CMF (Gabbiani, 2003). Differentiation to a myoﬁbroblast phenotype can contribute to hypersecretion of ECM proteins, and these
hypersecretory cells are important players in the wound healing
and cardiac remodeling processes (Van den Borne et al., 2010). The
amount of CMF diminishes via apoptosis during scar maturation in
the heart (Hayakawa et al., 2003). Thus, a lack of adequate myoﬁbroblasts apoptosis could lead to ECM protein overproduction. Therefore,
the regulation of collagen secretion is highly relevant in this context.
Using our experimental model, we showed that the differentiation
from CF to CMF is accompanied by increased B1R expression and
membrane localization. Our western blot results indicated the presence
of B1R in CF, while immunolocalization showed that the B1R is mainly
found in intracellular vesicles, and lower immunolocalization was
observed on cell membrane. Also, our results did not show radioligand
displacement, indicating that the B1R is not present in membrane
fraction. The latter assertion is strengthened by immunolocalization results showing that pretreatment with the DAKD mobilizes B1R towards
the cellular membrane. Similar results have been observed in HeLa
cells, where pretreatment with the B1R agonist was shown to trigger
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Fig. 5. Expression levels of iNOS, eNOS, COX-1 and COX-2 in cardiac ﬁbroblasts (CF) and myoﬁbroblasts (CMF). (A) Representative western blots demonstrating that iNOS is present
only in CF, while eNOS is not present in either cells; the graphic analysis for iNOS level is shown. (B) Representative western blots demonstrating that COX-1 is present only in CF,
while COX-2 is present in both cells (p.c.: positive control are endothelial cells); the graph analysis is also shown. The results exposed are means (± S.E.M.) of 3 separate experiments. ***p b 0.05 CMF v/s CF. Tubulin was used as load control.

the displacement of this receptor from intracellular vesicles to the cell
membrane (Enquist et al., 2007).
To our knowledge, this is the ﬁrst report showing a dynamic change
in the expression levels of B1R in CF, and although the stimulus responsible for this effect was not investigated here, TGF-β1 is an obvious
candidate. In this respect, both kinin receptors and TGF-β1 have been
shown to be up-regulated in myocardial ischemia. However, IL-1β
could also be implicated. Phagoo et al. (2001) reported that this
cytokine can activate components of the kallikrein–kinin system.
Moreover, it has been established that IL-1β is capable of producing
the up-regulation of B1R and B2R in adult CF (Imai et al., 2005).
Nevertheless, other authors have shown that IL-1β is incapable of
inducing any kinin receptor in neonatal CF (Riad et al., 2008).
Interestingly, induction and release of proinﬂammatory IL-1β is also
consistently reported in experimental models and patients with myocardial infarction (Frangogiannis, 2007; Balbay et al., 2001). In addition,
TGF‐β1 induces the secretion of IL-1β in synovial ﬁbroblast (Cheon et
al., 2002). However, both possibilities should be clariﬁed in further
studies. Our data clearly shows that B1R is more abundant in CMF
and, therefore, this receptor may become the dominant subtype in
mediating chronic heart inﬂammation.
In this study, the functionality of B2R and B1R in CF and CMF was
assessed by evaluating the kinin receptor-mediated [Ca2+]i mobilization in single cells. These results depicted similar patterns of [Ca 2+]i
signals elicited by the stimulation of kinin receptors in cultured CF
and CMF. Our data shows that B2R was functional both in CF and
CMF, while the B1R was only functional in CMF. In this sense, our results indicate that DAKD did not induce an increment of [Ca 2+]i in CF,
but a new stimulus with the same agonist was able to induce greater
[Ca2+]i in CF pretreated with DAKD for 1 h. These results collectively
strengthen our previous ﬁndings using WB, radioligand assay and ICC

