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Abstract 

Fibroblasts play a pivotal role in the process of cutaneous wound repair, whereas their migratory 
ability under diabetic conditions is markedly reduced. In this study, we investigated the effect of 
basic fibroblast growth factor (bFGF) on human dermal fibroblast migration in a high-glucose en-
vironment. bFGF significantly increased dermal fibroblast migration by increasing the percentage of 
fibroblasts with a high polarity index and reorganizing F-actin. A significant increase in intracellular 
reactive oxygen species (ROS) was observed in dermal fibroblasts under diabetic conditions fol-
lowing bFGF treatment. The blockage of bFGF-induced ROS production by either the ROS 
scavenger N-acetyl-L-cysteine (NAC) or the NADPH oxidase inhibitor diphenylene iodonium 
chloride (DPI) almost completely neutralized the increased migration rate of dermal fibroblasts 
promoted by bFGF. Akt, Rac1 and JNK were rapidly activated by bFGF in dermal fibroblasts, and 
bFGF-induced ROS production and promoted dermal fibroblast migration were significantly at-
tenuated when suppressed respectively. In addition, bFGF-induced increase in ROS production 
was indispensable for the activation of focal adhesion kinase (FAK) and paxillin. Therefore, our data 
suggested that bFGF promotes the migration of human dermal fibroblasts under diabetic condi-
tions through increased ROS production via the PI3K/Akt-Rac1-JNK pathways. 
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Introduction 
Impaired wound healing is an emerging global 

public concern with considerable social, health, and 
economic consequences. One of the most common 
diseases associated with impaired tissue repair is di-
abetes mellitus, and foot ulcerations are the most 

frequent cause of hospitalization in patients with di-
abetes [1]. The healing of cutaneous wounds is a 
complex and highly orchestrated process that in-
cludes four main integrated and overlapping phases: 
hemostasis, inflammation, proliferation and tissue 
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remodeling [2]. However, this orderly progression of 
the healing process is impaired in diabetic patients [3]. 

Cutaneous wounds require a well-orchestrated 
interaction of cell migration and proliferation from 
numerous different tissues and cell lineages. Among 
these cell types, fibroblasts play a pivotal role in all 
four phases of wound healing. After wounding, fi-
broblasts are attracted from the edge of the wound or 
from the bone marrow [4]. At the inflammation stage, 
fibroblasts produce a variety of chemokines [5]. At the 
stage of new tissue formation, fibroblasts are stimu-
lated by macrophages, and some differentiate into 
myofibroblasts. Fibroblasts interact with myofibro-
blasts to produce extracellular matrix, mainly in the 
form of collagen [5]. At the tissue remodeling stage, 
most of the myofibroblasts, macrophages and endo-
thelial cells undergo apoptosis or exit from the 
wound, leaving a mass that contains few cells and 
consists mostly of collagen and other extracellular 
matrix proteins [6]. However, diabetes has an adverse 
effect on the proliferation of fibroblasts [7, 8]. Accu-
mulating evidence also suggests that the fibroblasts 
from diabetic mice and rats exhibit a marked reduc-
tion in migratory ability compared with those from 
normal control mice [9, 10].  

Growth factors have been shown to play multi-
ple and critical roles in the process of wound healing, 
and their decreased expression in diabetes mellitus 
may disrupt the normal healing process [11]. Among 
growth factors, basic fibroblast growth factor (bFGF) 
is a potent mitogen that stimulates the migration, 
proliferation, and differentiation of cells of mesen-
chymal and neuroectodermal origin, such as 
keratinocytes, fibroblasts, melanocytes and endothe-
lial cells [12]. Animal studies have shown that recom-
binant human bFGF can promote wound healing in 
genetically diabetic mice and streptozotocin-induced 
diabetic rats [13, 14]. It has been suggested that re-
combinant bFGF promotes granulation and epitheli-
alization and shortens the time required for healing in 
patients with diabetic ulcers as well as in patients with 
other types of skin ulcers [15, 16]. However, the 
mechanisms underlying the therapeutic effect of 
bFGF on skin wounds under diabetic conditions are 
not completely understood. 

The migration of various cells mediated by bFGF 
and the underlying signal transduction pathways 
have been studied extensively [17]. However, the ef-
fect of bFGF on human dermal fibroblast migration 
under diabetic conditions remains unknown. In this 
study, we investigated the effect of bFGF on the mi-
gration of human dermal fibroblasts under diabetic 
conditions and further examined its molecular 
mechanism. 

