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The effect of basic fibroblast growth factor (bFGF)
on apoptosis in normal rat palatal fibroblasts and rat
palatal scar fibroblasts was examined by the TUNEL
method in order to clarify the mechanism of apoptosis
induction in myofibroblasts during the scar formation
process. A percentage of scar fibroblasts undergoing
apoptosis was significantly higher than that of palatal
fibroblasts when they were treated with bFGF suc-
ceeding to serum starvation. Palatal fibroblasts, phe-
notypically modulated into myofibroblasts by the pre-
treatment with transforming growth factor-g1 (TGF-
B1), similarly showed a higher level of apoptosis
induction by bFGF-treatment. TGF-B1 elevated pro-
tein and mMRNA level of FGF receptor (FGFR) in palatal
fibroblasts. Tyrosine autophosphorylation of FGFR
upon stimulation by bFGF was significantly higher in
scar fibroblasts than in normal palatal fibroblasts.
These findings suggested that bFGF may be a potential
stimulator of apoptosis in myofibroblasts during pala-
tal scar formation and that FGFR may be responsible
for this process. © 1997 Academic Press

Wound healing is a highly organized and well coordi-
nated process that involves inflammation, cell prolifer-
ation, matrix deposition and tissue remodeling. During
the granulation tissue formation, many fibroblasts ac-
qguire morphological and biochemical features as con-
tractile cells. These cells have been called myofi-
broblasts and are considered to be responsible for the
granulation tissue contraction (1). We have previously
reported that scar fibroblasts isolated from the rat pal-
atal immature scar tissue manifested myofibroblastic
characteristics, and that palatal fibroblasts isolated
from the normal rat palatal mucosa underwent the
transition to myofibroblastic cells by transforming
growth factor-g1 (TGF-£1) in vitro (2). As the wound
becomes re-epithelized and the scar forms, there is a
striking decrease in cellularity, accompanying the dis-

appearance of typical myofibroblasts and small blood
vessel cells. Recently, apoptosis has been reported to
be responsible for the disappearance of myofibroblasts
during the wound healing process which might, in turn,
evolve granulation tissue into scar (3). However, the
question of which mechanisms are implicated in
apoptosis of myofibroblasts during the wound healing
process is still unknown. A series of studies indicates
that growth factor signals are key modulators of
apoptosis induction (4). Therefore, we hypothesize that
growth factors and their signaling pathways may have
a relationship with the apoptosis induction in myofi-
broblasts.

Among a wide variety of growth factors which are
implicated in the wound healing process, basic fibro-
blast growth factor (bFGF), a prototype member of the
FGF family, is a potent accelerator of wound healing
(5). The scarless fetal wound healing, in which myofi-
broblasts do not appear at early gestation (6), shows
no bFGF, while it is observed in the adult or neonatal
wound (7). Other studies have also indicated that bFGF
acts as a lethal factor inducing apoptotic cell death in
cultured chick embryonic neural retina cells (8) or in
oligodendrocytes (9).

In this study, we have examined the effect of bFGF
on cultured palatal fibroblasts and scar fibroblasts in
order to further elucidate the mechanism of apoptosis
induction in myofibroblasts during the palatal wound
healing process.

METHODS

Growth factors and antibodies. Porcine TGF-31 and bovine bFGF
were purchased from R&D Systems, Inc. (Minneapolis, MN). The
monoclonal FGFR antibodies (VBS-7), which recognize both FGFR1
and FGFRS3, were purchased from ZYMED Laboratories, Inc. (San
Francisco, CA), and anti-phosphotyrosine specific monoclonal anti-
bodies (4G10) were purchased from Upstate Biotechnology (Lake
Placid, NY).

Cell culture. Palatal fibroblasts and scar fibroblasts were ob-
tained by the explant culture of the normal oral palatal mucosa and
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the immature scar tissue (4 weeks after wounding) of 12-week-old
male Sprague-Dawley rats. Both cells were grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS). We have previously reported that palatal fibroblasts undergo
phenotypic modulation into a-smooth muscle («-SM) actin-express-
ing myofibroblasts on treatment with 5 ng/ml TGF-31 for 48 h, which
are similar to scar fibroblasts (2).