for B1R expression levels and localization, and are in agreement with
the results observed in HeLa cells (Enquist et al., 2007). It is described
in the literature that pretreatment with DAKD is able to mobilize B1R
from its location in the intracellular vesicles to the cell membrane, by
a mechanism that involves the presence of a small amount of the B1R
on the cell membrane. In this sense, Enquist et al. (2007) demonstrated
that DAKD pretreatment for 30 min increased the number of radioligand binding sites. These last results strengthen our ﬁndings and suggest that B1R is localized within intracellular vesicles in CF. Finally,
from our results we cannot conclude whether this increase in [Ca 2+]i
levels induced by the stimulation of B1R or B2R is derived from intracellular stores or by external inﬂux. However, it has been established
that BK induces intracellular calcium release in human CMF (Riches
et al., 2010).
BK receptor signaling pathways involve the activation of several
second messenger systems (Moreau et al., 2005), and some of them
have been implicated for collagen secretion regulation (Kim et al.,
1999; Gallagher et al., 1998). We identiﬁed COXs and NOS as probable
molecular effectors along these signaling pathways in CF and CMF.
Interestingly, a differential expression of these enzymes in the two
cell types was observed. CF did not express eNOS, but expressed
iNOS, COX-1 and COX-2, whereas only this last cyclooxygenase was
detected in CMF and at higher levels than that of CF. NO generation
has been shown to be involved in collagen secretion (Kim et al.,
1999) and iNOS could be the main isoform implicated for NO synthesis
in CF. Additionally, a reduction of iNOS levels induced by TGF-β1 was
reported in an ischemic heart model (Pinsky et al., 1995). Whether
BK or DAKD increase NO in CF and CMF was not evaluated here, but
some evidence shows that BK induces NO generation in CF (Kim et
al., 1999). This suggests that NO could mediate the effects of BK or
DAKD in our cells.
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Fig. 6. Decrease in soluble collagen secretion by BK or DAKD in cardiac ﬁbroblasts (CF) and myoﬁbroblasts (CMF). (A) Bradykinin (100 nM BK for 48 h) decreases soluble collagen
secretion in CF and CMF. (B) Des-Arg-kallidin (100 nM DAKD for 48 h) decreases soluble collagen secretion in CMF, but not in CF. The drop in soluble collagen secretion in CF (C) or
CMF (D) preincubated with HOE-140 (10 μM), 1400W (10 μM), L-NAME (10 μM) or indomethacin (10 μM) with/without bradykinin (BK 100 nM; for 48 h), was inhibited by
L-NAME or 1400W only in CF (C). (E) Typical concentration-dependent effects of DAKD for 48 h (1 nM to 10 μM) on soluble collagen secretion in CMF. (F) The decrease of soluble
collagen secretion in CMF by DAKD was blocked by preincubating the cells with leu8 (10 μM) and indomethacin (10 μM), but not with HOE-140 (10 μM), 1400W (10 μM) and
L-NAME (10 μM). Results shown are means (± S.E.M.) of 3 separate experiments. The assays were done as described in the Materials and methods section. *p b 0.05, **p b 0.01
and ***p b 0.001 v/s control.

COXs are rate-limiting enzymes that catalyze the ﬁrst step in
prostanoid synthesis (prostaglandin and thromboxane), and their involvement in collagen secretion has also been observed (Gallagher et
al., 1998; Yu et al., 1997). COXs are present in at least two isoforms,
namely COX-1 and COX-2, which catalyze identical reactions. COX-1
is constitutively expressed in many cells, where it produces prostanoids for normal physiological functions. During the differentiation of
CF to CMF induced by TGF-β1, we observed a signiﬁcant downregulation of COX-1. This is the ﬁrst report showing this effect and
there are no other reports in the literature regarding this observation.
One exception is the work on astrocytes, showing that TGF-β1 induces
COX-1 expression and increases PGE2 secretion (Luo et al., 1998).
COX-2 is normally at very low levels or even absent from most cells;
its expression can be induced by a wide variety of stimuli including