Materials and Methods 

Cell culture 
Human foreskins were obtained from the First 

Affiliated Hospital of Wenzhou Medical University 
with approval by the Ethic Committee of First Affili-
ated Hospital of Wenzhou Medical University, Wen-
zhou, China. All of the experiments were performed in 
accordance with the relevant approved guidelines 
and regulations. The isolation and primary culture of 
human dermal fibroblasts were performed as de-
scribed previously [16]. Briefly, the foreskins were 
washed three times in phosphate-buffered saline 
(PBS) solution containing 1% penicillin and strepto-
mycin sulfate. Subsequently, the excised tissues were 
digested with 0.5% dispase II at 4°C overnight. The 
epidermis and subcutaneous tissue were then re-
moved from the excised tissues, cut into pieces with a 
size of approximately 1×1×0.5 cm and placed into T25 
tissue culture flasks as explants. Dulbecco’s modified 
eagle medium (DMEM) containing 5.5 mM D-glucose, 
20% fetal bovine serum (FBS), 1% penicillin, strepto-
mycin sulfate and 2 mM L-glutamine was used as the 
growth medium. The medium was replaced every 
three days. The primary fibroblasts were grown at 
37°C in an atmosphere of 5% CO2 and were passaged 
every other day by trypsinization. Cells that had un-
dergone three to six passages were used for all of our 
experiments. 

Cell proliferation assay 
Human dermal fibroblasts were plated in 35-mm 

tissue culture dishes at a density of 2.4×104 cells/ml 
and cultured overnight. The culture medium was 
modified according to the experimental groups to 
include the following constituents: 5.5 mM D-glucose 
for the normal-glucose group, 30 mM D-glucose for 
the high glucose group and 5.5 mM D-glucose and 
24.5 mM mannitol for the osmotic control group. 
Twenty-four hours later, the cells were treated with 
100 ng/ml bFGF for 24 h in the presence or absence of 
5 μg/ml mitomycin-C. The cells were then washed 
three times with PBS and harvested using 0.1% tryp-
sin. The number of cells was counted in a microscopic 
counting chamber. 

Wound-healing assay 
Human dermal fibroblasts were plated over-

night in six-well tissue culture dishes under standard 
culture conditions. The culture medium was modified 
as described previously for a period of 24 h. After 
another 24 h of serum starvation, the cells were 
wounded with a linear scratch using a sterile pipette 
tip and treated with 100 ng/ml bFGF in the presence 
of 5 μg/ml mitomycin-C. Twelve and 24 hours after 
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wounding, the cells were washed with PBS to remove 
any floating cells and cellular debris. Images of the 
wound closure or cell migration were immediately 
photographed using an inverted microscope 
equipped with a digital camera. To observe the role of 
PI3K/Akt, JNK, ROS, and NADPH oxidases in the 
migration of human dermal fibroblasts, the cells were 
pretreated with 10 μM LY294002, 10 μM SP600125, 10 
mM NAC or 10 μM diphenyleneiodonium chloride 
(DPI), respectively, for 1 h before wounding. The dis-
tances between the front edges of the selected cells 
and the wound edge 12 or 24 h after wounding were 
measured using the ImageJ software. The migration 
rate was expressed as the migration distance/time 
(μm/h). All of the wound-healing assays were per-
formed in the presence of 5 μg/ml mitomycin-C to 
inhibit cell proliferation. 

Analysis of cell polarity index 
To migrate, cells must possess a defined front 

and rear to move in one direction. Without this 
front-rear polarity, the cells will be unable to coordi-
nate a directed migration. To assess the effect of bFGF 
on cell polarity, the polarity index was calculated as 
the length of the major migration axis (parallel to the 
direction of movement) divided by the length of the 
perpendicular axis that intersects the center of the cell 
nucleus after treatment with 100 ng/ml bFGF for 1 h 
in the presence of 5 μg/ml mitomycin-C [10, 18]. 

