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Abstract

Angll (angiotensin 1) is a potent neurohormone responsible for cardiac hypertrophy, in which
TGF (transforming growth factor)-/ serves as a principal downstream mediator. We recently
found that ablation of fibulin-2 in mice attenuated TGF-g signalling, protected mice against
progressive ventricular dysfunction, and significantly reduced the mortality after experimental Ml
(myocardial infarction). In the present study, we investigated the role of fibulin-2 in AnglI-
induced TGF-gsignalling and subsequent cardiac hypertrophy. We performed chronic
subcutaneous infusion of Angll in fibulin-2 null (FbIn2~/~ ), heterozygous (FbIn2*/~) and WT
(wild-type) mice by a mini-osmotic pump. After 4 weeks of subpressor dosage of Angll infusion
(0.2 pg/kg of body weight per min), WT mice developed significant hypertrophy, whereas the
FbIn2~/~ showed no response. In WT, AnglI treatment significantly up-regulated mRNAs for
fibulin-2, ANP (atrial natriuretic peptide), TGF-£1, Col I (collagen type 1), Col Il (collagen type
[11), MMP (matrix metalloproteinase)-2 and MMP-9, and increased the phosphorylation of TGF-#
downstream signalling markers, Smad2, TAK1 (TGF-f-activated kinase 1) and p38 MAPK
(mitogen-activated protein kinase), which were all unchanged in Angll-treated FbIn2~/~ mice. The
FbIn2*/~ mice consistently displayed Angll-induced effects intermediate between WT and
Fbln27/~ . Pressor dosage of Angll (2 mg/kg of body weight per min) induced significant fibrosis
in WT but not in FbIn2~/~ mice with comparable hypertension and hypertrophy in both groups.
Isolated CFs (cardiac fibroblasts) were treated with Angll, in which direct Angll effects and TGF-
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Smediated autocrine effects was observed in WT. The latter effects were totally abolished in
FbIn27/~ cells, suggesting that fibulin-2 is essential for Angll-induced TGF-Aactivation. In
conclusion our data indicate that fibulin-2 is essential for Angll-induced TGF-/-mediated cardiac
hypertrophy via enhanced TGF-£ activation and suggest that fibulin-2 is a potential therapeutic
target to inhibit Angll-induced cardiac remodelling.

Keywords

angiotensin Il (Angll); autoinduction; cardiac hypertrophy; extracellular matrix; signalling;
transforming growth factor-g (TGF-5)

INTRODUCTION

Cardiac remodelling refers to a dynamic pathological process that induces progressive
geometric changes and functional deterioration of the heart in response to biomechanical
stress, direct myocardial insults or genetic predisposition [1,2]. Multiple neurohormonal
pathways are responsible for the progression of cardiac remodelling, including roles for
norad renaline (norepinephrine), Angll (angiotensin I1), endothelin-1 and natriuretic
peptides [3]. Angll, a major bioactive peptide of the rennin-angiotensin-aldosterone system,
plays a critical role in maintaining cardiovascular homoeostasis [4], and its dysregulation
results in cardiac remodelling [5,6]. The beneficial effects of Angll inhibition in preventing
heart failure after M1 (myocardial infarction) have been shown in clinical settings [7,8] and
in experimental animal studies [9,10]. The underlying network interactions involving growth
factors, receptors and intracellular signalling pathways responsible for the failing heart have
been studied extensively [11,12], but the critical factors that mediate maladaptive signalling
to induce pathological changes in myocytes and cardiac ECM (extracellular matrix) are not
fully elucidated [13-15].

TGF (transforming growth factor)-£is a multifunctional growth factor that has a vital role in
the regulation of cell growth, differentiation and repair in a variety of tissues, and
dysregulation of TGF-£ function is associated with a number of pathological states including
tumour cell growth, fibrosis and autoimmune disease [15]. The significance of TGF-£in the
progression of myocardial fibrosis and heart failure has been increasingly emphasized in
recent years [16,17]. Angll stimulates autocrine production and release of TGF-41 in rat CFs
(cardiac fibroblasts) [18,19], and Angll-induced ECM synthesis occurs through increased
expression of TGF-A1 in CFs [20,21]. TGF-£is a central mediator of Angll-induced cardiac
hypertrophy because TGF-£1-deficient mice fail to develop myocardial hypertrophy by
chronic subpressor Angll infusion [22]. TGF-gplays a key role in hypertrophic and fibrotic
remodelling of the heart by mediating cardiomyocyte growth, fibroblast activation and ECM
deposition [23]. The deleterious effect of TGF-£in the progression of ventricular
remodelling has been supported by the study in which inhibition of TGF-£ by gene therapy
after MI attenuated progression of ventricular remodelling and heart failure [24].

Fibulin-2, a 180 kDa protein belonging to the fibulin protein family, is predominantly
expressed at sites of epithelial- mesenchymal transformation during cardiovascular
development, including formation of endocardial cushion, coronary arteries and aortic arch
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vessels [25]. It is down-regulated in most tissues at postnatal stages but remains expressed in
the perivascular space of large- and medium-sized arteries and in cardiac valves. The
expression of fibulin-2 is up-regulated during tissue remodelling, such as in skin wounds
and vascular lesions [26,27]. Mice lacking fibulin-2 do not show any obvious phenotypic
anomalies [28], but our recent studies revealed that loss of fibulin-2 in mice significantly
improved the survival rate after experimental MI through attenuating progressive ventricular
dysfunction accompanied by reduced TGF-g activation compared with WT (wild-type) mice
[29]. Thus we hypothesized that fibulin-2 positively modulates TGF-£ activation during
cardiac remodelling.