Detection of apoptosis. For the detection of apoptosis, the proce-
dure is based upon the method described by Oberhammer et al. (10).
To investigate the response of growth-arrested cells to bFGF, cul-
tures reaching 70-80 % confluence in the complete media were serum-
starved for 36 h in D-MEM supplemented with 0.25% FBS, then 5
ng/ml of bFGF was applied with the simultaneous recovery of serum.
It is widely accepted that a great majority of fibroblasts are growth-
arrested within 24 h under a serum-starved condition (11, 12).
Apoptosis induction was detected in situ by the terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP-biotin nick end-label-
ing (TUNEL) method (13), using the ApopTag system (Oncor, Gaith-
ersburg, MD) according to the manufacturer’s protocol. The apoptotic
cell percentage was calculated for the further statistical evaluation.

Determination of FGFR1 mRNA expression by reverse tran-
scriptase-polymerase chain reaction (RT-PCR). FGFR1 mRNA ex-
pression was evaluated by RT-PCR method in a semi-quantitative
manner (14, 15) on the basis of G3APDH mRNA expression as an
internal control. Aliquots of total RNA (1.0 ng) were transcribed with
50 units of MMLYV reverse transcriptase (RT) (Perkin-Elmer Cetus
Corp., Norwalk, CT) in a buffer containing final concentrations of 10
mM Tris-HCI (pH 8.3), 50 mM KCI, 5 mM MgCl,, 20 units of RNase
inhibitor, 2.5 mM of random primers, and 4 mM of each dNTP at 42
°C for 15 min, then at 99 °C for 5 min and 5 °C for 5 min.

Primers for PCR amplifications were designed according to the
published partial sequence of the rat FGFR1 cDNA (16) and rat
G3PDH (17, 18). Primers used for the amplification of FGFR1 and
G3PDH are listed below.

(8) FGFR1 (forward) 5'-TGCCGTATGTCCAGATCC-3' (size
278 bp), (reverse) 5'-CTTGTAGATGATGACGGAGC-3’

(b) G3PDH (forward) 5'-ACCACAGTCCATGCCATCAC-3' (size =
452 bp), (reverse) 5-TCCACCACCCTGTTGCTGTA-3'.

One twentieth of the RT reaction mixture was used in each PCR
reaction in a PCR buffer containing 0.2 mM of each set of primers,
0.5 units of Taq polymerase (Perkin-Elmer Cetus Corp., Norwalk,
CT), 10 mM Tris (pH 8.3), 2 MM MgCl,, and 50 mM KCI. The PCR
mixtures were incubated in a thermal cycler (GeneAmp PCR System
2400, Perkin-Elmer Cetus Corp., Norwalk, CT) for 29 cycles (in the
case of FGFR1 amplification) or 28 cycles (in the case of G3PDH)
using the following profile: an initial denaturation step at 94 °C for
7 min, then repeated cycles of 94 °C for 45 s, 55 °C for 45 s, and 72
°C for 90 s. The samples were finally incubated at 72 °C for 7 min,
then stored at 4 °C. Eight pl of the PCR samples was run on 5.0%
acrylamide gels stained with 0.2 pg/ml ethidium bromide, and the
PCR products were visualized with a uv transilluminator and then
photographed using Polaroid films (667, 1SO3000, Hertfordshire,
U.K.). The photographic images of the gel staining were scanned
with a color image scanner (GT-6000, SEIKO-EPSON, Nagano, JA-
PAN). The band intensities were quantitated by image analyzing
computer software, NIH Image. The relative intensity value, the
intensity of the FGFR1 band divided by that of the G3PDH band,
was calculated for the standardization of FGFR1 mRNA expression.

Western blot analysis for FGFR. Cell lysates were prepared from
subconfluent palatal fibroblasts and scar fibroblasts, using RIPA
buffer (19) containing 0.12 TIU/ml aprotinin, 50 ug/ml leupeptin, 1
mM sodium orthovanadate, and 1 mM phenylmethylsulfonylfluoride.
Cell lysates were electrophoresed in 7.5% SDS-polyacrylamide gels
and transblotted onto PVDF membranes (Immobilon-P, Millipore
Co., Bedford, MA). The membranes were blocked with 5% BSA and
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incubated with anti-FGFR monoclonal antibodies diluted at 1:1000,
followed by incubation with goat anti-mouse Ig (G+A+M) conjugated
with horseradish peroxidase (Cappel Research Products., Durham,
NC.) diluted at 1:2000. The membranes were washed and developed
by the ECL system (Amersham International plc., Buckinghamshire,
England).

