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Summary
Cardiac fibroblasts (CFs) play a pivotal role in myocardial fibrosis. The precise role of CFs in
fibrotic response played by growth factors remains unclear. Our results indicates that basic
fibroblast growth factor could upregulate TIMP-1 expression and downregulate MMP-9 activation
in CFs in perivascular spaces, leading to inhibited progression of cardiac fibrosis during
hypertensive heart failure.

Key words
Cardiac fibroblasts, myocardial fibrosis, basic fibroblast growth factor, matrix metalloproteinase,
tissue inhibitor of matrix metalloproteinase
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Abstract
Background: Cardiac fibroblasts (CFs) play a pivotal role in development of myocardial fibrosis.
We previously demonstrated that direct injection of basic fibroblast growth factor (bFGF) into the
hypertensive Dahl salt-sensitive (DS) rat heart prevented systolic dysfunction and LV dilation
effectively. However, the precise role played by bFGF in fibrotic response of CFs remains unclear.
We suggested potential effects of bFGF on the fibrotic response of CFs in vitro.
Methods and results: Histopathologic assessment of cardiac fibrosis demonstrated a marked decline
in the extent of perivascular and interstitial fibrosis in bFGF-injected hypertensive DS rat hearts.
CFs harvested from the hearts of non-injected DS rats demonstrated a significantly increased
mRNA expression of matrix metalloproteinase (MMP)-2, MMP-9 and both collagen I and III. In
contrast, bFGF treatment in the CFs induced a marked increase in tissue inhibitor of MMP
(TIMP)-1 expression and a marked decline in MMP-9 activation. bFGF also induced a decline in
α-SMA and collagen I and III mRNA expression in the CFs accompanied by inhibited
differentiation of CFs into myofibroblasts. Small interfering RNA targeting FGF receptor (FGFR)-1
confirmed a specific interference of the mRNA expression changes elicited by bFGF. In vivo
examination confirmed many TIMP-1-positive CFs in perivascular spaces of bFGF-injected hearts.
Conclusions: Upregulated TIMP-1 expression and downregulated MMP-9 activation by bFGF in
CFs could prevent excessive ECM degradation and collagen deposition in perivascular spaces
effectively, leading to prevention of cardiac fibrosis during hypertensive heart failure.
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1. Introduction
Cardiac fibroblasts (CFs) play a pivotal role in the development of fibrotic myocardial
remodeling that leads to left ventricular (LV) dilation [1,2]. In a pressure overloaded rat model, the
proliferation and differentiation of perivascular fibroblasts was induced, resulting in fibrosis
extending from the perivascular space into the interstitium [3]. Therefore, perivascular fibroblasts
might contribute to the progression of cardiac fibrosis in pressure overloaded hearts. We previously
demonstrated that direct injection of basic fibroblast growth factor (bFGF) into the hypertensive rat
heart prevented myocardial remodeling sequelae, including systolic dysfunction and LV dilation [4].
However, the precise role played by bFGF in antifibrotic response of CFs remains to be elucidated.
Differentiated myofibroblasts actively remodel the cardiac interstitium through an increased
secretion of MMPs and increased collagen turnover [1,5]. Perturbed extracellular matrix (ECM)
synthesis and degradation are the primary contributors to cardiac remodeling observed in
hypertensive heart disease, and are caused by an imbalance in the ratio of matrix metalloproteinases
(MMPs) to their inhibitors, tissue inhibitors of matrix metalloproteinases (TIMPs) [6-8]. Previous
studies have revealed that MMP-2, MMP-9, TIMP-1 and TIMP-2 expressions were enhanced in the
myocardium of Dahl salt-sensitive (DS) rats during the transition to congestive heart failure [9,10].
In this process, CFs are the key source of TIMPs in the myocardium and TIMP-1 and TIMP-2 are
predominant in CFs [11]; both molecules are modulated by a number of cytokines and growth
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factors [1,12].
Transforming growth factor-beta1 (TGF-β1) is a potent inducer of myofibroblastic
differentiation through its induction of α-smooth muscle actin. [13,14]. On the other hand, bFGF is
a potent inducer of mitosis and chemotactic activity for endothelial cells and fibroblasts. Although
pharmacological modulation of TIMPs and MMPs in myocardium has been investigated
extensively in vivo, clear therapeutic strategies remain to be defined. In the present study, therefore,
we suggested potential effects of bFGF, via modulation of expression of MMPs, TIMPs, and
collagens, on the fibrotic response of CFs in vitro.