In the present study, we have performed experiments with chronic infusion of subpressor
and pressor dosage of Angll in fibulin-2 null (FbIn2=/~), heterozygous (FbIn2*/~ ) and WT
(FbIn2*/* ) mice and investigated the role of fibulin-2 in Angll-induced hypertrophic growth
response of myocytes and ECM changes. We have found that fibulin-2 is required for
Angll-induced cardiac hypertrophy, a process predominantly mediated by TGF-£signalling.
We also performed cell culture experiments with isolated CFs from WT and FbIn2~/~ mice
and demonstrated that fibulin-2 is essential in Angll-induced TGF-£signalling. We propose
that a positive-feedback loop involving fibulin-2 synthesis and subsequent TGF-£ activation
is a key process that promotes cardiac hypertrophy induced by continuous Angll infusion.
This is the first study to demonstrate that fibulin-2 is essential for TGF-#mediated cardiac
hypertrophy induced by Angll in vivo.

MATERIALS AND METHODS

Animals

Adult male mice, 12-20 weeks of age, BW (body weight) 25— 35 g, were used in the present
study. The FbIn2~~ mice were maintained on the C57BL/6 genetic background after
backcrossing for 10 generations as described elsewhere [28]. Age-matched WT C57BL/6
mice were purchased from the Jackson Laboratory. Fbln2*/~ mice were generated by mating
Fbln2~/~ and WT mice. All animal procedures in this study were performed in adherence to
the National Institutes of Health Guidelines on the Use of Laboratory Animals and were
approved by the IACUC (Institutional Animal Care and Use Committee) of Alfred I. duPont
Hospital for Children.

Chronic subcutaneous Angll infusion

Under isoflurane anaesthesia (1.5%), a mini-osmotic pump (ALZET, model 2004;
ALZACorp) filled with either subpressor or pressor dose of Angll or normal saline was
inserted underneath the skin via mid-scapular incision. This mini-osmotic pump allows
consistent release of solution at a rate of 0.25 pl/h for 4 weeks to deliver a subpressor or
pressor dose of Angll (0.2 or 2.0 ug/kg of body weight per min). SBP (systolic blood
pressure) and HR (heart rate) were measured by a tail cuff method (SC1000; Hatteras
Instruments). During the measurement, each mouse was kept in restrainers heated to 37°C
under unanaesthetized condition. After 4 weeks of Angll infusion, all mice were killed with
excessive CO» inhalation. Hearts were quickly dissected out and rinsed with sterile PBS.
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The weight of the left ventricle was measured, and the LVW [LV (left ventricular)
weight]/BW ratio was calculated as an index of LV hypertrophy.

Echocardiography

Under isoflurane anaesthesia (1.5%), M-mode echocardiography was performed before and
biweekly after the surgery with a 30 MHz probe (Vevo770 System; VisualSonics). Body
temperature was maintained at 37°C using a thermally controlled surgical table and
monitored with a rectal probe. Diastolic measurements of interventricular septum (1VSd),
LV internal dimension (LVIDd), LV posterior wall thickness (LVPWd) and systolic
measurement of LV internal dimension (LVIDs) were made from original M-mode tracings.
The LV FS (fractional shortening) was calculated as:

%FS=[(LVIDd — LVIDs) /LVIDd] x 100 (%) (1)

Histopathology and immunohistochemistry

The LV myocardium was stored in either 10% formalin/PBS or frozen medium (OCT) for
routine histology or immunohisto-chemistry, respectively. Paraffin-embedded specimens
were sectioned at 6 um thickness for H&E (haematoxylin and eosin) and Masson's
Trichrome staining. Serial 8-um-thick cryosections of frozen specimens were prepared for
immunohistochemistry. The detailed protocol for immunostaining was described elsewhere
[25]. Primary antibodies used were fibulin-2 (1:1000 dilution; a gift from Dr Takako Sasaki,
University of Erlangen-Nuremberg, Erlangen, Germany), Col | (collagen type 1) (1:100
dilution), Col 111 (collagen type 111) (1:100 dilution) (Rockland Immunochemicals) and
TGF-A1 (1:50 dilution; Santa Cruz Biotechnology). Alexa Fluor® 546 goat anti-rabbit 19G
antibody (Invitrogen) was used as a secondary antibody. The specimens were observed
under epifluorescent microscope (Olympus). Microscopic images of LV myocardium were
captured digitally, and myocyte cross-sectional area was analysed using Image-Pro plus 5.1
(Media Cybernetics).

qRT-PCR (real-time reverse transcription—PCR)

Total RNA was extracted from the fresh LV myocardium using TRI Reagent (Applied
Biosystems) according to the manufacturer’s instruction. The cDNA was synthesized from 2
ug of total RNA by oligo(dT)-primed RT (iScript cDNA synthesis kit; Bio-Rad
Laboratories). gRT-PCR was performed with MyiQ Single-Color Real-Time PCR Detection
System (Bio-Rad Laboratories). A 20 pl reaction mixture was used that contained 10 pl of
iQ SYBR Green supermix (Bio-Rad Laboratories), 100 ng of cDNA template and primers
shown in Supplementary Table S1 (at http://www.clinsci.org/cs/126/cs1260275add.htm).
The expression for each gene was determined as the relative expression or Ct (threshold
cycle value) of the gene of interest to the expression of GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) by the formula:

ACT :2[(CT GAPDH)—(CT gene of interest)] @)
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Western blot analysis