Rac 1 pull-down assay 
The Rac1 pull-down assay was performed using 

the manufacturer’s protocol. In brief, the cells were 
scraped into ice-cold lysis buffer and centrifuged for 
10 min at 12,000 rpm. The cleared lysates (containing 
at least 500 μg) were incubated with 20 μg of 
Pak1-PBD agarose (Thermo scientific, Hangzhou, 
China) for 1 h at 4°C with gentle rocking. The beads 
were washed three times with wash buffer, heated for 
5 min at 100°C in reducing SDS-PAGE sample buffer, 
and then centrifuged for 2 min at 6,000 rpm. 
Rac1-GTP expression was analyzed by western blot 
using anti-Rac1 antibody. 

siRNA knockdown of Rac1 
Scrambled control siRNA (sc-37007) and Rac1 

siRNA (sc-36351) were purchased from Santa Cruz. 
Primary human fibroblasts were transfected with 
Rac1 siRNA (10 nM) using Lipofectamine 2000 rea-
gent (Invitrogen, Shanghai, China) with the manu-
facturer’s protocol. Twenty-four hours after transfec-
tion, the cells were subjected to bFGF treatment. Spe-
cific silencing was confirmed by western blot. 

Measurement of intracellular ROS production 
The membrane-permeable indicator H2DCF-DA 

was used to detect intracellular ROS production. The 
cells were cultured in DMEM containing 5.5 mM 
glucose overnight. The cells were then cultured in 
DMEM containing 30 mM glucose for 24 h. After an-
other 24 h of serum starvation, the cells were treated 
with 100 ng/ml bFGF for 24 h in the presence or ab-
sence of DPI or NAC. The cells were loaded with 10 
μmol/l H2DCF-DA in serum-free DMEM at 37°C for 
30 min and washed three times with PBS. Fluorescent 
images were obtained using an upright fluorescence 
microscope.  

Western blot analysis 
The cells were lysed in RIPA buffer (50 mM 

Tris–HCl, pH 7.4, 150 mM NaCl, 0.25% Na deoxy-
cholate, 1% NP-40, 1 mM EDTA, 1 mM PMSF, 1 mM 
Na3VO4, 1 mM NaF, and complete protease inhibitor 
cocktail), incubated for 10 min on ice and centrifuged 
at 12,000 rpm for 10 min at 4°C. The protein samples 
were denatured by incubating at 100°C for 10 min in 
5× loading buffer, separated on 10.6% polyacrylamide 
gels, and transferred to a polyvinylidene difluoride 
membrane. The membranes were incubated in TBS 
containing 5% nonfat milk and 0.05% Tween-20 for 1 
h and blotted with primary antibodies at 4°C over-
night (p-Akt/Akt, Santa cruz, Shanghai, China. 1:500 
dilution; p-JNK/JNK, p-FAK/FAK and 
p-Paxillin/Paxillin, Cell signaling technology, 
Shanghai, China. 1:1000 dilution; NOX4, Abcam, 
Shanghai, China. 1:1000 dilution). The membranes 
were washed with TBST for 15 min (three times for 5 
min each) the next day. Subsequently, the membranes 
were incubated with second antibody (Santa cruz, 
Shanghai, China. 1:3000 dilution) for 1 h at room 
temperature and washed with TBST for 21 min (three 
times for 7 min each). The membranes were then de-
tected using ECL ECL (Bio-Rad, Hangzhou, China). 
The western blot results were further analyzed using 
the Quantity One software 4.1.1 (Bio-Rad, Hangzhou, 
China). 

Immunofluorescence 
The cells were plated in six-well tissue culture 

dishes. The cells were maintained in a high-glucose 
medium containing 10% FBS for 24 h and cultured in 
serum-free DMEM for 24 h. The cells were then 
treated with or without 100 ng/ml bFGF for 6 and 12 
h after wounding in the presence of 5 μg/ml mito-
mycin-C. The cells were fixed with 4% paraformal-
dehyde in PBS for 20 min, permeabilized with 0.3% 
Triton X-100 in PBS for 15 min and incubated with 5% 
bovine serum albumin (BSA) in PBS for 45 min to 
block nonspecific antibody binding at room temper-
ature. The cells were incubated with fluorescein 
isothiocyanate-labeled phalloidin staining solution in 
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PBS containing 1% BSA for 35 min and washed with 
PBS for 15 min. The nuclei were stained with DAPI. 
Fluorescence images were obtained using an upright 
fluorescence microscope. All of the illustrations were 
assembled and processed digitally. 

Statistical analysis 
Data are expressed as the mean ± SEM. Statistical 

significance was determined using Student’s t-test for 
two experimental groups. For more than two groups, 
the statistical evaluation of data was performed using 
one-way analysis of variance (ANOVA) followed by 
Dunnett’s post hoc test. For all tests, P < 0.05 was 
considered significant. 

