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Transforming growth factor (TGF)-� and fibroblast
growth factor (FGF)-2 both promote repair in valve in-
terstitial cell (VIC) injury models; however, the relation-
ship between TGF-� and FGF-2 in wound repair are not
well understood. VIC confluent monolayers were
wounded by mechanical injury and incubated sepa-
rately or in combination with FGF-2, neutralizing anti-
body to FGF-2, neutralizing antibody to TGF-�, and be-
taglycan antibody for 24 hours after wounding.
Phosphorylated Smad2/3 (pSmad2/3) was localized at
the wound edge (WE) and at the monolayer away from
the WE. Down-regulation of pSmad2/3 protein expres-
sion via small-interfering RNA transfection was per-
formed. The extent of wound closure was monitored for
up to 96 hours. FGF-2 incubation resulted in a signifi-
cant increase in nuclear pSmad2/3 staining at the WE.
Neutralizing antibody to TGF-� alone or with FGF-2
present resulted in a similar significant decrease in pS-
mad2/3. Neutralizing antibody to FGF-2 alone or with
FGF-2 present showed a similar significant decrease in
pSmad2/3; however, significantly more staining was ob-
served than treatment with neutralizing antibody to
TGF-�. Incubation with betaglycan antibody inhibited
FGF-2–mediated pSmad2/3 signaling. Wound closure
corresponded with pSmad2/3 staining at the WE. Down-
regulation of pSmad2/3 via small-interfering RNA trans-
fection significantly reduced the extent to which FGF-2
promoted wound closure. Fibroblast growth factor-2
promotes in vitro VIC wound repair, at least in part,
through the TGF-�/Smad2/3 signaling pathway. (Am J

Pathol 2011, 178:119–127; DOI: 10.1016/j.ajpath.2010.11.038)

Valve interstitial cells (VICs) are the most prevalent cells

found in the three layers of the heart valve.1,2 In normal
valves, VICs are in a quiescent phenotype, maintaining
normal heart valve structure and function. However, in
diseased valves, VICs become activated and regulate
valve repair and remodeling.1–3

Transforming growth factor (TGF)-�1 is a homodimeric
protein of the TGF-� family.1,4,5 In previous investiga-
tions, TGF-�1 was shown to regulate VIC wound repair,
including VIC activation, proliferation, migration, and ap-
optosis.1,4 Each TGF-� protein signals by binding to spe-
cific type I and type II serine/threonine kinase recep-
tors.4,6 Binding of the TGF-� protein results in the
formation of a type I and type II receptor complex and
phosphorylation of the type I receptor by the type II
receptor.4,6,7 The phosphorylated type I receptor, in turn,
phosphorylates specific receptor-regulated Smad2 and
Smad3 proteins. Phosphorylation of Smad2/3 proteins
results in their dissociation from the type I and type II
receptor complex and their heteromerization with Smad4.
The Smad2/3-Smad4 complex affects gene expression
by translocating to the nucleus and interacting with tran-
scriptional factors that are often associated with growth
and remodeling.1,4 Betaglycan, also known as TGF-�
type III receptor, is a transmembrane heparan and chon-
droitin sulfate proteoglycan, identified as the major bind-
ing molecule of TGF-� in many cell types, with multiple
binding sites for TGF-� and a binding site at the heparan
sulfate chains for fibroblast growth factor (FGF)-2.8–10

Betaglycan either promotes or reduces TGF-� signaling
by either enhancing or interfering with TGF-� binding to
its type I and type II receptors.9–11 In some cell types, on
binding TGF-�, betaglycan presents TGF-� to the dimeric
TGF-� type II receptor, which migrates toward the TGF-�
type I receptor, forming the complex that promotes
Smad2/3 signaling.12 In other cell types, betaglycan in-
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hibits TGF-� signaling by preventing type I and type II
receptor complex formation and thereby preventing
Smad2/3 signaling.11 Certain cell types lacking endoge-
nous betaglycan expression have also experienced in-
creased affinity of TGF-� to the TGF-� type I and type II
receptors.11