Cell culture

Myocardial tissue was homogenized with RIPA lysis buffer (Santa Cruz Biotechnology) and
protein concentration of the supernatants was determined by BCA Assays (Pierce
Biotechnology). Equal amounts of protein (50 pg) were electrophoresed on a 14% SDS-
polyacrylamide gel and then electrophoretic-ally transferred on to a PVDF membrane
(Millipore). After blocking with 5% non-fat dried skimmed milk in TBS (Tris-buffered
saline) containing 0.05% Tween 20 at room temperature (25°C) for 1 h, the membranes
were incubated at 4°C with primary antibodies at 1:1000 dilutions on a rocking platform
overnight. Antibodies used were phospho-Smad2, Smad2, phospho-TAK1 (TGF-f-activated
kinase 1), TAK1, phospho-p38 MAPK (mitogen-activated protein kinase), p38 MAPK,
phospho-ERK (extracellular-signal-regulated kinase) 1/2, ERK1/2, phospho-JNK (c-Jun N-
terminal kinase), JNK (all from Cell Signaling Technology), TGF-fL and f-actin (Santa
Cruz Biotechnology). Blots were incubated with HRP (horseradish peroxidase)-labelled
secondary antibodies (anti-mouse IgG or anti-rabbit 1gG) for 1 h at room temperature, and
signals were detected using Pierce ECL (enhanced chemiluminescence) Western Blotting
Substrate. Membrane was exposed to Fuji radiograph film, and signal intensities were
analysed with the NIH ImageJ software (version 1.38x).

Mouse CFs were isolated from ventricular myocardium of WT and FbIn2~/~ mice, as
reported previously [29]. Briefly, after repeated digestion with collagenase 1V (100
units/ml)/trypsin (0.6 mg/ml) (Invitrogen), CFs were suspended in DMEM (Dulbecco's
modified Eagle's medium) with 20% FBS (fetal bovine serum; Mediatech) and 1% penicillin
and streptomycin (Invitrogen). CFs were seeded at 1x106 cells/cm?3 at the third passage on
laminin-coated dishes (BD Biosciences) for study. After serum starvation for 24 h, CFs were
incubated with Angll (10~ 7 M), Angll (10~ 7 M) and TGF-nAb (neutralizing antibody: 10
ng/ml; R&D Systems), and recombinant TGF-41 (10 ng/ml; Roche) for 24 h.

Statistical analysis

RESULTS

All values in the text and Figures are presented as means + S.E.M. All data (except Western
blot density) were subjected to one-way ANOVA followed by Bonferoni correction for a
post-hoc Student's t test. Western blot densities were analysed with the Kruskal-Wallis test
followed by Dunn's post-hoc test. P values <0.05 were considered statistically significant.

Subpressor dosage of Angll infusion had no systemic effects

BW, HR and SBP were measured before, 2 weeks and 4 weeks after Angll infusion (Table
1). There was no noticeable change in BW, HR and SBP during the 4-week observation
period, suggesting that a subpressor dose of Angll did not induce noticeable systemic
effects. These results are consistent with the previously published results by other
investigators [22]. No mice died during the 4 weeks of Angll infusion.

Clin Sci (Lond). Author manuscript; available in PMC 2014 June 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

ZHANG et al.

Page 6

Fibulin-2 deficiency attenuated Angll-induced LV hypertrophy

M-mode echocardiography was performed before, 2 weeks and 4 weeks after Angll infusion
(Figure 1). Left ventricle wall thickness increased significantly only at 4 weeks in WT
(Figures 1B and 1C), whereas no increase was seen in FbIn2~/~ ; FbIn2*/~ showed an
intermediate increase in LV wall thickness between WT and FbIn2™~ by AnglI. There was
no change in LV chamber size (LVIDd) or LV systolic function (%FS) in all three groups
throughout Angll infusion (Figures 1D and 1E). The degree of LV hypertrophy was also
assessed by LVW/BW. By Angll treatment, LVW/BW was significantly increased (21%
increase) in WT, whereas intermediate and no increase were seen in FbIn2*/~ and FbIn2~/~
mice, respectively (Figure 2A), consistent with echocardiographic findings. The degree of
individual myocyte hypertrophy by Angll was assessed by cross-sectional area measurement
of each myocyte in H&E staining. With Angll treatment, the measured cross-sectional area
was significantly increased in WT but not in FbIn2~/~ (Figures 2B and 2C). To gain further
insight into the nature of the hypertrophy, we studied mRNA level of ANP (atrial natriuretic
peptide), a myocardial hypertrophic marker. The ANP was markedly increased after Angl|
infusion only in WT mice, whereas no increase was observed in FbIn2~~ mice (Figure 2D).
There was no statistically significant increase in /-MHC (# myosin heavy chain) expression
by Angll infusion in either group, suggesting that the nature of hypertrophy induced by
subpressor dosage of Angll does not involve the MHC isoform switch frequently seen in
uncompensated pathological hypertrophy [30]. AT, receptors (Angll type | receptors, AT,
and ATqp) were not up-regulated by Angll treatment in either group (Figures 2F and 2G).

Deficiency of fibulin-2 attenuated ECM changes in response to subpressor dose of Angll

infusion

Histological assessment by Masson's Trichrome staining revealed that there was no
noticeable induction of myocardial fibrosis by chronic subpressor dosage of Angll in either
WT or FbIn2~~ mice (Figure 3A). However, Col | protein deposition in tissue shown by
immunohistochemistry was markedly increased by Angll infusion in both WT and FbIn2/~
mice, and the increase was more prominent in WT than in FbIn2~/~ | as shown by the width
of Col I-positive interstitial space (Figure 3A). There was no significant increase in the Col
Il immunolocalization pattern in either group by Angll. The mRNA levels of Col I, Col III,
MMP (matrix metalloproteinase)-2 and MMP-9 were significantly up-regulated by Angll in
WT mice, whereas no notable increase in Col I1l, MMP-2 or MMP-9 was observed in
FbIn2~/~ mice by Angll (Figure 3B).