2. Materials and Methods
(For additional detailed methods, please see supplementary materials and methods.)
2.1. Animals
Male DS rats (DIS/Eis; Japan SLC, Inc., Hamamatsu, Japan) were fed an 8% NaCl diet from 6
weeks of age. For the histological assessment of cardiac fibrosis, heart tissues were harvested at 6,
12, 15 and 18 weeks of age (n = 6/group). At 15 weeks of age, 12 DS rats fed an 8% NaCl diet were
randomly allocated to 1 of 2 groups of 6 rats. The F(+) group received an injection of bFGF
(100 µg; courtesy of Kaken Pharmaceutical Co. Ltd., Tokyo, Japan) containing heparin sodium
(1.28 µg; Sigma Chemical Co., St. Louis, MO, USA), while the F(-) group was injected with PBS
containing heparin sodium. At 18 weeks of age, the hearts from both groups were harvested and the
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extent of cardiac fibrosis was compared. Regarding of bFGF injection, a single intramyocardial
injection was given to 15-week-old DS rats, as previously described with minor modifications [4,
15]. Briefly, rats were anesthetized with sodium pentobarbital (30 mg/kg, i.p.) and the adequacy of
anesthesia was conﬁrmed by disappearance of the eyelid reﬂex, corneal reﬂex, and the absence of
withdrawal reflex to tail pinch. The level of anesthesia was monitored during the experiment and an
additional dose of pentobarbital (10 mg/kg, i.p.) was administered when necessary. Animals were
intubated endotracheally for artificial ventilation with a rodent respirator (KN-55, Natsume
Seisakusho, Tokyo, Japan). After thoracotomy at the left intercostal space, rats were
electrocardiographically monitored during myocardial injection of agents. A single bFGF injection
was made in the left anterolateral wall of the heart using a 0.5 mL syringe and a 29-gauge needle.
Care was taken to deliver the injection to the subepicardial layer of the myocardium, as confirmed
by the presence of a bleb beneath the epicardium when the syringe had been emptied. The chest was
then closed and the rat was allowed to recover.
All experiments in this study involving animals were pre-approved by The Toho University
Laboratory Animal Research Committee (Authorization No.13-51-216), complied with the Toho
University Guidelines on Animal Experiments, and conformed to the EU Directive 2010/63/EU for
animal experiments.

2.2. Cultured cells
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Hypertensive heart-derived CFs (HCFs) were isolated from myocardium of DS rats fed a
high-salt diet; hearts were harvested at 12 and 16 weeks of age (to form the 12HCF and 16HCF
groups, respectively). Control CFs (CCFs) were derived from myocardium of DS rats fed a 0.3%
NaCl diet, harvested at 12 and 16 weeks of age (for the 12CCF and 16CCF groups, respectively).
Harvested CFs were used to establish primary cultures, as described in the Supplementary Methods
section. Sub-confluent HCFs and CCFs collected between passage numbers 2 and 3 were used for
all experiments.

2.3. Histological analysis
Histological analysis was performed according to methods described previously [16]. Briefly,
horizontal sections of the left ventricular myocardium were visualized using an image scanner and
the digital images were analyzed. Three independent observers (Y.I., Y.F. and A.I.) who were
blinded to the source of the material estimated the level of perivascular fibrosis as the ratio of the
perivascular fibrotic area to the total area occupied by the vessel. The observers also estimated the
level of interstitial fibrosis as reflected by Azan-Mallory-positive areas per field of view.
Azan-Mallory-positive areas were densitometrically measured in captured images using the NIH
image program (Wayne Rasband at the US National Institute of Health, USA), according to
methods described previously [16].
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2.4. Immunostaining
Formalin-fixed, paraffin-embedded tissues were used to visualize bFGF by
immunohistochemistry and MMP-9, TIMP-1, bFGF, CD68 and P4H by immunofluorescence (IF)
staining, as described previously [4,17]. The primary antibodies used were anti-bFGF (Chemicon;
Temecula, California, USA), anti-MMP-9 (Santa Cruz Biotechnology, California, USA),
anti-TIMP-1 (Santa Cruz), anti-collagen prolyl 4-hydroxylase (P4H; Acris GmbH, Germany) and
anti-alpha-SMA (α-SMA) (DAKO, Glostrup, Denmark) and anti-CD68 (ED-1: AbD Serotec,
Münsterstr, Germany).