The effect of TGF-� on VIC wound repair was previ-
ously studied13; TGF-� and phosphorylated Smad2/3
(pSmad2/3) staining in the nucleus were increased in
wounded monolayers at the wound edge (WE) compared
with the monolayer away from the WE (AWM).13 The
addition of exogenous TGF-� to the wounded cultures
showed increased VIC activation, as characterized by
increased �-smooth muscle actin (�-SMA) expression,
VIC proliferation at the WE, and increased rate of wound
closure.13–15 These effects were significantly reduced by
incubation with neutralizing antibody to TGF-�, suggest-
ing that TGF-� plays a role in regulating VIC wound
repair. Coexpression of �-SMA and pSmad2/3 staining at
the WE suggested an association between pSmad2/3
staining and VIC activation.13

Fibroblast growth factor-2 is a member of the FGF
family of proteins that exhibit various tissue repair func-
tions, including cell proliferation and migration.2,16–22

Various signaling pathways for FGFs have been identi-
fied, including binding to the FGF receptors with the aid
of heparan sulfate proteoglycan coreceptors, inducing
the dimerization and activation of FGF receptors.17 The
activation of FGF receptors results in the activation of
the mitogen-activated protein kinase signaling path-
way.19,20,23,24 A previous investigation25 showed that
FGF-2 promotes VIC repair (ie, VICs at the WE of a
wounded monolayer experienced a significant up-regu-
lation in FGF-2 compared with the nonwounded mono-
layer and treatment with neutralizing antibody to FGF-2
impeded wound closure in wounded VIC models).

The signaling pathway through which FGF-2 promotes
wound repair in VIC models is not well understood. This
investigation was undertaken to determine whether
FGF-2 stimulates wound repair in in vitro wounded VIC

models through the TGF-�/Smad signaling pathway.
Materials and Methods

Neutralizing Antibodies to TGF-� and FGF-2,
Exogenous FGF-2, and Betaglycan Antibody

Pan-specific TGF-� neutralizing antibody (R&D Systems,
Minneapolis, MN) was reconstituted in sterile PBS to
make a 1-mg/ml concentration. At wounding, VIC mono-
layers were incubated in a 15-�g/ml concentration of
neutralizing antibody to TGF-�. These concentrations
were determined in a previous study13 to significantly
reduce TGF-� activity in VICs incubated under the same
conditions as in this study.

Human recombinant FGF-2 (Upstate Biotechnology,
Lake Placid, NY) was reconstituted in 5-mmol Tris at pH
7.6 to make 100 �g/ml. Wounded monolayers and sub-
confluent and confluent monolayers were incubated in a
10-ng/ml concentration of FGF-2. These concentrations
were determined in a previous study25 to significantly
increase FGF-2 activity in VICs incubated under the same
conditions as in this study.

Anti-FGF basic antibody (R&D Systems) was reconsti-
tuted in sterile PBS to make a 1-mg/ml concentration.
Wounded monolayers and subconfluent and confluent
monolayers were incubated in a 10-�g/ml concentration
of neutralizing antibody to FGF-2. These concentrations
were determined in a previous study25 to significantly
reduce FGF-2 activity in VICs incubated under the same
conditions as in this study.

Betaglycan antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) was diluted 1:100 with standard me-
dium, producing the 2 �g/ml used for incubation in cul-
tures.

Cell Culture

The VIC cultures were harvested from explants from the
distal third portion of the anterior leaflet of porcine mitral
valves by methods previously described.26 The atrial and
ventricular surfaces of the valve were scraped with a

Figure 1. Representative immunofluorescent
confocal photomicrographs of a wounded VIC
monolayer 24 hours after wounding at the WE
stained for pSmad2/3 (green) (A and D) and
nuclear localization with propidium iodide
(blue) (B and E), and AWM strip parallel to WE
stained for pSmad2/3 (C and F) in nontreated
cultures (A–C), and FGF-2 (10 ng/ml) treated
cultures (D–F). The VICs treated with exoge-
nous FGF-2 show increased nuclear pSmad2/3
staining at WE compared with nontreated WE.
No difference was observed in pSmad2/3 stain-
ing at the AWM between treated and nontreated
VICs. Arrows indicate direction of wound clo-
sure. G: Percentage of VICs showing nuclear
pSmad2/3 staining at the WE with no treatment
and with FGF-2 treatment. The VICs at the FGF-
2–treated WE exhibit a statistically significant
increase in the percentage of VICs showing nu-
clear pSmad2/3 staining compared with non-
treated WE. Statistical significance between in-
dicated groups at *P � 0.05, (n � 9). Original
magnifications, �400.
sterilized scalpel to remove endocardial cells. The valve
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was then rinsed with sterilized PBS to wash off the endo-
thelial cells. The tissue was cut into 4 � 5-mm pieces;
placed in 35-mm tissue culture dishes (Falcon; BD Bio-
sciences, San Jose, CA); and grown in medium 199 with
10% fetal bovine serum (FBS), 1% penicillin, streptomy-
cin, and amphotericin B (Fungizone; Life Technologies
Inc, Rockville, MD) in an incubator at 37°C and in humid-
ified 95% air and a 5% carbon dioxide atmosphere. The
VICs that grew from the explants were subcultured in
10% FBS, 1% penicillin, streptomycin, and amphotericin
B in medium 199 (standard medium), at 37°C, humidified
95% air, and a 5% carbon dioxide atmosphere. The VIC
cultures used in the experiments were of passages 3 to 5
and were plated at 100,000 cells per well in experiments.
In experiments in which subconfluent monolayers were
required, 5000 cells per well were plated.