Fibulin-2 deficiency attenuated Angll-induced TGF-g signalling

Having demonstrated that fibulin-2 is required for Angll-induced cardiac hypertrophy, we
tested whether fibulin-2 is required for Angll-induced TGF-g activation. As shown in Figure
4(A), fibulin-2 mRNA levels were significantly up-regulated in Angll-treated WT mice
compared with the control mice. In WT mice, Angll induced interstitial localization of
fibulin-2 protein in addition to pre-existing perivascular localization (Figure 4B). TGF-f1
levels of both mRNA and protein were significantly up-regulated in WT mice by Angll, but
unchanged in FbIn2~/~ mice (Figures 4A and 4D). TGF-/1 protein expression was
predominantly up-regulated around the blood vessels with Angll in both WT and Fbin2™/~,
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more in WT than in FbIn2~/~ (Figure 4C). The localization of TGF-/ protein in WT overlaps
the perivascular localization of fibulin-2. TGF-£ protein expression was significantly
increased in WT by Angll, but not increased in FbIn2~/~ mice (Figure 4D). TGF-£induces
downstream signalling pathways that promote cardiac remodelling: Smad-dependent
pathway and Smad-independent pathways, such as TAK1 and p38 MAPK. In parallel with
the increase of TGF-£1 secretion in the tissue by Angll, phosphorylation of Smad2, TAK1
and p38 MAPK was significantly increased in WT mice, whereas no discernible increase
was seen in FbIn2~~ mice (Figure 5). On the contrary, phosphorylation of ERK1/2 was
significantly increased only in FbIn2~/~ mice, whereas no change was detected in WT mice
by Angll. Phosphorylation of JNK was not induced by Angll in either WT or FbIn2~/~ mice.
Our data suggest that fibulin-2 is essential for Angll-induced TGF-£ synthesis, secretion,
and downstream signalling, Smad2, TAK1 and p38 MAPK, and that fibulin-2 plays a
critical role in Angll-induced cardiac hypertrophy by mediating TGF-£signalling pathways.

Cardiac hypertrophy and TGF-g activation parallel the fibulin-2 expression levels

To obtain more evidence to support our hypothesis that fibulin-2 is required for TGF-#
induced cardiac hypertrophy, we included FbIn2*/~ mice in the study to examine whether
fibulin-2 has dose-dependent effects in Angll-induced TGF-/£activation. First, baseline
fibulin-2 mMRNA level in FbIn2*/~ was shown to be approximately half that of WT (Figure
6A). With Angll treatment, fibulin-2 mRNA in FbIn2*/~ increased 2-fold, which is still
approximately one half of that in Angll-treated WT. In the previous section, we have shown
that FbIn2*/~ developed intermediate hypertrophy between WT and Fbin2~/~ by Angl|
treatment (Figures 1B, 1C and 2A). The ANP, Col I, Col 11l and TGF-AL in WT, FbIn2*/~
and FbIn2~/~ were in parallel with the fibulin-2 mRNA levels (Figure 6A). Our data suggest
that fibulin-2 mRNA expression levels were proportional to the degree of Angll-induced
mMRNA levels of TGF-f1, ANP, Col I and Col Il and the degree of Angll-induced
hypertrophy.

Fibulin-2 is essential for Angll-induced TGF-g signalling in isolated CFs

We treated isolated CFs from WT and FbIn2™/~ (KO) ventricular myocardium with (a)
Angll, (b) Angll and TGF-gnAb (both in Figure 7A) and (c) recombinant TGF-41 (Figure
7B). With Angll treatment, up-regulation of ECM markers including fibulin-2, TGF-4L1, Col
I and Col 111 were all significantly higher in WT than in FbIn2~/~ . Co-treatment with TGF-/
nAb partially inhibited Angll-induced up-regulation of these markers in WT CFs, whereas
there was no change in AnglI-treated FbIn2~~ CFs. TGF-A1 and Col 11l mRNA levels after
co-treatment with Angll and TGF-£ nAb were relatively comparable between WT and
FbIn2~ . These data suggest that Angll induced (1) direct Angll effects and (2) indirect
TGF-fmediated autocrine effects in WT CFs, and that there were no TGF-f#mediated
effects in Fblin2~/~ CFs. In other words, the Angll-induced TGF-4mediated auto-crine
pathway is fibulin-2-dependent.

Exogenous TGF-41 up-regulated mRNA of ECM markers including TGF-4L in both WT
and FbIn2™/~ CFs, but significantly more in WT than in FbIn2~/~ mice. The difference in
response between the two may be explained by the lack of additional TGF-/#mediated
autocrine effects in FbIn2~/~ CFs, although Angll-induced pSmad2 level was not
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significantly higher in WT than in FbIn2~/~ (Figure 7B). This is probably because the
amount of exogenous TGF-gsignificantly outweighs the produced secondary endogenous
TGF-4. These findings were consistent with the results in an in vivo animal model.

Absence of fibulin-2 attenuated myocardial fibrosis in pressor dosage of Angll infusion

We also treated WT and FbIn2~/~ mice with pressor dosage of Angll (2.0 pg/kg of body
weight per min; 10 times higher than the subpressor dosage) (Figure 8). With this treatment,
both mice developed comparable hypertension (SBP was 169 + 7.5 in WT and 165 + 5.5
mmHg in FbIn2~/~ ; not significant).—te degree of myocardial hypertrophy was also
comparable (LVW/BW ratio was 4.93 + 0.22 in WT and 4.83 + 0.19 in FbIn2™/~ : not
significant). However, myocardial fibrosis was markedly attenuated in FbIn2~~ compared
with WT. The mRNA levels of TGF-41 and Col | were significantly increased by Angll in
WT, whereas there was no increase by Angll in FbIn2~/~ mice. Although fibulin-2 protein is
predominantly expressed in the perivascular space and vascular basement membrane [25],
increase in BP by Angll was not different between WT and FbIn2~/~ . The absence of
fibulin-2 protected against Angll-induced myocardial fibrosis in vivo.