Detection of tyrosine autophosphorylation of FGFR. Cells were
serum-starved for 36 h and then treated with 100 ng/ml of bFGF for
5 min in the presence of 10% FBS. Cell lysates were prepared, incu-
bated with monoclonal antibodies to FGFR (VBS-7) for 2 h at 4 °C
and with agarose-bound protein G (Immuno Pure Plus Immobilized
Protein G; Pierce, Rockford, IL) for 2 h at 4 °C, then centrifuged at
13,000 g for 3 min at 4 °C. The immunoprecipitates were subjected
to 7.5% SDS-PAGE and immunoblotted with anti-phosphotyrosine
specific monoclonal antibodies. Tyrosine autophosphorylation of the
FGFR was detected by the ECL system.

Statistical analysis. Apoptosis was expressed as the percentage
of apoptotic cells. The data represented the mean of the apoptotic cell
percentage counted in ten randomly selected fields in each triplicate
experiment. Statistical analyses of significance were made by a one-
way analysis of variance (ANOVA), using the Fisher's PLSD test.

RESULTS

Apoptosis induction in palatal and scar fibroblasts
by bFGF in vitro. As the first attempt to examine the
effects of growth factors on palatal and scar fibroblasts,
we observed the cell detachment from the culture dish
by employing phase-contrast microscopy (FIG. 1). Scar
fibroblasts and TGF-#1-pretreated palatal fibroblasts,
both of which were reported to display myofibroblastic
features (2), showed a marked increase in the cell de-
tachment on treatment with bFGF following serum
starvation, while no significant cell detachment was
observed in normal palatal fibroblasts by the same
treatment (FIG. 1). To discriminate between apoptosis
and necrosis, we examined the DNA fragmentation of
growth factor-treated myofibroblasts by the TUNEL
method. As shown in FIG. 1, a number of scar fibro-
blasts and TGF-g1-pretreated palatal fibroblasts un-
derwent apoptosis. By contrast, apoptotic cells in pala-
tal fibroblasts were extremely rare even after the bFGF
treatment. Either cell detachment or apoptosis induc-
tion was hardly observed in these cells only by serum
starvation or the succeeding FBS recovery without
bFGF treatment. Neither did they occur only with
bFGF treatment without serum starvation (data not
shown). The analysis of the apoptotic cell percentage,
as shown in FIG. 2, indicated that only 0.62+0.34% of
palatal fibroblasts underwent apoptosis on treatment
with bFGF after serum starvation, while approxi-
mately a 9-fold increase in the apoptotic cell percentage
was observed in scar fibroblasts (5.49+0.85%) or TGF-
[l-pretreated palatal fibroblasts (5.40+1.49%) with
the same treatment, both of which were significantly
higher than that in palatal fibroblasts (p<0.05). Nei-
ther tumor necrosis factor (TNF)-a nor epidermal
growth factor (EGF) induced apoptosis in these cells
(data not shown).
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FIG. 1. Determination of apoptotic fibroblasts by the TUNEL method in vitro. Palatal fibroblasts (PF; a, d), scar fibroblasts (SF; b, e),
and phenotypically modulated palatal fibroblasts into myofibroblasts by the treatment with TGF-81 (TGF-S1 pretreated PF; c, f) were
treated with bFGF after 36 h of serum starvation. Representative cell morphology was determined by phase-contrast microscopy (a, b, c).
Apoptosis induction of cells was determined by the TUNEL method (d, e, f). Although apoptosis was very scarce in palatal fibroblasts
treated with bFGF (a, d), a larger enhancement of apoptosis induction was also observed by bFGF in scar fibroblasts (b, €) and phenotypically
modulated palatal fibroblasts into myofibroblasts by treatment with TGF-41 (c, f). Bars: a = 100 um; d = 15 pym.