Wounding Experiments

The VIC monolayer was grown on an 18-mm diameter
glass coverslip (Fisher Scientific, Pittsburgh, PA) in 12-
well tissue culture dishes (Falcon) in 1 ml of standard
medium per well. The cells were grown for 72 hours to
allow for confluency. A flat cell scraper (width, 1 mm) was
used to denude the middle of the monolayer in the
wounded VIC monolayer, generating one wound with two
WEs and two AWMs per coverslip. The wounded mono-
layer was then washed three times with standard medium
to remove cell debris derived from the wounding pro-
cess.

Wounded VIC monolayers were incubated for 24 hours
after wounding with 1 ml of standard medium and treat-
ments of exogenous FGF-2, neutralizing antibody to
TGF-�, neutralizing antibody to TGF-� and exogenous
FGF-2, neutralizing antibody to FGF-2, neutralizing anti-
body to FGF-2 and exogenous FGF-2, betaglycan anti-
body, or betaglycan antibody and exogenous FGF-2.
There were also nontreated controls.

To show that, in subconfluent monolayer cultures un-
der the conditions of our experiments, there is a differ-
ence in �-SMA staining compared with confluent mono-
layers, subconfluent and confluent VIC monolayers were
incubated for 24 hours with the addition of exogenous
FGF-2 or neutralizing antibody to FGF-2; there were also
nontreated controls. At fixation, subconfluent monolayers
covered approximately 20% of the coverslip surface.

In all conditions, three experiments were performed,
with three sets of culture dishes for each treatment.

Figure 2. Representative immunofluorescent confocal photomicrographs of
a wounded VIC monolayer 24 hours after wounding at the WE stained for
pSmad2/3 (green) (A, D, G, and J) and nuclear localization with propidium
iodide (blue) (B, E, H, and K), and AWM strip parallel to WE stained for
pSmad2/3 (C, F, I, and L) in wounded cultures treated with neutralizing
antibody to TGF-� (15 �g/ml) (A–C), with neutralizing antibody to TGF-�
(15 �g/ml) and exogenous FGF-2 (10 ng/ml) (D–F), with neutralizing anti-
body to FGF-2 (10 �g/ml) (G–I) and with neutralizing antibody to FGF-2 (10
�g/ml) and exogenous FGF-2 (10 ng/ml) (J–L). Same nuclear pSmad2/3
staining at the WE is observed for VICs treated with neutralizing antibody to
TGF-� only and VICs treated with neutralizing antibody and exogenous
FGF-2. The same nuclear pSmad2/3 staining at the WE is observed for VICs
treated with neutralizing antibody to FGF-2 only and VICs treated with
neutralizing antibody to FGF-2 and exogenous FGF-2. Treatment with neu-
tralizing antibody to FGF-2 shows greater nuclear pSmad2/3 staining at the
WE than VICs treated with neutralizing antibody to TGF-� at the WE. No
difference was observed in pSmad2/3 staining at the AWM among the treat-
ments. Arrows indicate direction of wound closure. M: Percentage of VICs
showing nuclear pSmad2/3 staining at the WE with treatments of neutralizing
antibody to TGF-�, exogenous FGF-2, and neutralizing antibody to TGF-�,
neutralizing antibody to FGF-2, and exogenous FGF-2 and neutralizing an-
tibody to FGF-2. Treatment of exogenous FGF-2 in combination with neu-
tralizing antibody to TGF-� does not yield a statistically significant difference
of pSmad2/3 staining at the WE from when treated with neutralizing antibody
to TGF-� alone. Treatment of exogenous FGF-2 in combination with neu-
tralizing antibody to FGF-2 does not yield a statistically significant difference
of pSmad2/3 staining at the WE from when treated with neutralizing antibody
to FGF-2 alone. A statistically significant increase is observed in percentage
of VICs showing nuclear pSmad2/3 staining at the WE treated with neutral-
izing antibody to FGF-2 compared with WE treated with neutralizing anti-

body to TGF-�. Statistical significance between indicated groups at *P � 0.05,
(n � 9). Original magnifications, �400.
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Immunofluorescent Staining