Results 
bFGF promoted the migration of human 
dermal fibroblasts under diabetic conditions 

High glucose mediated oxidative stress and im-
paired cell migration. To investigate the effect of high 
glucose on human dermal fibroblast migration, a 
wound-healing assay was performed. The migratory 
ability of dermal fibroblasts was markedly impaired 
in the presence of a high concentration of glucose for 
12 and 24 h, and the migration rates of dermal fibro-
blasts incubated with mannitol showed no significant 
decrease (Supplementary Material: Figs. S1A and 
S1B). These results suggest that the 
high-glucose-impaired migration of dermal fibro-
blasts does not result from changes in osmotic pres-
sure. 

bFGF is a well-known potent mitogen for most 
cell types. In this study, we focused on investigating 
the effect of bFGF on the migration of human dermal 
fibroblasts under high-glucose conditions. Therefore, 
to eliminate the impact of cell proliferation on the 
process of evaluating bFGF-induced dermal fibroblast 
migration, mitomycin C at a final concentration of 5 
μg/ml was selected and used in all of our subsequent 
experimental procedures. Under such concentrations, 
mitomycin C completely blocked the proliferation of 
dermal fibroblasts while exhibiting no visible damage 
on cell viability (Supplementary Material: Fig. S1C). 
To migrate, a cell must normally establish morpho-
logical polarity and continuously protrude a single 
lamellipodium polarized in the direction of migration. 
To explore the impact of bFGF on cell polarity, the 
polarity index of dermal fibroblasts with or without 
bFGF treatment was determined. The results indicate 
that bFGF treatment significantly increased the cell 
number with elongated morphology. The fraction of 
those dermal fibroblasts under high-glucose condi-
tions with a polarity index greater than 5 was 57.28%. 
When treated with bFGF for only 1 h, the percentage 

of cells with a polarity index greater than 5 sharply 
increased to 85.44% (Figs. 1A and 1B). To migrate, 
cells also require reorganization of the cytoskeleton, 
such as F-actin. bFGF promotes the remodeling of 
F-actin in dermal fibroblasts under high-glucose con-
ditions and thus further boosts the formation of la-
mellipodia (Fig. 1C). These results suggest that the 
migratory ability of dermal fibroblasts is significantly 
impaired under high-glucose conditions and that 
bFGF promotes the migration of dermal fibroblasts 
impaired by high glucose by increasing the number of 
cells with a high polarity index and boosts cytoskele-
tal rearrangement, including F-actin. 

 
 

 
Fig. 1. bFGF altered human dermal fibroblast polarity impaired by high 
glucose. (A, B) The front-rear polarity index of dermal fibroblasts treated without or 
with 100 ng/ml bFGF under high-glucose conditions was calculated in single cell in 
scratch wound edge. (C) F-actin was labeled by FITC-conjugated phalloidin 6 h or 12 
h after wounding with or without bFGF treatment.  

 

PI3K/Akt is involved in bFGF-promoted der-
mal fibroblast migration under high-glucose 
conditions 

It has been widely reported that phosphatidyl-
inositol 3-kinase (PI3K) is associated with cell polari-
zation and migration in certain cell types [19]. How-
ever, it remains unclear whether PI3K is involved in 
bFGF-induced human dermal fibroblast migration 
under high-glucose conditions. The addition of bFGF 
at a final concentration of 100 ng/ml sharply in-
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creased the activity of Akt after 15 min of treatment. 
The level of phosphorylated Akt enhanced by bFGF in 
cultured human dermal fibroblasts was completely 
inhibited by LY294002, which is an Akt-specific in-
hibitor (Figs. 2D and 2E). Through a wound-healing 
assay, we found that bFGF treatment notably pro-
moted the migration of dermal fibroblasts under 
high-glucose conditions with migratory rates of 
20.200 ± 0.428 and 13.680 ± 0.333 µm/h 12 h or 24 h 
after wounding compared with 10.901 ± 0.200 and 
7.812 ± 0.253 µm/h for the untreated control, respec-
tively. However, when pretreated with LY294002, 

bFGF-induced fibroblast migration was completely 
blocked. The migratory rates were determined to be 
8.343 ± 0.282 and 6.294 ± 0.252 µm/h at 12 h or 24 h 
after wounding, respectively (Figs. 2A-2C). These 
results demonstrate that PI3K is involved in 
bFGF-promoted dermal fibroblast migration under 
high-glucose conditions. 