DISCUSSION
A biological role of fibulin-2 in TGF-g signalling

Because Angll plays a principal role in post-MI ventricular remodelling and progressive
heart failure [9,10] and because Angll induces TGF-£ activation in the myocardial tissue
[31], we introduced an in vivo chronic infusion of subpressor dosage of Angll in FbIn2~/~
FbIn2*/~ and WT mice to determine whether fibulin-2 is involved in Angll-induced TGF-f
mediated cardiac remodelling. TGF-£is known as a critical mediator in Angll-induced
cardiac remodelling [22]. Our present data indicated that fibulin-2 is essential in TGF-£up-
regulation induced by Angll and that fibulin-2 is likely to participate in the pathogenesis of
the Angll-induced hypertrophic and fibrotic process. TGF-gis a multi-functional growth
factor that has a vital role in the regulation of cell growth, differentiation and repair in a
variety of tissues [15]. Dysregulated TGF-/ amplification is considered a pathological
process that leads to multiple disease conditions via tissue fibrosis and cardiac remodelling
[17,32] and cancer progression [33]. TGF-gactivation is regulated at multiple different sites
including within intracellular signalling pathways and through extracellular interactions.
Because a substantial amount of latent forms of TGF-£ protein are stored in the ECM as a
sequest-rated form, up-regulation of TGF-factivity depends upon the release of free soluble
TGF-4 from the latent complex. Several ECM proteins are known to participate in
modulating TGF-£ activation in ECM. Fibrillin-1 is a microfibrillar protein that associates
with elastic fibres and regulates bioactivity of TGF-AL [34]. Tsp (thrombospondin)-1 plays a
critical role in TGF-gactivation in vivo [35], and absence of Tsp-1 resulted in worsening of
ventricular remodelling after experimental MI [36], suggesting Tsp-1 is a major activator of
TGF-, although molecular roles of Tsp-1 are considered multifold, including inhibition of
angiogenesis and de-adhesion from a variety of cells in addition to TGF-£ activation [37].

Our data indicate that fibulin-2 is a critical mediator of TGF-funder Angll-stimulated
conditions. The ECM serves not only as a silent structural scaffold to support physical
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integrity of tissue but also as a complex functional modulator to generate growth phenomena
by activating latent growth factors directly or indirectly in response to various external
stresses. Exaggerated growth phenomena or failure to regulate this positive growth response
is known to be induced, in part, by TGF-£dysregulation. Thus it is likely that fibulin-2 plays
a critical role in various pathological conditions mediated by excessive TGF-/£ activation.

Fibulin-2 not only enhanced Angll-induced TGF-£ synthesis and secretion, but also
modulated activation of TGF-f downstream signalling pathways. All pro-remodelling
signalling pathways including Smad2, TAK1 and p38 MAPK were activated only in WT by
Angll, whereas EKR1/2 activation was induced only in FbIn2~/~ mice. ERK1/2 becomes
activated in cardiac myocytes in response to any type of stress stimulation and is required
for cardiac growth response [38], but there is no stretch effect in this model (no change in
BP with Angll treatment). Despite the wealth of studies on the subject, however, the precise
role of ERK1/2 as a necessary mediator of cardiac hypertrophy is not fully understood [38].
Inhibition or genetic targeting of ERK1/2 predisposes the heart to decompensation or failure
in response to haemodynamic stress, suggesting that ERK1/2 signalling has some
cardioprotective effects rather than being a hypertrophic mediator [39]. In our model,
FbIn2~~ mice did not develop Angll-induced hypertrophy, and this anti-hypertrophic effect
may be associated with ERK1/2 activation. The mechanism of Angll-induced ERK1/2
activation in FbIn2~/~ mice is currently under investigation by the authors.

Fibulin-2 as an essential enhancer of TGF-g autoinduction

FbIn2~/~ mice failed to show Angll-induced TGF-£synthesis and activation, and, thus, were
protected from hypertrophy by Angll treatment (Figure 4). How can the ECM protein
fibulin-2 modulate Angll-induced up-regulation of TGF-£and activate its downstream
signalling pathways? First, Angll directly up-regulated fibulin-2 mRNA expression in
myocardium, as we recently showed that fibulin-2 mRNA was up-regulated by Angll in
isolated CFs [29]. It is plausible that the increase in secreted fibulin-2 enhanced free TGF-f
release from the latent complex in the ECM by competing TGF-£ binding sites with other
ECM proteins [40]. Fibulin-2 is predominantly synthesized by activated CFs or
myofibroblasts, not by myocytes, and is secreted into ECM in post-MI ventricular
remodelling in vivo as well as in isolated CFs in vitro [29]. Biologically active free TGF-£
then further induced mRNA expression of fibulin-2 [41] and TGF-£in fibroblasts [42,43] as
well as mMRNAs of other ECM proteins. This activation of endogenous TGF-£is triggered
and enhanced by fibulin-2 which is important in growth phenomena including wound
healing, in which fibulin-2 is markedly up-regulated [27,29]. Thus fibulin-2 functions both
upstream and downstream of TGF-£. This unique role of fibulin-2 in TGF-£autoinduction is
probably performed via a positive-feedback loop. Because Angll cannot induce cardiac
hypertrophy without up-regulation of endogenous TGF-£[22,44] and because fibulin-2 is
necessary in Angll-induced TGF-gactivation, fibulin-2 serves as a critical mediator in this
positive autocrine and paracrine feedback loop induced by Angll. Although in vivo study
has a limitation in addressing specific signalling pathways in each cell type, we propose
possible signalling pathways in Figure 9 based upon our present findings and some
published studies. Smad2 activation was induced by Angll in isolated CFs, as we
demonstrated in Figure 7(A) and in our previous study [29]. Angll-induced myocyte
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hypertrophy is not only exclusively dependent upon endogenous TGF-£but also is TAK1-
dependent and Smad2/3-independent in vitro [45]. Matsumoto-Ida et al. [46] showed that
TAKTL protein is exclusively localized in myocytes in the non-infarct zone after
experimental MI and thus postulated that the activation of the TGF-£1/TAK1/p38 MAPK
pathway in myocyte is involved in ventricular remodelling. Unregulated growth response
involving the TGF-/mediated positive-feedback loop may be one possible underlying cause
of various progressive pathological disorders.