Wounded VIC monolayers and subconfluent and conflu-
ent monolayers were fixed with 4% formaldehyde for 15
minutes, washed three times with PBS, incubated in 0.1%
Triton X-100 (The Dow Chemical Company, Midland, MI)
in PBS for 3.5 minutes to permeabilize the VICs, and
washed three times with PBS. The wounded monolayer
coverslips were then incubated with anti-pSmad2/3
(serine 433/435) (1:50; Santa Cruz Biotechnology), and
the subconfluent and confluent monolayer coverslips
were incubated with mouse anti–�-SMA (1:500; Sigma,
Oakville, ON, Canada) as primary antibodies for 1 hour.
The coverslips were then washed three times in PBS.
Secondary staining involved incubation of the coverslips
with propidium iodide (1:5000; Sigma, St Louis, MO),
goat anti-rabbit Alexa 488 (1:200; Molecular Probes, In-
vitrogen, Eugene, OR) for wounded monolayer cover-
slips, and goat anti-mouse Alexa 568 for subconfluent
and confluent monolayer coverslips for 30 minutes. Neg-
ative control of wounded VIC monolayer coverslips incu-
bated in rabbit IgG protein (Jackson ImmunoResearch,
West Grove, PA) was also performed. The coverslips
were then washed three times in PBS, dipped into dis-
tilled water, mounted onto slides with an antifade reagent
(Prolong Gold; Molecular Probes, Invitrogen), and then
cured at 4°C overnight. The coverslips were examined
with a laser scanning confocal microscope (Olympus
FluoView 1000; Olympus America Inc., Center Valley, PA)
through an oil objective (�40 UplanFI N.A. 1.30), and
data were quantified with a multilane argon laser (excita-
tion wavelength, 488 nm) and a helium neon laser (exci-
tation wavelength, 543 nm).

Quantification of pSmad2/3 and �-SMA

A total of 60 fields per coverslip were counted in the front
five rows of the WE. The percentage of cells with nuclear
pSmad2/3 staining/the total number of cells counted was
compared for the different treatments. A strip of cells one
field wide, parallel, and well away from the WE was used
to count the staining at the AWM.

�-Smooth muscle actin staining was counted for the
subconfluent and confluent monolayers in the same fash-
ion as previously described, using 60 fields per coverslip.

Quantification of Wound Closure

The distance between the two WEs of each wound at five
random points per wound was observed under a light
microscope using phase contrast to outline the WE.
Wound closure was measured at wounding and at 24, 48,
72, and 96 hours after wounding.

Figure 3. Representative immunofluorescent confocal photomicrographs of
the WE of wounded VIC monolayers 24 hours after wounding stained for
pSmad2/3 (green) (A, C, E, and G) and for nuclear localization with pro-
pidium iodide (blue) (B, D, F, and H) in wounded cultures with no treatment
(A and B), with exogenous FGF-2 (10 ng/ml) (C and D), with betaglycan
antibody (2 �g/ml) (E and F), and with betaglycan antibody (2 �g/ml) and
exogenous FGF-2 (10 ng/ml) (G and H). Increased nuclear pSmad2/3 stain-
ing at the WE is observed for VICs treated with exogenous FGF-2 only
compared with nontreated cultures. Same nuclear pSmad2/3 staining at the
WE is observed for VICs treated with betaglycan antibody and VICs treated
with betaglycan antibody and exogenous FGF-2. Decreased pSmad2/3 stain-
ing at the WE is observed in cultures treated with betaglycan antibody
compared with cultures treated with exogenous FGF-2 only. Arrows indicate
direction of wound closure. I: Percentage of VICs showing nuclear pSmad2/3
staining at the WE with no treatment, exogenous FGF-2, betaglycan antibody,
and betaglycan antibody and FGF-2. A statistically significant increase is
observed in percentage of VICs showing nuclear pSmad2/3 staining at the
WE treated with exogenous FGF-2 compared with nontreated WE. Treatment
of exogenous FGF-2 in conjunction with betaglycan antibody does not yield
a statistically significant difference in nuclear pSmad2/3 staining at the WE
from VICs treated with betaglycan antibody alone. Statistical significance
between indicated groups at *P � 0.05 (n � 3 for nontreated and only