Rac1 is involved in bFGF-promoted dermal 
fibroblast migration under high-glucose condi-
tions 

Rac1 is a member of the small GTPases of the 
Rho family and regulates cell cytoskeletal 
dynamics and cell migration [20]. To in-
vestigate the involvement of Rac1 in 
bFGF-induced fibroblast migration, we 
measured the activities of Rac1 in fibro-
blasts after treatment with bFGF. Rac1 
activity was increased two-fold 10 min 
after bFGF stimulation and remained high 
for 30 min (Figs. 3D and 3F). The activity 
of Rac1 enhanced by bFGF in cultured 
human dermal fibroblasts was partially 
inhibited by Rac1 interference (Figs. 3E 
and 3G). The transfection of Rac1 siRNA 
led to a significant reduction in the Rac1 
protein levels and Rac1-GTP levels in re-
sponse to bFGF stimulation. The inhibition 
of Rac1 activity also significantly affected 
bFGF-induced dermal fibroblast migration 
under high-glucose conditions in a 
wound-healing assay, with the migratory 
rate decreasing to 8.995 ± 0.742 and 6.733 ± 
0.485 µm/h compared with 16.741 ± 1.259 
and 14.660 ± 0.513 µm/h for the 
non-treated control at 12 h or 24 h after 
wounding (Figs. 3A-3C). 

JNK is involved in bFGF-promoted 
dermal fibroblast migration under 
high-glucose conditions 

JNK was initially identified and pu-
rified as a p54 microtubule-associated 
protein kinase and is activated by a wide 
range of stresses. JNK has also been re-
ported to be involved in a wide variety of 
cellular processes, such as cell prolifera-
tion, migration and cytoskeleton reorgan-
ization [21]. To explore whether JNK also 
participates in the process of dermal fi-
broblast migration promoted by bFGF 
under high-glucose conditions, SP600125, 
a specific JNK inhibitor, was added into 
the culture medium for the subsequent 
detection of phosphorylated JNK levels 

  
Fig. 2. PI3K/Akt was involved in bFGF-promoted dermal fibroblast migration under 
high-glucose conditions. (A) PI3K inhibitor LY294002 (10 µM) blocked bFGF-induced dermal 
fibroblast migration at 12 or 24 h after wounding as detected using a wound-healing assay. (B, C) The 
migration rate of dermal fibroblasts in the presence of LY294002 was expressed as the migrating 
distance per hour and analyzed. The data are presented as the means ± S.E.M. from six independent 
experiments. (D, E) bFGF enhanced the activity of Akt but was markedly inhibited by LY294002, as 
detected by western blot. *P < 0.05 and **P < 0.01 compared with the indicated control group. 
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and the migratory rate. bFGF treatment increased the 
activity of JNK, and its activation was completely 
blocked by SP600125 (Figs. 4D and 4E). The inhibition 
of phosphorylated JNK activity also significantly af-
fected bFGF-induced dermal fibroblast migration 
under high-glucose conditions in a wound-healing 
assay, with the migratory rate decreasing to 6.679 ± 
0.319 and 7.197 ± 0.214 µm/h compared with 16.310 ± 
0.669 and 14.100 ± 0.228 µm/h for the non-treated 
control at 12 h or 24 h after wounding, respectively 
(Figs. 4A-4C). 

PI3k/Akt contributed to Rac1 activation, and 
JNK was downstream of Rac1 in bFGF signal-
ing 

Rac1 acts as a downstream effector of PI3-kinase 
in several growth factor-stimulated pathways, and the 

activity of JNK is regulated by the small GTPases [22]. 
Consequently, we measured the activation of Rac1 
treated with LY294002 and the activation of JNK 
through treatment with Rac1 siRNA in dermal fibro-
blasts after bFGF stimulation to examine whether 
PI3-kinase is upstream of Rac1, and JNK was found to 
be downstream of Rac1 in bFGF-induced dermal fi-
broblast migration. The level of Rac1-GTP showed a 
30% reduction in the presence of LY294002 (Figs. 5A 
and 5C), and the activity level of JNK showed a 50% 
reduction in the presence of Rac1 siRNA after bFGF 
stimulation (Figs. 5B and 5D). These data indicate that 
PI3K/Akt contributes to bFGF-induced Rac1 activa-
tion and that JNK is downstream of Rac1 in bFGF 
signaling. 