A positive-feedback loop involving TGF-£ has been documented in other pathological
processes. TGF-gand endogenous Angll mutually enhance their activity to induce renal
injury via a positive-feedback loop [47,48]. TGF-£and PAI-1 (plasminogen-activator
inhibitor-1) together constitute a positive-feedback loop in the development of renal fibrosis
in diabetics [49]. In our study, fibulin-2 was found to be a novel and unique extracellular
enhancer of Angll-induced autocrine and paracrine TGF-£ synthesis in the mouse model.

Fibulin-2 as a novel therapeutic target in heart failure

Uncontrolled activation of TGF-/£is thought to be a central process in the progression of
ventricular remodelling after MI [23], and its inhibition has been proved to be an effective
way to prevent post-MI ventricular remodelling and heart failure [24,50]. On the other hand,
a couple of studies indicated an opposite effect by TGF-ginhibition [51,52]. This is because
biological effects of TGF-fare complicated and sometimes even paradoxical in
physiological growth phenomena as well as pathological processes in multiple different
organ systems [34]. Simply inhibiting TGF-£ may create a wide spectrum of complex
combined effects depending upon timing, duration and the degree of inhibition. Thus a
selective inhibition of TGF-fautoinduction by disrupting fibulin-2 would have more
therapeutic efficiency. Together with our recent study showing that absence of fibulin-2
protects against progressive ventricular dysfunction and death after experimental MI [29],
fibulin-2 can be considered as a novel therapeutic target in progressive cardiac remodelling.
Fibulin-2 ablation prevents excessive TGF-g activation but still allows necessary TGF-/
activity for baseline homoeostasis of all organs. Moreover, a recent study by Karakikes et al.
[53] identified fibulin-2 as a direct target in miRNA (microRNA) treatment that prevented
pressure overload-induced pathological remodelling in conjunction with attenuated TGF-4
signalling. Together with our current data and previous work [29], it strongly suggested that
fibulin-2 modulates common downstream pathways of cardiac remodelling that can be
targeted for prevention of heart failure. In conclusion, we have demonstrated for the first
time that fibulin-2 is essential for TGF-factivation in Angll-induced cardiac hypertrophy in
vivo. In combination with our recent report asserting that absence of fibulin-2 protects
against progressive ventricular dys-function after Ml, in part, by attenuating TGF-f
activation [29], our present study strengthened the evidence of fibulin-2 participation in
TGF-pactivation during various pathological conditions. This unique feature of fibulin-2
addresses a significant possibility for its use in the treatment of multiple progressive
disorders involving dysregulation of TGF-gsignalling.
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Because myocardial tissue consists of multiple cell types including cardiomyocytes, CFs,
endothelial cells, VSMCs (vascular smooth muscle cells) and circulating macrophages, our
proposed model of signalling pathways only between CFs and myocytes may be too
simplified. We proposed this model because CFs and myocytes are two predominant cell
types in the myocardium that determine ventricular function and morphology. Although
isolated CFs synthesize TGF-£in response to Angll, VSMCs are another source of TGF-f
synthesis in response to Angll [54], as shown in Figure 4(C). Spatial expression of TGF-£
protein overlaps with that of fibulin-2. In this study, however, we did not specifically
address the role of endothelial cells or VSMCs in fibulin-2 synthesis and TGF-factivation.
In addition, the Angll effects were not exactly the same between in vivo and in vitro models.
Although FbIn2~/~ myocardium did not respond to Angll with regard to TGF-/L, Col I, Col
Il and MMP-2 mRNA expression in vivo, there were slight increases of these markers in
isolated CFs when treated with Angll. These differences may be due to involvement of
multiple other cell types in in vivo experiments.
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Abbreviations

Angll angiotensin 11

ANP atrial natriuretic peptide

AT1 receptor Angll type | receptor

BW body weight

CF cardiac fibroblast

Col | collagen type |

Col 111 collagen type I

CT threshold cycle value

ECM extracellular matrix

ERK extracellular-signal-regulated kinase
FS fractional shortening

GAPDH glyceraldehyde-3-phosphate dehydrogenase
H&E haematoxylin and eosin

HR heart rate

1vVSd inter-ventricular septum dimension
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JINK c-Jun N-terminal kinase
LV left ventricular
LVIDd LV internal dimension
LVPWd LV posterior wall thickness
LVW LV weight
MAPK mitogen-activated protein kinase
MHC myosin heavy chain
Ml myocardial infarction
MMP matrix metalloproteinase
nAb neutralizing antibody
gRT-PCR quantitative real-time reverse transcription PCR
SBP systolic blood pressure
TGF transforming growth factor
TAK1 TGF-B-activated kinase 1
Tsp thrombospondin
VSMC vascular smooth muscle cell
WT wild-type
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CLINICAL PERSPECTIVES

Excessive activation of the Angll/TGF-gaxis is thought to play a central role in
the transition from compensatory responses to maladaptive remodelling, but the
underlying mechanism of this pathological transition is poorly understood.
Recently, we have demonstrated that the loss of fibulin-2 protects against
progressive remodelling after Ml by attenuating TGF-/£ activation. In the present
study, we investigated the role of fibulin-2 in the activation of TGF-£during
Angll-induced myocardial remodelling in the mouse.