exogenous FGF-2–treated cultures, and n � 9 for betaglycan antibody–
treated cultures). Original magnifications, �400.
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Small-Interfering RNA Transfection
Down-regulation of Smad2/3 gene expression was
achieved through Smad2/3 small-interfering RNA
(siRNA) (human sc-37238; Santa Cruz Biotechnology)
transfection with a transfection reagent (INTERFERin
siRNA; Polyplus transfection, New York, NY). Twenty-
four hours before transfection, cells were plated into
12-well plates to reach 40% to 50% confluency at
transfection. Each well was transfected with 6 �L of
transfection reagent and 1.2 pmol of negative control
siRNA or Smad2/3 siRNA (Santa Cruz Biotechnology)
in media without FBS. Nontransfected cells were also
prepared as the control. Six hours after transfection,
the cultures were wounded and treated with or without
FGF-2 in fresh media with FBS.

Western Blot Analysis

Cells were harvested 72 hours after transfection. Cyto-
plasmic and nuclear extractions were performed with
extraction reagents (NE-PER; Thermo Scientific, Wal-
tham, MA). Protein concentrations were determined
through a bicinchoninic acid protein assay (Thermo Sci-
entific). Cytoplasmic and nuclear extractions were com-
bined and resolved via 12.5% SDS–polyacrylamide gel
electrophoresis and transferred onto a polyvinylidene di-
fluoride membrane via dry blotting (iBlot; Invitrogen) for 7
minutes. The membrane was then detected for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) loading
control with GAPDH mouse antibody and goat anti-
mouse secondary antibody (1:5000; Santa Cruz Biotech-
nology [for both]) and for pSmad2/3 with anti-pSmad
antibody (1:2000; Santa Cruz Biotechnology) and goat
anti-rabbit secondary antibody (1:5000, Santa Cruz Bio-
technology) using a protein detection system (SNAP i.d.;
Millipore, Billerica, MA). The blot was then subjected to
substrate (Luminate forte Western HRP; Millipore) and
exposed to film (CL-XPosure film; Thermo Scientific).
Densitometry analysis was performed with computer soft-
ware (ImageJ; National Institutes of Health, Bethesda,
MA).

Statistical Analysis

Student’s t test was performed to compare nontreated
with treated experiments, and P � 0.05 was considered
significant. Software (GraphPad Prism version 5; Graph-
Pad Software Inc, San Diego, CA) was used for one-way
analysis of variance, and a Bonferroni multiple-compari-
son posttest was used to analyze the statistical signifi-
cance between various treatments.

Figure 4. Representative immunofluorescent confocal photomicrographs of
subconfluent and confluent VIC monolayers, stained for �-SMA (red) and
nuclear localization with propidium iodide (blue), 24 hours after no treat-
ment (A and B), treatment with exogenous FGF-2 (C and D), and treatment
with neutralizing antibody to FGF-2 (E and F), in subconfluent monolayers of
5000 cells/well inoculation (A, C, and E) and confluent monolayer of 100,000
cells/well inoculation (B, D, and F). �-SMA staining for all treatments is
greater in subconfluent monolayer than their respective treatments in con-
fluent monolayers. G: Percentage of VICs showing �-SMA staining in the
monolayers with treatments of exogenous FGF-2 and neutralizing antibody
to FGF-2. A statistically significant increase in �-SMA staining is observed in
the subconfluent monolayer for nontreated and treated monolayers com-
pared with their respective treatments in the confluent monolayer. Treatment
with neutralizing antibody to FGF-2 resulted in a statistically significant
decrease in �-SMA staining compared with the nontreated monolayers and
monolayers treated with exogenous FGF-2. Nontreated and exogenous FGF-
2–treated VIC subconfluent monolayers did not exhibit a statistically signif-
icant difference in �-SMA staining. Confluent monolayers did not yield sta-
tistically significant differences in �-SMA staining for different treatments.