2.5. Gelatin zymography
Cell culture supernatants were collected after being concentrated using Amicon Ultra
centrifugal filter units (Millipore, Billerica, MA, USA). Gelatin zymography was performed using a
kit produced by Invitrogen and in accordance with the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA). Samples containing 20 μg of protein were applied onto 10% Zymogram gels
(Invitrogen) and electrophoresed. Band intensities of pro-MMP-9 and pro-MMP-2 were
quantitatively determined using densitometry and the NIH image program. Results were reported as
the average integrated value ratios obtained by standardizing each band to the intensity of the
gelatinase control of pro-MMP-2 and pro-MMP-9 respectively.
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2.6. Western blotting
Western blot analysis was performed as described in the online Supplemental Methods. The
primary antibodies were anti-β-actin (Santa Cruz), anti-TIMP-1 (Santa Cruz) and anti-FGFR1 alpha
antibody (Abcam, Cambridge, MA).

2.7. Quantitative Real-Time RT-PCR
After reducing the FBS concentration to 0.4%, 16HCF cultures with or without added bFGF
(100 ng/mL) were incubated for up to 48 h, and then the total RNA was extracted from the cells.
Total RNA isolated from cultured cells using TaqMan® Gene Expression Cells-to-CT™ Kit (Ambion,
Austin, TX, USA) was then reverse-transcribed, and complementary DNA was amplified using a
TaqMan® Gene expression assay (Applied Biosystems, Foster City, CA, USA) with primer-probes
specific for α-SMA, MMP-2, MMP-9, collagen I, collagen III, TIMP-1, TIMP-2, and the FGFR1-4
genes, as described in online supplemental material.

2.8. RNA interference

Small interfering (si) RNA targeting FGFR1and a control siRNA were purchased from
Ambion. Cultured cells at 50% confluence were transfected with the siRNAs (40 nM) using
RNAiMax (Invitrogen) according to the manufacturer’s protocol. After transfection for 24 h, total
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RNA was isolated from cell lysates and subjected to real-time RT-PCR analysis. Levels of MMP-2,
MMP-9, TIMP-1, TIMP-2, collagen I and collagen III mRNA were analyzed for 3 groups, as
follows: 16HCF transfected with siRNA targeting FGFR1 with bFGF treatment (FGFR1 + bFGF
group); 16HCF transfected with control siRNA with bFGF treatment (siCON + bFGF group); and
16HCF with neither siRNA transfection nor bFGF treatment (control group).

2.8. Statistical analysis
Results are presented as mean ± standard error of the mean (SEM). Statistical significance was
determined using unpaired Student’s t tests for two-group comparisons. Differences of fibrosis
levels among rats of 6, 12, 15 and 18 weeks of age were analyzed using one-way ANOVA followed
by the Bonferroni post-hoc test, and comparisons between the groups of 0.3% NaCl diet and 8%
NaCl diet were performed using unpaired Student’s t tests. Comparisons of 3 groups (mRNA
expression of siCON + bFGF vs. siFGFR1 + bFGF vs. Control group or FGFR1 vs. FGFR2 vs.
FGFR3) were analyzed by one-way ANOVA followed by the Bonferroni post-hoc test. Differences
having p values of less than 0.05 were considered statistically significant.
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3. Results
3.1. bFGF injection inhibits cardiac fibrosis in the hypertensive DS rat heart
In order to define the inhibitory effects of a bFGF injection on cardiac fibrosis in vivo, we
initially performed a histological assessment of fibrosis in non-injected hypertensive DS rat hearts
at each phase of LV remodeling. The extent of perivascular and interstitial fibrosis, as identified by
Azan-Mallory-positive staining (Figure 1A), increased gradually towards 18 weeks of age, and was
significantly higher in the 18-week-old hearts than the 12- and 15-week-old hearts (Figure 1B).
These findings indicate an acute increase in perivascular and interstitial fibrosis of hypertensive DS
rat hearts during the LV dilation phase. We next compared bFGF-injected [F(+)] and -non-injected
[F(-)] hypertensive hearts for differences in fibrosis. At 18 weeks of age, the F(+) group exhibited
significantly less perivascular and interstitial fibrosis when compared with the F(-) group (Figure
1C and 1D). We assessed the presence of P4H-positive cardiac fibroblasts in the perivascular space
by IF (Figure 1E). The bFGF-injected hypertensive hearts also exhibited a small number of
bFGF-positive macrophages at 18 weeks of age, whereas non-injected F(-) hearts showed few
number of bFGF-positive cells (Figure 2), indicating that bFGF injection into hypertensive rat
hearts can effectively induce bFGF expression in the myocardial tissues at 3 weeks after injection.