We have demonstrated that fibulin-2 is necessary for Angll-induced TGF-4
activation and subsequent myocardial hypertrophy and fibrosis. Excessive TGF-
L activation can be targeted to prevent progressive remodelling, but its baseline
activity is essential for cardiovascular homoeostasis. The absence of fibulin-2
inhibited Angll-induced myocardial hyper-trophy and fibrosis by attenuating
excessive TGF-gactivation, but still maintaining its baseline activity.

Our findings may generate a new treatment strategy of targeting fibulin-2 in
preventing progressive heart failure in humans.
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M-mode echocardiographic measurements were performed to assess LV wall thickness
(LVPWC), ventricular dimension (LVIDd) and systolic performance (%FS) at 0, 2 and 4
weeks after treatment in WT (saline, n = 10; Angll, n = 15), FbIn2*/~ (saline, n = 7; Angll, n
=7), and FbIn2~/~ (saline: n = 10, Angll: n = 15) mice. (A) Representative photographs of
M-mode echocardiography WT and FbIn2~/~ mice under saline and Angl| treatment after 4
weeks. LVPWd (B), 1VSd (C), LVIDd (D) and %FS (E). #P < 0.05 and #P < 0.01. **P <
0.01 compared with corresponding saline-treated group.
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Figure 2. Myocardial hypertrophy induced by continuous subpressor Angll infusion
(A) LVW/BW ratio of saline and Angll-treated WT, FbIn2*/~ and FbIn2~/~ mice. #P < 0.05

and #P < 0.01. **P < 0.01 compared with corresponding saline group (n = 10). (B)
Microscopic images (H&E staining) of LV myocardium after 4 weeks of treatment with
saline and Angll in WT and FbIn2~/~ mice. Note the increased myocyte cross-sectional area
in Angll-treated WT myocardium. (C) Cardiomyocyte cross-sectional area of 4-week saline
and Angll-infused WT and FbIn-27/~ hearts. Measured cross-sectional area of myocytes was
significantly increased in Angll-treated WT, whereas there was no increase in FbIn2~/~ by
Angll treatment (n = 3). (D) and (E) ANP and /-MHC mRNA levels by gRT-PCR. WT
(saline, n = 10; Angll, n = 15) and FbIn2~/~ (saline, n = 10; Angll, n = 15). (F) and (G)
AT, and ATy, WT (saline, n 5; Angll: n = 5) and FbIn2~/~ (saline: n 5, Angll: n = 5). The
mRNA levels of WT-saline were arbitrarily set at 1. #P < 0.05 # and P < 0.01. **P < 0.01
compared with corresponding saline-treated group.

Clin Sci (Lond). Author manuscript; available in PMC 2014 June 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

" 54
B * s

T 44 *k g 44
= O Saline o
% 34 W Ang il g 34
‘3’ 21 = 2
[} * S
O 14 8 14

0 04

WT Fbin2" WT Fbin2"

2.59 25+
-
o 2.01 * g 2.04 *
S o
g 159 < 154
= Q
g 1.04 g 1.04
£ 054 = o5

0.0- 0.0

WT Fbin2™

WT Fbin2™"

Figure 3. Assessment of ECM remodelling and tissue fibrosis in LV myocardium
(A) Masson's Trichrome (Ma-Tri) staining and immunohistological staining (Col I and Col

I11). In Masson's Trichrome, blue colour indicates the area of collagen fibres (see arrows),
which is exclusively seen in the perivascular area. There was no noticeable increase in tissue
collagens by Angll in either WT or FbIn2~/~ . However, by immunostaining, interstitial
deposition of Col | was markedly increased in Angll-treated WT (see arrows) compared
with Angll-treated FbIn2~/~ . There was no significant difference in Col 111 protein
deposition in all four groups. Also note that the size of each myocyte was markedly enlarged
in Angll-treated WT compared with other three groups, consistent with Figure 2(B). Scale
bar, 100 um. (B) Col I, Col I1l, MMP-2 and MMP-9 mRNA levels by gRT-PCR. The
MRNA levels of saline-treated WT were arbitrarily set at 1. WT (saline, n = 10; Angll, n =
15) and FbIn2™/~ (saline, n = 10; Angll: n = 15). P < 0.05 and *P < 0.01. *P < 0.05 and
**P < 0.01 compared with corresponding saline-treated group.
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Figure 4. Fibulin-2 and TGF-gexpression induced by Angl|
(A) Fibulin-2 and TGF-A1L mRNA levels in WT and FbIn2~~ . #P < 0.01. **P < 0.01

compared with corresponding saline-treated group. (B) Immunostaining of fibulin-2 in WT
mice. Fibulin-2 protein localization is restricted to perivascular area in the saline-treated
group, but is markedly increased and also diffusely seen in the interstitial areas upon Angll
treatment (see arrows). Scale bar, 100 um. (C) Immunostaining of TGF-f1 in WT and
FbIn2~/~ mice. Protein localization of TGF-/L1 is not clear in either WT or FbIn2~/~ mice
with saline treatment. When treated with Angll, perivascular expression of TGF-fL is
increased (arrow) in WT. Scale bar, 100 um. (D) Quantitative assessment of TGF-/L protein
in LV myocardium in WT and FbIn2~/~ by Western blots. Lower panel, densitometric
analysis of TGF-A1 expression (n = 5 from each group). *P < 0.05. *P < 0.05 compared
with corresponding saline-treated group.
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Figure 5. Assessment of TGF-£downstream signalling pathways by Western blot analyses
Activity levels of each signalling protein are indicated by the ratio of phosphorylated form/