 

 

 

 
Fig. 3. Rac1 was involved in bFGF-promoted dermal fibroblast migration under high glucose conditions. (A) Rac1-siRNA (10 nM) blocked bFGF-induced dermal 
fibroblast migration at 12 or 24 h after wounding, as detected through a wound-healing assay. (B, C) The migration rate of dermal fibroblast in the presence of Rac1 siRNA is 
expressed as the migrating distance per hour and analyzed. The data are presented as the means ± S.E.M. from six independent experiments. (D, F) bFGF enhanced the activity 
of Rac1, as detected by western blot. (E, G) Rac1-siRNA reduced the total Rac1 protein and the activity of Rac1 after bFGF treatment. *P < 0.05 and **P < 0.01 compared with 
the indicated group. 
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Fig. 4. JNK mediated bFGF-induced dermal fibroblast migration under diabetic conditions. (A) JNK inhibitor SP600125 (10 µM) suppressed bFGF-stimulated 
dermal fibroblast migration at 12 or 24 h after wounding, as detected through a wound-healing assay. (B, C) The migration rate of dermal fibroblast in the presence of SP600125 
is expressed as the migrating distance per hour and analyzed. The data are represented as the means ± S.E.M. from six independent experiments. (D, E) bFGF increased the 
activity of JNK but was markedly inhibited by SP600125, as detected by western blot. *P < 0.05 and **P < 0.01 compared with the indicated control group. 

 
Increased ROS production was required for 
bFGF-promoted dermal fibroblast migration 
under diabetic conditions 

ROS is linked to cell migration in certain cell 
types. To identify whether ROS production was also 
involved in the bFGF-induced migration of dermal 
fibroblasts under high-glucose conditions, the intra-
cellular ROS generation following bFGF treatment 
was detected using the fluorescent probe H2DCFDA. 
bFGF can significantly induce the generation of in-
tracellular ROS after 24 h of incubation. Treatment 

with 10 μM N-acetyl-l-cysteine (NAC), a potent ROS 
scavenger, strongly suppressed the increased ROS 
levels induced by bFGF in dermal fibroblasts (Fig. 
6A). In the wound-healing assay, the inhibition of 
bFGF-induced ROS generation by NAC apparently 
attenuated the migration of dermal fibroblasts pro-
moted by bFGF with their migratory rate decreasing 
to 6.952 ± 0.6419 µm/h compared with a migratory 
rate of 11.27 ± 0.6327 µm/h in the control group at 24 
h after wounding (Figs. 6B and 6D).  

NADPH oxidase (NOX) is considered a major 



Int. J. Biol. Sci. 2015, Vol. 11 
 

 
http://www.ijbs.com 

852 

source of ROS in several physiological and patholog-
ical processes. Thus, we determined whether 
bFGF-upregulated ROS production was dependent on 
NADPH oxidase [23]. Pretreatment with DPI, a potent 
inhibitor of NADPH oxidase, completely blocked 
bFGF-induced ROS production (Fig. 6A). DPI also 
significantly suppressed bFGF-boosted dermal fibro-
blast migration, with the migratory rate decreasing to 
6.069 ± 0.3205 µm/h at 24 h after wounding in the 
wound-healing assay (Figs. 6C and 6D). In addition, 
the NOX4 mRNA and protein levels were signifi-
cantly up-regulated after bFGF treatment compared 
with the control group (Figs. 6E and 6F). These results 
suggest that bFGF induces ROS production in a 
NADPH oxidase-depending manner to promote the 
migration of dermal fibroblast under high-glucose 
conditions.  

bFGF induced intracellular ROS production via 
the PI3K/Akt and JNK pathways 

To evaluate whether ROS is involved in the 
bFGF-induced migration of human dermal fibro-
blasts, we investigated the potential interaction be-
tween ROS production and the phosphorylation of 
PI3K/Akt and JNK. The pretreatment of dermal fi-
broblasts with NAC or DPI did not block the phos-
phorylation of either Akt or JNK induced by bFGF 
(Figs. 7A-7D), suggesting that NADPH oxi-
dase-derived ROS are not necessary for the 
bFGF-induced activation of both Akt and JNK. 
However, the addition of LY294002 or SP600125 
sharply suppressed bFGF-induced ROS production 

(Fig. 7E). These results indicate that bFGF induces the 
generation of ROS via the Akt and JNK pathways to 
promote the migration of human dermal fibroblasts 
under high-glucose conditions.  