3.2. Hypertensive hearts-derived fibroblasts reflect the status of intense cardiac remodeling in vitro
To determine the profibrotic response of CFs derived from hypertensive hearts in vitro, we
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compared differences between HCFs and CCFs from groups that did not receive bFGF injections in
the expression levels of MMP-2, MMP-9, TIMP-1, TIMP-2, and collagen I and III. The levels of
MMP-2 mRNA expression in the 12HCF and 16HCF groups were significantly greater than those
in the 12CCF and 16CCF groups, respectively (Figure 3A). HCFs in all groups had increased
mRNA expression of both MMPs, and the 16HCFs had a marked increase in MMP-9 mRNA
compared to the 16CCFs (Figure 3B), a result that may reflect increased expression of both MMPs
in CFs at the remodeling phase of hypertensive rat hearts. 16HCFs also had significantly increased
TIMP-1 mRNA levels at both 12 and 16 weeks of age (Figure 3C), whereas TIMP-2 expression
remained unchanged in the HCF groups (Figure 3D). Collagen type I and III mRNA levels were
also significantly increased in 16HCFs when compared with 16CCFs (Figure 3E and 3F). At the
protein levels of MMP expression, consistent results was obtained in 16HCFs via gelatin
zymography, a result that 16HCFs exhibited a significantly increased expression of pro-MMP-2 and
pro-MMP-9 compared with 16CCFs (Figure 4A). 16HCFs also showed higher activation levels of
MMP-9 and MMP-2 (Figure 4A). These results suggest that CFs harvested from hypertensive rat
hearts at the remodeling phase reflect a state of intense remodeling of the cardiac ECM via the
enhanced expression of both MMPs (-2 and -9) and collagens (type I and III) in the hearts.

3.3. bFGF upregulates TIMP-1 expression and inhibits MMPs activities in 16HCFs
Based on the present findings that 16HCF expression profiles reflect the characteristics of
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intense cardiac remodeling in hypertensive hearts, we undertook to evaluate the in vitro effects of
bFGF treatment on those fibrotic responses. We initially clarified the differences in MMP-2,
MMP-9, TIMP-1, TIMP-2, collagen types I and III, and α-SMA mRNA levels in bFGF-treated and
untreated 16HCF cultures. bFGF-treated 16HCFs exhibited markedly less α-SMA (Figure 5A),
MMP-2, MMP-9 (Figure 5B), TIMP-2 (Figure 5C) and collagen types I and III (Figure 5D) mRNA
levels, when compared to untreated 16HCFs. In contrast, TIMP-1 mRNA levels were significantly
greater in the bFGF-treated 16HCFs compared to the untreated 16HCFs (Figure 5C). Western blot
analysis confirmed a markedly increased amount of TIMP-1 protein in bFGF-treated 16HCFs
compared to the untreated 16HCFs (Figure 5E). On the other hand, TIMP-2 protein was found to be
expressed in both types of 16HCF with no significant difference in the protein expression between
bFGF-treated and non-treated 16HCFs (Figure 5F). Zymography demonstrated lower levels of
MMP-9 protein (pro-MMP-9) expression in bFGF-treated 16HCFs compared to untreated cells
(Figure 4B). Zymography also demonstrated lower levels of MMP-9 and MMP-2 activation in
bFGF-treated 16HCFs compared to untreated 16HCFs (Figure 4B). To reveal the in vivo
localization of CFs positive for TIMP-1 or MMP-9 in hypertensive DS rat hearts, double
immunofluorescence staining was performed. This showed that bFGF-injected expressed hearts
exhibited many P4H and TIMP-1 double-positive fibroblasts in the perivascular space (Figure 6D,
E, F). In contrast, non-infected rat hearts showed many P4H and MMP-9 double-positive fibroblasts
in the perivascular space (Figure 6G, H, I).
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3.4. The bFGF/FGFR1 system regulates the antifibrotic response in 16HCFs
To clarify that the response of 16HCFs to bFGF occurs via FGFR, we determined the
FGFR1-4 mRNA levels of untreated 16HCFs in culture. mRNA for FGFR1, FGFR2 and FGFR3,
but not FGFR4, was detected in 16HCFs (Figure 7A). FGFR1 protein expression in 16HCFs,
regardless of bFGF treatment, was confirmed by western blot (Figure 7B), but FGFR2 and FGFR3
protein was not detected in any 16HCFs assayed. We next examined the effects on 16HCFs of
transfection with FGFR1 siRNA (siFGFR1) after in vitro treatment with bFGF. These experiments
demonstrated that mRNA levels for MMP-2, MMP-9, TIMP-2, collagen I and III were significantly
reduced in the control (siCON) groups. In contrast, no reductions in the expression of these
molecules were observed following transfection with siFGFR1 (Figure 7C, D and E). The siCON
groups had significantly increased TIMP-1 expression, while the siFGFR1 group did not (Figure
7D). These results suggest that the effects of bFGF in fibrotic response in the CFs appear to be
mediated, at least in part through FGFR1.