inﬂammatory cytokines, growth factors and BK itself (Hinz and
Brune, 2002; Simmons et al., 2004; Rodriguez et al., 2006). Our results
demonstrate that both COX isoforms were expressed in CF, while only
COX‐2 was detected in CMF. This data partially agrees with Zidar et al.
(2007), who found COX-2 in CMF but did not ﬁnd COX-1 in CF at the
infarcted myocardial zone. Thus, our results are consistent with the
idea that COX-2 is expressed after cardiac damage. The role of COX
isoforms in cardiovascular systems under normal and pathologic conditions is complex. In an experimental model of myocardial infarction,
COX‐2 inhibition showed beneﬁcial effects on inﬂammation, scar
formation and remodeling after myocardial infarction (LaPointe et al.,
2004; Saito et al., 2004). However, other reports have suggested that
COX-2 expression is induced to protect the tissue during repair (Saito
et al., 2004). By bringing this evidence together, as well as the
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Fig. 7. Schematic representation of the effect of BK and DAKD in the present experimental systems. Left cell: cardiac ﬁbroblasts; right cell: cardiac myoﬁbroblasts.

differential expression observed in molecular effectors for B1R and B2R
signaling pathways in CF and CMF, we suggest that B1R or B2R agonists
could activate different signaling pathways involved in collagen secretion in both cell types.
We ﬁrst examined the effects of BK and DAKD on collagen secretion levels. Our data showed that BK decreased collagen secretion
both in CF and CMF, while DAKD only reduced collagen secretion in
CMF. These results are consistent with the presence of B2R in CF
and B2R and B1R in CMF. Although the mechanism by which BK
decreases collagen secretion has been extensively studied in CF (Kim
et al., 1999; Gallagher et al., 1998; Yu et al., 1997), no such studies
have been done in CMF and the role of B1R and B2R in collagen secretion remains unexplored in CMF. Our data indicate that the decrease in
collagen secretion induced by BK was blocked by the B2R antagonist
HOE-140 in CF and CMF. We have also investigated the possibility
that NO may mediate some or all of the responses to BK in CF and
CMF. Our results indicate that L-NAME and 1400W attenuate the effect
of BK on collagen secretion only in CF, suggesting the participation of
NO in mediating the decrease of collagen secretion. Similar ﬁndings
have been reported by Kim et al. (1999). Hence, these results are in
agreement with our ﬁndings that iNOS is only present in CF. Conversely, L-NAME and 1400W had no effect on the reduction of collagen
secretion induced by BK in CMF and is consistent with the absence of
NOS in CMF. Consequently, these data provide evidence linking BK
and NO to the reduction of collagen secretion in CF.
BK receptors are coupled to GTP-binding proteins to activate
phospholipase A2 (Yu et al., 1997), resulting in an enhanced release
of arachidonic acid. BK stimulates PGI2 release from rabbit CF,
which signiﬁcantly inhibits collagen gene expression (Gallagher et
al., 1998; Yu et al., 1997). Our results indicate that indomethacin
prevented the BK-induced attenuation of collagen secretion in both
CF and CMF, and suggest a role of COXs in this process. This conclusion
is similar to early ﬁndings described for rabbit CF (Gallagher et al.,
1998). In this regard, Imai et al. (2005) found that PGE2 formation
was minimally altered by BK in rabbit CF, suggesting that endoperoxides generated by BK are predominantly converted to PGI2, which
acts as a negative regulator of collagen gene expression. The reduction
of collagen secretion by DAKD in CMF as well as the effect of the
inhibitors is in agreement with our observation that CMF differentially
express COX-2, but not eNOS and iNOS, and leads us to propose that
collagen secretion is mainly modulated by COX-2 in CMF.
Lastly, Fig. 7 summarizes the mechanisms by which BK, DAKD and
its receptors could regulate collagen secretion in CF and CMF. Differentiation of CF to CMF induced by TGF-β1 is accompanied by parallel
decreases in iNOS, COX-1 and by the induction of B1R expression. We
proposed that BK decreases collagen secretion through a mechanism

depending on iNOS and COXs in CF, while this takes place in a COX-2
dependent manner in CMF.
In conclusion, the present study shows that dynamic changes in
B1R and B2R levels can be observed in CF and CMF. The activation of
B1R and/or B2R could reduce collagen secretion and avoid excessive
collagen deposition, as well as regulate cardiac remodeling after
myocardial infarction. These data also support the hypothesis that the
kallikrein–kinin system, acting via the B1R and/or B2R, could play a
key role in protecting the heart against dysfunction and excessive
remodeling.
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