Significance between indicated groups at *P � 0.05, (n � 4). Original
magnification, �400.
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Results

Exogenous FGF-2 Increases Nuclear pSmad2/3
Staining in VICs at the WE

At 24 hours after wounding, the VICs at the WE treated
with exogenous FGF-2 (10 ng/ml) showed significantly
increased nuclear pSmad2/3 staining of 90.96% � 0.79%
(stained cells/total cells) compared with nontreated
wounded cultures with staining of 45.84% � 1.16% (Fig-
ure 1, A, D, and G). The percentages of pSmad2/3 stain-
ing at AWM of the nontreated and treated VICs, all of
which were less than 0.9%, did not exhibit statistically
significant differences from each other (Figure 1, C
and F).

TGF-� Neutralizing Antibody and FGF-2
Neutralizing Antibody Decrease Nuclear
pSmad2/3 Staining, with No Effects from
Treatment with Exogenous FGF-2 in addition to
Neutralizing Antibodies in VICs at the WE

At 24 hours after wounding and treatment, the VICs at the
WE treated with TGF-� neutralizing antibody (15 �g/ml)
showed nuclear pSmad2/3 staining of 11.53% � 0.25%
compared with VICs at the WE treated with FGF-2 (10
ng/ml) and TGF-� neutralizing antibody (15 �g/ml) with
staining of 12.65% � 0.57% showing no statistically sig-
nificant difference (Figure 2, A, D, and M).

At 24 hours after wounding and treatment, the VICs at
the WE treated with FGF-2 neutralizing antibody (10 �g/
ml) showed nuclear pSmad2/3 staining of 33.64% �
0.56% compared with VICs at the WE treated with exog-

Figure 5. Wound closure of a wounded VIC monolayer, up to 96 hours. Re
72 (D), and 96 (E) hours. F: Measure of width of the wound, between the two
with exogenous FGF-2 resulted in a significantly smaller wound width; there
complete closure of wounds. Treatment with neutralizing antibody to TG
compared with nontreated VICs for all points; further addition of FGF-2 in the
from neutralizing antibody to TGF-� alone for all points. Treatment with
decreased wound closure compared with nontreated VICs for all points up
the presence of neutralizing antibody to FGF-2 did not yield significantly diff
neutralizing antibody to FGF-2 yielded significantly greater wound closure
betaglycan antibody did not result in significantly different wound width com
of betaglycan antibody did not yield significantly different results from b
individually, neutralizing antibody to TGF-�, neutralizing antibody to FGF-2,
wound closure compared with treatment with FGF-2 alone for all points up
(n � 3).
enous FGF-2 (10 ng/ml) and neutralizing antibody to
FGF-2 (10 �g/ml) with staining of 34.40% � 0.73% show-
ing no statistically significant difference (Figure 2, G, J,
and M).

The VICs that were treated with neutralizing antibody to
TGF-� exhibited a statistically significant decrease in nu-
clear pSmad2/3 staining at the WE compared with the treat-
ment of neutralizing antibody to FGF-2 (Figure 2, M). Both
treatment with neutralizing antibody to TGF-� and neutral-
izing antibody to FGF-2 exhibited a statistically significant
decrease in nuclear pSmad2/3 staining at the WE com-
pared with the nontreated control.

The percentages of pSmad2/3 staining at AWM of the
nontreated and treated VICs, all of which were less than
0.9%, did not exhibit statistically significant differences from
each other (Figure 2, C, F, I, and L).

Betaglycan Antibody Exhibits Statistically Same
Nuclear pSmad2/3 Staining at WE and AWM as
Nontreated Monolayers, with No Effects from
Treatment with Exogenous FGF-2 in addition to
Betaglycan Antibody in VICs at the WE

Immunofluorescent staining showed betaglycan pres-
ence in VICs in all conditions studied. At 24 hours after
wounding and treatment, the VICs at the WE treated
with betaglycan antibody (2 �g/ml) showed nuclear
pSmad2/3 staining of 50.79% � 1.14% compared with
VICs treated with FGF-2 (10 ng/ml) in addition to betag-
lycan antibody with staining of 51.19% � 1.93% (Figure
3, E, G, and I). Both treatments with betaglycan anti-
body showed a statistically significant decrease in nu-
clear pSmad2/3 staining compared with wounded mono-
layers treated with exogenous FGF-2 alone at the WE,
which showed staining of 90.44% � 1.52% (Figure 3, C

ative phase-contrast micrographs of wounded VICs at 0 (A), 24 (B), 48 (C),
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control siRNA-transfected VICs did not differ significantly in wound closure.
Significance between indicated groups at *P � 0.05, (n � 3).
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served when wounded cultures are treated with betagly-
can antibody compared with nontreated wounded mono-
layers at the WE (45.57% � 1.83%) is not statistically
significant (Figure 3, A and I).