4. Discussion
This study shows antifibrotic effects of bFGF injection in hypertensive Dahl salt-sensitive rat
hearts carried out using CFs harvested from the heart during the LV dilation phase. Specifically, we
demonstrated that (1) bFGF inhibited perivascular and interstitial fibrosis in hypertensive rat heart
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in vivo; (2) bFGF upregulated TIMP-1 and downregulated MMP-9 expression at both mRNA and
protein levels in CFs from hypertensive rat hearts; (3) bFGF also inhibited the expression of
collagen I and III in the CFs; (4) the bFGF/FGFR1 system played a central role in modulating levels
of these ECM proteins in the CFs, and (5) immunohistochemistry confirmed many TIMP-1-positive
CFs in the perivascular space of bFGF-injected hearts. Thus, bFGF could exert a potent antifibrotic
response through upregulating TIMP-1 and downregulating MMP-9 activation and collagen
expression in perivascular fibroblasts, leading to inhibited progression of cardiac fibrosis during
hypertensive heart failure.
According to our previous findings, DS rats fed an 8% NaCl diet develop compensatory LVH
from 9 weeks of age, and progress gradually, during weeks 15 to 18, to LV dilation, thinning and,
ultimately, systolic dysfunction (LV remodeling) [4]. Given these findings, we decided that bFGF
would be administered at 15 weeks of age, at a time prior to the manifestation of LV remodeling, to
allow for assessment of bFGF effects on the cardiac remodeling process. In the present study, local
injection of bFGF induced bFGF-positive macrophages in DS rat hearts 3 weeks after injection,
indicating that this treatment can extensively induce the expression of bFGF in myocardial tissues.
Supportive evidence comes from a previous study demonstrating that the local injection of VEGF
into the human anterolateral left ventricular free wall leads to improvement of ischemia in the
posterior wall [18]. The reason why single local injection of bFGF is as effective as multiple
injections is not clear, but may relate to the release of endogenous bFGF from the injection site. In
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this process, endogenous bFGF, which is stored and bound to heparin sulphate proteoglycans in the
ECM, may be released by matrix-degrading proteases present at the injection site and then
participate in the remodeling process [19]. Therefore, the induction of extensive bFGF expression
by a local injection of bFGF might contribute to the antifibrotic effectiveness of this treatment
during tissue remodeling.
Upregulated MMP-2 and MMP-9 expression in pressure-overloaded hearts during the process
of LV dilation has been previously demonstrated [9,20]. Other previous analyses of serum obtained
from patients or rats with LV dilation and dysfunction demonstrated that MMP-9 expression was
markedly increased [21,22]. Therefore, MMP-9 serves as a key molecule during LV dilation and
cardiac fibrosis leading to systolic heart failure. Our demonstration of remarkable increases of
MMP-2 and -9 in 16HCFs may reflect an excessive degradation of the ECM, which would lead to
renewed collagen deposition during the LV dilation phase. The importance of TIMP-1 is suggested
as a major inhibitor of MMP-9 activity in systolic heart failure [22]. Furthermore, the MMP/TIMP
balance has been proposed to play a key indicator in the manifestations of hypertensive heart
disease [23]. We here clarified that CFs from hypertensive rat hearts (16HCFs) produced
significantly increased TIMP-1 protein following bFGF treatment, a result that is most likely be
related to MMP-9 inactivation due to the formation of TIMP-1 and MMP-9 complexes, as shown by
a previous report [24]. In addition, TIMP-2 is known to serve as an essential factor for MMP-2
activation through complex formation with membrane-type 1 MMP (MT1-MMP)/MMP-2/TIMP-2
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[25]. In this study, TIMP-2 mRNA expression was inhibited by the bFGF treatment. Similar results
were reported in the previous investigation by Pickering et al., showing enhanced expression of
TIMP-1mRNA and downregulated expression of TIMP-2 mRNA by bFGF in human smooth
muscle cells (SMCs), although the protein expression in both TIMPs were not shown in the report
[26]. In the present study, we have presented the western blot data of TIMP-2 protein expression
with no significant difference in the protein expression was found between bFGF-treated and
non-treated 16HCFs (Figure 5F). We cannot account for reasons for the contradictory findings of
TIMP-2 mRNA and protein expression in the bFGF-treated 16HCF. It might be related to a
complex system for the control of matrix metabolism by cardiac fibroblasts, as similarly indicated
in human vascular SMCs by Pickering et al. Based on the present findings, bFGF effectively
upregulates TIMP-1 expression in CFs, in turn, suppressing MMP-9 expression. These events
consequently led to inhibition of excessive ECM degradation and LV dilation. In addition, inhibited
collagen I and III expression induced by bFGF treatment may lead to inhibition of ECM deposition
and subsequent cardiac fibrosis.
Expression in 16HCFs of FGFR1, FGFR2 and FGFR3, but not FGFR4, was confirmed, which
is consistent with previous findings of a similar expression pattern for FGFRs in normal human
articular chondrocytes [27]. Furthermore, in our study, the silencing of FGFR1 inhibited the effects
of bFGF treatment. The silencing experiment demonstrated that bFGF signaling, required for a
fibrotic response in 16HCFs, was mainly mediated via FGFR1, a notion that is supported by
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previous studies showing that FGFR1 is the only high affinity receptor detected in the rat heart
[28-30]. Thus, Our FGFR1 silencing experiments indicate a central role for the bFGF/FGFR1
system in the inhibitory fibrotic response of CFs.
Accumulating evidence suggested that the vascular adventitial layer is an important modulator
of perivascular fibrosis through its interactions with the media and intima [31]. Recent experiments
demonstrated that TGF-β1-induced α-SMA expression accompanied by differentiation from
fibroblasts into myofibroblasts is most abundant in the adventitia of the injured artery, followed by
the accumulation of collagenous ECM in the perivascular space [32]. In contrast, bFGF has been
shown to play an important role in inhibiting the transition from fibroblasts to myofibroblasts, and
our current experiment confirmed inhibition of α-SMA expression in 16HCFs following bFGF
treatment. Therefore, we considered that inhibited differentiation of perivascular fibroblasts by
bFGF might also contribute to the inhibition of perivascular fibrosis. The precise mechanisms
involved in ECM turnover, as regulated by the balance of MMP and TIMP expression and collagen
synthesis during inhibited differentiation of perivascular fibroblasts, remain obscure. Based on the
present findings, however, our study demonstrated an antifibrotic response of CFs through
upregulated TIMP-1 expression and downregulated MMP-9 activation by bFGF in vitro. We also
found many TIMP-1-positive CFs in perivascular spaces of bFGF-injected hearts.
The major disadvantage to the 2D cultures used in the present study is that the EC milieu is too
simple, as EC is normally composed of a complex three-dimensional matrix and a large number of
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soluble factors. Furthermore, mechanical tension that is difficult to reproduce precisely in the 2D
culture often leads to different mode of fibroblast reaction [33]. Thus, when cultured within the 3D
matrices, we will have to examine the change in TIMP-1 expression in 16HCF following bFGF
treatment. Differential MMP and TIMP expression profiles have been reported between myocardial
infarction (MI) and hypertensive heart failure models. Also in MI models, the differential TIMP-1
expression was found between rat and human tissues. In rat infarction region, TIMP-1 mRNA
increases within fibroblasts and declines after 2 days, whereas TIMP-1 protein was found to be
reduced in myocardial tissues from MI patients [34]. Therefore, for the establishment of therapeutic
treatment with bFGF, we will have to examine the expression levels of MMPs that were not yet
examined in the present study, and to reveal the MMP and TIMP profiles involved in modulating
cellular processes during remodeling in the post-MI and hypertensive heart disease.