Effect of TGF-£1 on FGFR1 mRNA expression in pal-
atal and scar fibroblasts. According to the above find-
ing that bFGF leads TGF-g1-pretreated palatal fibro-
blasts and scar fibroblasts to apoptosis, we next per-
formed RT-PCR in order to see the effect of TGF-£1 on
FGFR1 mRNA expression in palatal fibroblasts. Linear
amplification was obtained within 25-35 PCR cycles for
FGFR1 and within 25-30 PCR cycles for G3PDH cDNA
(data not shown), when the relative intensity values
were plotted against the cycle numbers. Therefore, 29
cycles for FGFR1 and 28 cycles for G3PDH were uti-
lized for semi-quantitative amplification in this study.
RT-PCR showed that FGFR1 mRNA expression was
significantly stimulated in palatal fibroblasts by 48 h
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of TGF-41 treatment (5 ng/ml) and that scar fibroblasts
spontaneously expressed a higher level of FGFR1
mMRNA compared with non-treated palatal fibroblasts
(FIG. 3).

Effect of TGF-81 on FGFR expression in palatal fi-
broblasts. We next investigated the effect of TGF-51
on FGFR expression by Western blot analysis using
monoclonal antibodies which recognize FGFR1 and
FGFR3. The increase in FGFR expression was obvious
in 12 h of the treatment with TGF-g1 (5 ng/ml), and
became more evident time-dependently up to 24 h (FIG.
4A). An increase in FGFR expression was observed on
treatment with 5 ng/ml of TGF-£1 for 48 h and became
more evident dose-dependently up to 20 ng/ml (FIG.
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FIG. 2. Graphic representation of apoptotic cell percentage of
palatal fibroblasts (PF), scar fibroblasts (SF), and phenotypically
modulated palatal fibroblasts into myofibroblasts by treatment with
TGF-B1 (TGF-S1 pretreated PF). The data represent the mean of
the apoptotic cell percentage counted in ten randomly selected fields
in each triplicate experiment. Statistical analyses of significance
were made by a one-way analysis of variance (ANOVA), using Fish-
er's PLSD test. *: p< 0.05.

4B). Serum starvation of palatal fibroblasts for 36 h
had no effect on the protein level of FGFR (FIG. 4C).
This may imply that the absence of apoptosis induction
in normal palatal fibroblasts by the treatment with
bFGFR is not due to the reduction in FGFR level by
serum starvation.

Tyrosine autophosphorylation of FGFR in palatal
and scar fibroblasts. FGFR is a glycoprotein with in-
trinsic protein tyrosine kinase activity (20). After 5 min
of bFGF (100 ng/ml) treatment following serum starva-
tion, tyrosine autophosphorylation of FGFR in palatal
and scar fibroblasts was recognized by Western blot
with anti-phosphotyrosine monoclonal antibodies.
Stimulation of tyrosine autophosphorylation of FGFR
was more significant in scar fibroblasts compared with
that of palatal fibroblasts (FIG. 5). Tyrosine autophos-
phorylation of FGFR without serum starvation prior
to bFGF stimulation was also measured. The tyrosine
phosphorylation level of FGFR in scar fibroblasts was
higher than that of palatal fibroblasts; however, no sig-
nificant increase in autophosphorylation of FGFR by
bFGF treatment was recognized without serum starva-
tion possibly due to the constitutively high autophos-
phorylation level due to the effect of serum (data not
shown).
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DISCUSSION

In the present study, we have demonstrated that
bFGF leads to apoptosis of scar fibroblasts and TGF-
[l-pretreated palatal fibroblasts in vitro. This indi-
cates that bFGF, which is well-known to be mitogenic
for fibroblasts, acts at the same time as a factor which
is involved in the apoptosis induction in differentiated
myofibroblastic cells under a growth-arrested condi-
tion. The condition that has been identified in this work
as essential to the bFGF apoptosis signal is the imposi-
tion of Gy cell cycle arrest. In this experiment, the qui-
escent cells maintained in low-serum D-MEM were
found to be more sensitive to the cytocidal effect of
bFGF compared to cells grown in serum-containing me-
dium. Various fibroblasts respond to serum deprivation
by reversible growth arrest in the G, phase (11, 12, 21,
22). This may indicate that the G, phase of the cell
cycle was the susceptible phase to apoptosis (23, 24) or
that growth factor-dependent apoptosis is concerned
with inability to transit the G,/S checkpoint (24).