The percentages of pSmad2/3 staining at AWM of the
nontreated and treated VICs, all of which were less than
0.9%, did not exhibit statistically significant differences
from each other.

Subconfluent VIC Monolayer Exhibits More
Active VICs with �-SMA Staining Compared
with the Confluent VIC Monolayer

At 24 hours after treatment, �-SMA staining of VICs for
each treatment of the subconfluent monolayer was sig-
nificantly greater than �-SMA staining of VICs of their
respective treatments in the confluent monolayer (Fig-
ure 4). In the subconfluent monolayer, �-SMA staining
for nontreated (97.01% � 0.44%) and exogenous FGF-
2–treated (96.90% � 0.19%) VICs did not exhibit a
statistically different percentage staining from each
other (P � 0.05; Figure 4, A–D and G). Monolayers
treated with neutralizing antibody to FGF-2 exhibited a
statistically significant decrease in �-SMA staining
(90.58% � 0.50%) compared with nontreated and
FGF-2–treated monolayers (Figure 4G).

The percentages of �-SMA staining of the confluent
monolayer of the nontreated and treated VICs, all of
which were less than 0.9%, did not exhibit statistically
significant differences from each other (Figure 4, B, D, F,
and G).

Extent of Wound Closure Corresponds with
pSmad2/3 Staining in VICs

Wounds closed progressively over 96 hours, with most
treatments closing by 72 and 96 hours (Figure 5). The
FGF-2–treated wounds showed a significantly greater
extent of wound closure for all points compared with
nontreated wounds. Cell cultures treated with neutral-
izing antibody to TGF-�, regardless of the addition of
FGF-2, resulted in a statistically reduced extent of
wound closure compared with nontreated cultures and
cultures treated with FGF-2 alone. The addition of
FGF-2 to cultures treated with neutralizing antibody to
TGF-� did not show a statistically significant difference
in the extent of wound closure when compared with
treatment of neutralizing antibody to TGF-� alone. Cell
cultures treated with betaglycan antibody, regardless
of the addition of FGF-2, resulted in a statistically re-
duced extent of wound closure compared with cultures
treated with FGF-2 alone. No significant difference was
observed for cell cultures treated with betaglycan an-
Figure 6. Down-regulation of pSmad2/3 in wounded VIC monolayers by
Smad2/3 siRNA transfection. A: Representative pSmad2/3 protein expression
of wounded VIC monolayer 72 hours after siRNA transfection detected by
Western blot analysis with anti-pSmad2/3 antibody. The membrane was also
probed with anti-GAPDH antibody as an internal control for equal loading
and transfer. Down-regulated pSmad2/3 protein expression for Smad2/3
siRNA transfected VICs is observed compared with VICs with no siRNA
transfection and control siRNA transfection. B: pSmad2/3 protein expression
as detected by Western blot analysis and quantified by densitometry (Im-
ageJ). Protein expression of pSmad2/3 in Smad2/3 siRNA–transfected VIC
monolayers is significantly less than nontransfected and control siRNA-trans-
fected VIC monolayer. Protein expression of pSmad2/3 in nontransfected
and control siRNA-transfected VIC monolayers do not differ significantly.
Protein expression of GAPDH for all transfections does not differ significantly
from each another. Significance between indicated groups at *P � 0.05, (n �
3). C: Wounded VICs transfected with Smad2/3 siRNA showed significantly
greater wound width and less wound closure at 72 hours with no treatment
compared with nontransfected and control siRNA-treated VIC monolayers.
For all transfections, FGF-2 treatment resulted in a statistically significant
decrease of wound width and increased wound closure. Nontransfected and
tibody compared with nontreated cultures (Figure 5B).
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Down-Regulation of pSmad2/3 Gene
Expression Decreases Effect of FGF-2 on
Wound Closure in VICs

Down-regulation of pSmad2/3 protein expression by siRNA
transfection was confirmed by Western blotting (Figure 6, A
and B). Cultures transfected with control siRNA showed a
similar extent of wound closure when compared with non-
transfected cultures. Transfection with Smad2/3 siRNA re-
sulted in significantly reduced wound closure of FGF-2–
treated and nontreated cultures when compared with
control siRNA-transfected cultures (Figure 6C).