5. Conclusion
Exogenous bFGF injection might have the antifibrotic effects on perivascular fibrosis through
up-regulating of TIMP-1 in CFs, leading to inhibition of cardiac fibrosis during the course of
hypertensive heart failure.
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Figure legends
Fig.1 Inhibition of perivascular and interstitial fibrosis in hypertensive DS rat hearts
following bFGF injection
(A) Microscopic images showing perivascular fibrosis as manifested by positive Azan-Mallory
staining (blue) in DS rats fed an 8% NaCl diet (hypertensive DS rats) at 12, 15 and 18 weeks of age
(12, 15 and 18W, respectively). Scale bars = 300 μm. (B) Time course of change in the perivascular
and interstitial fibrosis rates of non-injected DS rat hearts. Percentage of myocardial fibrosis in
cross sections of DS rats fed 8% or 0.3% NaCl diets at 6, 12, 15 and 18 weeks (W). All groups n =
6; *p< 0.05 vs. 6W; **p< 0.05 vs. 15W; §p < 0.05 vs. DS control rats of same age. (C) Comparison
of microscopic findings of perivascular fibrosis in DS rats fed 8% or 0.3% NaCl diets at 18 weeks
of age. F(+) and F(-) indicate hypertensive DS rats after injections containing heparin sodium
(1.28 µg) and bFGF (100 ng) or PBS, respectively. Scale bars = 300 μm. (D) Difference in the
perivascular and interstitial fibrosis rates between 15 and 18 weeks of age following bFGF injection.
All groups n = 6; †p < 0.05 vs. (F-). All values are presented as the mean ± SEM. (E) P4H-positive
cardiac fibroblasts in perivascular spaces of bFGF-injected hearts [bFGF (+)] and non-injected
hearts [bFGF (-)]. White arrow indicates P4H-positive cardiac fibroblasts (green). The nuclei were
stained with DAPI (blue). Scale bar = 100 μm. CA, coronary artery