total form. (A) Representative Western blots of Smad2, TAK1, p38 MAPK, ERK1/2 and
JNK with each corresponding phosphorylated form. Smad2 (B), TAK1 (C) and p38 MAPK
(D) were all significantly up-regulated in Angll-treated WT mice, whereas no significant
Angll-induced increase was seen in FbIn2~/~ . On the contrary, ERK1/2 (E) showed
significant increase only in Fbln2~/~ but not in WT. JNK (F) did not change with Angll
either in WT or FbIn2~/~ . The ratio in saline-treated WT is arbitrarily set at 1. Sample size:
n = 6 from each group for Smad2, TAK1 and p38 MAPK, and n = 4 for ERK1/2 and

INK. #P < 0.05 and P < 0.01. *P < 0.05 and **P < 0.01 compared with the
corresponding saline-treated groups.
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Figure 6. Intrinsic fibulin-2 mRNA expression levels paralleled those of remodelling genes in
subpressor infusion of Angll

Quantification of mRNA levels of fibulin-2, TGF-gL, ANP, Col I and Col Ill. The data of
each mRNA were normalized by GAPDH mRNA and expressed as a fold increase
compared with WT-saline mice (n 6 from each group). These are separate samples from
those shown in Figures 2—4. #P < 0.05 and #P < 0.01. *P < 0.05 and **P < 0.01 compared
with saline infusion group.
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Figure 7. Isolated CFs from WT and KO (Fbln2_/_) mice treated with Angll + TGF-gnAb (A)
and recombinant TGF-£(B)

Upper histograms indicate mMRNA levels of fibulin-2, TGF-41, Col I and Col I1l. The mRNA
levels of WT controls were arbitrarily set at 1. Note that there were no effects by TGF-£nAb
in Angll-treated KO cells, suggesting that KO cells did not show TGF-/#mediated effects
when stimulated with Angll (A). Shown below are pSmad2 and Smad2 expression by
Western blots. In KO cells, pSmad2 showed no change with either Angll or Angll + TGF-8
nAb. *P < 0.05 compared with sham (white bar), P§ < 0.05 compared with WT, and TP <
0.05 compared with Angll-treated group (black bar).
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Figure 8. Pressor dosage of Angll infusion (2.0 }Jg/kg of BW per min) induced a comparable
degree of hypertension in both WT and Fbin2™'~

After 4 weeks of Angll treatment, both groups developed equal degrees of hypertension (A)
and hypertrophy shown by LVW/BW (B). (C) Masson's Trichrome staining of LV
myocardium. The development of fibrosis was significantly attenuated in FbIn2-/-
compared with WT. See marked perivascular fibrosis in WT Angll (see arrows). Scale bar,
100 pym. (D) The mRNA levels of TGF-4L and Col | were significantly increased in WT by
pressor dose of Angll infusion, whereas no noticeable increase was seen in Fbln2—/- . *P <
0.05 compared with saline group, #P < 0.05 compared with WT. Results are means+ S.E.M.
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Figure 9. Positive autocrine (cardiac fibroblasts) and paracrine (cardiomyocytes) pathway
during Angll-induced cardiac hypertrophy

Angll directly induces multiple ECM protein synthesis including fibulin-2 and TGF-5. We
postulate that the increased fibulin-2 in the ECM stimulates TGF-£ activation, by which
TGF-gis further up-regulated in an autocrine fashion. The additional TGF-/-mediated
effects, cardiac hypertrophy and increased ECM protein synthesis are only seen in WT mice.
Thus fibulin-2 is necessary in activating endogenous TGF-£in the ECM.

Clin Sci (Lond). Author manuscript; available in PMC 2014 June 30.



Page 26

ZHANG et al.

TEF 0T ¥ ¥ 189 6TF96C V9T '€t 197 %99 8T¥28C  98FCYIT €97 859 veFrse (ST =U) 11buy + guigd
L'SF9'6TT LG 169 ZT¥08C  9€F 20T vy F 269 0'EF LT 6'8F7ETT €67 099 ezFzve (0T =u)aules+ . zujad
07 F6LIT Ty F€0L S0¥L8 T9FCIIT 6€ ¥ 889 G0FTLZ 6SFETCIT 9 ¥ 699 §0FTvz  (L=u)buv +.,ul0d
€6 F LYTT 85 ¥ G69 0T+98 8EFIYIT 257 2L9 GO0FTLZ LEFYOIT T€ ¥ 5v9 6072z  (L=u)aules+ ,zulad
7’6 F¥'GTT 65 FET STF96C LEFCTII 9r ¥ T0L 9T¥E8Z  TOTF09IT T/FGK9 8TF6EC (ST = u) n1Buw'+ LM
LZFOLIT T9¥20L LTF¥6C  GGFTSIT 85 ¥ /89 vZF9LZ  €9F9TIT 9% ¥ 999 TTFLYC (0T = u) aunjes+ 1M
(PHww) dgs  (uwysieaq) yH  B)mag  (BHww) dds  (uwysiesg) yH - (B)ma (BHww) das  (uiwysyesd) 4H - (B)ma
Aep g¢ Aep yT Kep 0 dnoio

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

S)9aM 7 J3A0 uolsnjul ||Buyy Jo abesop Jossaidgns Burinp sisiaweled [eaibojoisAyd

Clin Sci (Lond). Author manuscript; available in PMC 2014 June 30.