We have also shown that TGF-£1 increased the pro-
tein and mRNA levels of bFGFR in rat palatal scar

Relative intensity value
of FGFR mRNA expression

TGF-pL
pretreated PF

FIG. 3. RT-PCR of FGFR1 mRNA in palatal and scar fibroblasts.
(A) RT-PCR showed that FGFR1 mRNA expression was significantly
stimulated in palatal fibroblasts (PF) by 48 h of TGF-51 treatment
(5 ng/ml) and that scar fibroblasts (SF) simultaneously expressed a
higher level of FGFR1 mRNA compared with non-treated PF. No
significant difference was observed in control G3PDH gene expres-
sion among the three samples. (B) The FGFR1 mRNA level was
calculated by dividing the intensity of the FGFR1 band (A, upper)
by the intensity of the G3PDH band (A, lower) as determined by
densitometric scanning.
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fibroblasts. These data corroborate earlier findings that
TGF-481 increased the levels of bFGF and FGFR
mMRNAs in myofibroblastic liver cells (25) and induced
the expression of tyrosine kinase-containing FGFR1
transcripts in endothelial cells (26). In support of the
in vitro data, we have also observed that FGFR protein
was localized in the «-SM actin-expressing myofi-
broblasts during palatal wound healing in vivo (data
not shown).

In the present study, bFGF stimulated tyrosine auto-
phosphorylation of FGFR significantly higher in scar
fibroblasts than that in palatal fibroblasts. This may be
because scar fibroblasts expressed higher FGFR than
palatal fibroblasts. Other studies also indicated that
TGF-41 synergistically increased bFGF-induced osteo-
blast mitogenicity (27) and that incubation of cells with
TGF-g prior to bFGF addition substantially increased
the responsiveness of adult skin fibroblasts to the latter
cytokine (28). Combined with these data, it is suggested
that TGF-51 regulates the expression of FGFR and
possibly its activation.

In vivo, surgical wounds are characterized by a
rapid and early angiogenic environment that is medi-
ated in part by bFGF, suggesting that tissue or plate-
let stores of bFGF may initiate wound repair (29).
bFGF treatment resulted in an acceleration of wound
healing in almost the same dose range regardless of
impairment causes or animal species used (30). For
example, treatment with bFGF restored the inflam-
matory response in wound healing of diabetic mice
(31). Moreover, bFGF decreases the ability of fibro-
blasts to contract collagen fibers (32). Preliminary
results have shown that bFGF decreases the expres-
sion of @-SM actin in cultured fibroblasts (1). The

TGF-ﬁl
A Time 0 6 24 (h)
-
TGF-ﬁ]
B Dose 0 20 (ng/ml)

rorn - . -
C 1 2
o -

FIG. 4. Western blot analysis for FGFR in palatal fibroblasts
(PF). FGFR in PF was significantly increased by TGF-£1 treatment
time- (A) and dose- (B) dependently. No significant difference in the
FGFR protein levels in PF before (lane 1; C) and after serum starva-
tion (lane 2; C).
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IP : Anti-FGFR
WB : Anti-phosphotyrosine
PF SF
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FIG.5. Tyrosine autophosphorylation of FGFR upon stimulation
by bFGF in palatal fibroblasts (PF) and scar fibroblasts (SF). After
5 min of bFGF (100 ng/ml) treatment following to serum starvation,
tyrosine autophosphorylation of FGFR was analyzed by immunopre-
cipitation (IP) with monoclonal FGFR antibodies followed by Western
blot (WB) with anti-phosphotyrosine monoclonal antibodies. Stimu-
lation of tyrosine autophosphorylation of FGFR was more significant
in SF as compared with that of PF.

beneficial effects of bFGF on wound healing were pos-
sibly due to its potent angiogenesis and granulation
tissue formation activities, leading to a rapid reepi-
thelialization of the wound. In addition, bFGF may
promote the induction of apoptosis in myofibroblasts
during wound healing. The properties of bFGF asso-
ciated with its ability to inhibit fibroblasts contrac-
tion and induce apoptosis in myofibroblasts may be
of interest in the management of wound healing.

In conclusion, we showed that 1) bFGF induced
apoptosis of scar fibroblasts and TGF-g1-pretreated
myofibroblastic palatal fibroblasts in culture. 2) TGF-
[1 elevated both the protein level and the mRNA ex-
pression level of FGFR1 in palatal fibroblasts. 3) Tyro-
sine phosphorylation of bFGFR upon stimulation by
bFGF was significantly higher in scar fibroblasts com-
pared with palatal fibroblasts.

These findings have suggested that bFGF is a possi-
ble inducer of apoptosis in myofibroblasts during pala-
tal scar formation and that FGFR may be responsible
for apoptosis induction.
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