Fig.2 Expression of bFGF on CD68-positive macrophages in bFGF-injected rat hearts
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bFGF-injected hearts [bFGF (+)] contained a large number of bFGF-positive cells in perivascular
spaces, whereas non-injected hearts [bFGF (-)] contained few positive cells. Inset: higher
magnification of bFGF-positive cells in perivascular spaces of bFGF-injected hearts. Cytoplasmic
positive staining for bFGF (arrow) is seen in the positive cells. Double immunofluorescence
staining for CD68 and bFGF revealed that CD68-positive macrophages expressed bFGF (bFGF:
green; CD68: red). A yellow arrow indicates a double-positive macrophage for CD68 and bFGF.
Scale bars = 300 μm.

Fig.3 Upregulated mRNA expression of ECM-associated proteins in HCFs harvested from
non- injected hypertensive DS rat hearts at 16 weeks of age
Differences between CCFs and HCFs at 12 and 16 weeks of age (12 and 16W, respectively) in (A,
B) MMP-2 and MMP-9, (C, D) TIMP-1 and -2 and (E, F) collagen type I and III mRNA levels.
CCFs and HCFs, cardiac fibroblasts isolated from non-bFGF-treated DS rats fed 0.3% or 8% NaCl
diets, respectively. Mean ± SEM. n = 8-12. *p < 0.05 vs. CCF. A.U., arbitrary units.