Discussion

Separate previous investigations13,25 of VIC wound re-
pair have shown that the TGF-�/Smad2/3 signaling
pathway is associated with wound repair and that
FGF-2 is up-regulated in VICs at the WE, suggesting
that FGF-2 plays a role in wound repair. Our current
study shows that treatment with FGF-2 resulted in in-
creased activation of pSmad2/3 in the nucleus of VICs
at the WE, an effect that is inhibited by treatment with
neutralizing antibody to FGF-2 and treatment with neu-
tralizing antibody to TGF-�. The latter suggests that
FGF-2 promotes in vitro VIC wound repair, at least in
part, through the TGF-�/Smad2/3 signaling pathway.
The finding that the inhibition by neutralizing antibody
to TGF-� is significantly more pronounced than the
inhibition by neutralizing antibody to FGF-2 suggests
that there are other factors that also regulate repair.
Wound closure analyses supported results obtained
from pSmad2/3 expression analyses. Similarly, down-
regulation of pSmad2/3 via siRNA also confirmed the
upstream effects of FGF-2 on the TGF-�/Smad signal-
ing pathway and the possibility that FGF-2 interacts
with other factors that also regulate wound repair.
These factors have yet to be identified.

In contrast to our findings, FGF-2 has been reported to
prevent TGF-�–mediated Smad2/3 activation by blocking
the TGF-� signaling pathway.27 An important difference in
that study compared with ours is that they studied subcon-
fluent cultures, whereas we studied the effect of FGF-2 on
confluent monolayers that show activation of VICs at the
WE. Our study showed that FGF-2 promotes wound repair
through the TGF-�/Smad2/3 signaling pathway; previous
studies have shown that the treatment of FGF-2 promotes
cell proliferation and migration.25 It is possible that the ad-
dition of FGF-2 to subconfluent monolayers would promote
cell growth, which results in increased cell-cell contact and
a less activated monolayer. We see the same effect of
reduced activation of Smad2/3 by FGF-2 treatment at the
AWM, where the monolayer is confluent with prominent cell-
cell contact; we also showed that subconfluent VICs are
activated, with significantly increased �-SMA staining, com-
pared with confluent monolayers. Thus, in cell wounding,
FGF-2 promotes repair by activation of the TGF-�/Smad2/3
signaling pathway. The FGF-2–mediated TGF-�/Smad2/3
signaling pathway that we report is consistent with the role

of FGF-2 in the wound repair of many tissues.19,21,22 An-
other difference between our studies is that, while we
looked at mitral VICs, the other study27 investigated aortic
VICs.

Our study suggests that FGF-2 promotes TGF-�/
Smad2/3 signaling via betaglycan, a membrane heparan
and chondroitin sulfate proteoglycan.8 Betaglycan binds
TGF-� with high affinity, possibly decreasing the amount
of TGF-� available for binding to the TGF-� type I and
type II receptors in certain cell types.11 This decreased
binding of TGF-� to type I and type II receptors results in
down-regulation of the Smad2/3 signaling pathway,
thereby producing less nuclear pSmad2/3. In the pres-
ence of betaglycan antibody, the FGF-2–mediated two-
fold increase in nuclear Smad2/3 at the WE was elimi-
nated. Supporting results were also obtained from wound
closure analyses. We suggest the following (Figure 7):
FGF-2 is known to selectively modify the glycosaminogly-
can chains of betaglycan on binding to it, altering beta-
glycan function,11 which likely affects the binding site or
binding affinity of betaglycan for TGF-�. In VICs, FGF-2
likely reduces TGF-� binding to betaglycan, where treat-
ment with FGF-2 would result in more TGF-� being avail-
able to bind to the type I and type II receptor complex,
leading to Smad2/3 signaling (Figure 7). The exact mo-
lecular mechanisms by which betaglycan, TGF-�, and
FGF-2 interact in VICs are yet to be determined.

Our conclusion is that FGF-2 promotes in vitro VIC
wound repair, at least in part, through the TGF-�/
Smad2/3 signaling pathway. The FGF-2 regulates the
TGF-�/Smad pathway by binding to betaglycan, which
itself binds to TGF-� and reduces TGF-�/Smad signaling.
Thus, FGF-2 enhances VIC wound repair by reducing the
inhibitory effect of betaglycan on the TGF-�/Smad signal-
ing pathway.
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