Fig.4 Inhibition by bFGF treatment of MMP-2 and MMP-9 protein expression in 16HCFs
(A) Zymography demonstrated increased MMP-2 and MMP-9 expression in non-bFGF-treated
16HCFs compared with 16CCFs. 16CCFs and 16HCFs are cardiac fibroblasts harvested from
16-week-old DS rats fed 0.3% and 8% NaCl diets, respectively. Right panels show densitometric
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analyses of pro-MMP-2 and pro-MMP-9 expression in 16CCFs and 16HCFs detected by
zymography. *p < 0.05 vs. 0.3% NaCl diet. (B) Inhibition by bFGF treatment of MMP-2 and
MMP-9 expression in 16HCFs. FGF(+) and FGF(-), bFGF-treated and -non-treated 16HCFs,
respectively. Right panels show the densitometric analyses of pro-MMP-2 and pro-MMP-9
expression detected by zymography in 16HCFs incubated with or without bFGF. **p < 0.05 vs.
non-treated cells. Values are representative of four independent experiments and the results are
presented as mean ± SEM.

Fig.5 Effects of bFGF on ECM-associated protein expression in 16HCFs
mRNA expressions of α-SMA (A), MMP-2 and MMP-9 (B), TIMP-1 and -2 (C) and collagen type I
and III (D) in bFGF -treated and -non-treated 16HCFs. FGF (+) and FGF (-) represent bFGF-treated
and -non-treated 16HCF, respectively. Mean ± SEM; n= 8-12; *p < 0.05 vs. non-bFGF-treated. (E)
Marked upregulation of TIMP-1 protein expression by bFGF in 16HCFs. Western blot analysis
demonstrates a marked increase in TIMP-1 protein expression in bFGF-treated 16HCFs, compared
to non-treated 16HCFs. (F) No significant difference in the TIMP-2 protein expression in 16HCFs,
irrespective of bFGF treatment. Western blot analysis demonstrates no significant difference in the
TIMP-2 protein expression bwteen bFGF-treated and non-treated 16HCFs. FGF (+) and FGF (-),
bFGF-treated and -non-treated 16HCFs, respectively.

24

Fig.6 Perivascular fibroblasts expressing TIMP-1 or MMP-9 in hypertensive DS rat hearts
Double immunofluorescence staining for TIMP-1/P4H or MMP-9/P4H in myocardial tissues of
hypertensive DS rats in the presence [bFGF(+)] or absence [bFGF(-)] of bFGF injection.
bFGF-injected hypertensive DS rat hearts exhibited a large number of perivascular fibroblasts
double-positive for TIMP-1 and P4H (TIMP-1: green; P4H: red) (D, E, F), whereas non-injected
hypertensive DS rat hearts showed few number of perivascular double-positive fibroblasts (A, B, C).
Yellow arrows highlight perivascular fibroblasts double-positive for both proteins around the
coronary artery (CA). Inset: higher magnification of perivascular fibroblasts positive for TIMP-1
and P4H. In contrast, non-injected hearts showed a large number of perivascular double-positive
fibroblasts for P4H and MMP-9 (MMP-9: green; P4H: red) (G, H, I), whereas bFGF-injected hearts
exhibited few number of perivascular fibroblasts double-positive for both proteins (J, K, L). Yellow
arrows highlight the perivascular fibroblasts double-positive for TIMP-1 and MMP-9 around the
coronary artery (CA). White arrow highlights the single-positive perivascular fibroblasts for P4H.
Many red blood cells (RBC) displayed false-positivity due to autofluorescentce. The nuclei were
stained with DAPI (blue). Scale bar = 100 μm.

Fig.7 Involvement of the bFGF/FGR-R1 system in ECM-associated protein expression of
16HCFs

(A) Expression of FGFR1-3 mRNA in 16HCFs without bFGF treatment. R1, R2, R3:

FGFR1 to R3, respectively. (B) Western blot demonstrates FGF-R1 protein expression in both
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HCFs and CCFs without bFGF treatment. (C, D, E) MMP-2, MMP-9 (C), TIMP-1, TIMP-2 (D) and
collagen I and III (E) mRNA levels were ascertained following FGFR1 siRNA transfection of
16HFCs (siFGFR1 group). siCON + bFGF and siFGFR1+bFGF refer to 16HCF transfected with
negative control siRNA or siFGFR1, respectively, followed by incubation with bFGF for 48 h.
Controls refer to 16HCF and without transfection with siCON, siFGFR1 and without bFGF
treatment. Mean ± SEM. n= 8-12. *p < 0.05 vs. control. A.U., arbitrary units.
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