Increased ROS production is indispensible for 
the activation of FAK and paxillin induced by 
bFGF 

Focal adhesion kinase (FAK) has been widely 
reported to be involved in the control of several bio-
logical processes, including cell proliferation and mi-
gration. Paxillin is phosphorylated by FAK and thus 
provides a docking site for the recruitment of other 
signaling molecules to focal adhesions to promote cell 
migration [23, 24]. Therefore, we further investigated 
whether these molecules mediate the bFGF-induced 
migration of dermal fibroblasts in the presence of a 
high concentration of glucose. The level of phosphor-
ylated FAK was significantly up-regulated after 15 
min of treatment with bFGF compared with the level 
of total FAK (Fig. 8A). Nevertheless, both the ROS 
scavenger NAC and the NADPH oxidase inhibitor 
DPI nearly completely blocked the phosphorylation of 
FAK induced by bFGF, but these had no effect on the 
level of total FAK (Figs. 8B and 8C). Paxillin began to 
be phosphorylated after incubation with bFGF for 5 
min and reached a maximum level 15 min after bFGF 
addition (Fig. 8D). Similarly, the phosphorylation of 
paxillin following treatment with bFGF was also sig-
nificantly inhibited by NAC and DPI, suggesting that 
increased ROS production by bFGF was indispensable 
for the activation of FAK and paxillin (Figs. 8E and 

8F). These data suggested that the acti-
vation of FAK and paxillin is involved in 
the process of bFGF-induced fibroblast 
migration under high-glucose condi-
tions. Furthermore, bFGF-induced ROS 
production is required for the activation 
of FAK and paxillin to promote the mi-
gration of dermal fibroblasts under 
high-glucose conditions. 

 
Fig. 5. PI3k/Akt contributed to Rac1 activation, and JNK 
was downstream of Rac1 in bFGF signaling. (A, C) The 
activities of Rac1 after treatment with or without 10 µM 
LY294002 were analyzed 15 min after stimulation with 100 ng/ml 
bFGF. (B, D) The activities of JNK after treatment with or 
without 10 nM Rac1-siRNA were analyzed 15 min after stimu-
lation with 100 ng/ml bFGF. 
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Fig. 6. Increased reactive oxygen species (ROS) production was required for bFGF-promoted dermal fibroblast migration under high-glucose conditions. 
(A) bFGF induced the generation of intracellular ROS in dermal fibroblasts but was suppressed by the ROS scavenger N-acetyl-l-cysteine (NAC) or the NADPH oxidase inhibitor 
DPI, as detected using the fluorescent probe H2DCFDA. (B, C, D) The suppression of bFGF-induced intracellular ROS production by NAC or DPI blocked bFGF-promoted 
dermal fibroblast migration. *P < 0.05 and **P < 0.01 compared with the indicated control group. (E, F) The NOX4 mRNA and protein levels in dermal fibroblasts after treatment 
with bFGF were determined by RT-PCR and western blot. *P < 0.05 compared with the indicated control group. 
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Fig. 7. bFGF induced intracellular ROS production via the PI3K/Akt and JNK pathways. (A-D) The ROS scavenger N-acetyl-l-cysteine (NAC) or NADPH oxidase 
inhibitor DPI did not block the phosphorylation of either Akt or JNK induced by bFGF, as detected by western blot. The optical density of p-Akt or p-JNK was normalized to Akt 
or JNK using the Quantity One software. The results are presented as fold changes compared with the control. (E) The PI3K inhibitor LY294002 or JNK inhibitor SP600125 
suppressed bFGF-increased reactive oxygen species production, as detected using the fluorescent probe H2DCFDA. *P < 0.05 and **P < 0.01 compared with the indicated 
control group. 

 

Discussion 
The proliferation and migration of dermal fibro-

blasts are essential for cutaneous wound repair be-
cause dermal fibroblasts migrate to damaged sites, 
repopulate the wound, and remodel fibrin and colla-
gen deposits [25]. Cutaneous wound healing is se-
verely impaired in diabetic patients, and high glucose 
is thought to be main reason for delaying wound 
healing in diabetes, we investigated the effect of a 
high concentration of glucose on the migration of 
human dermal fibroblasts. In this study, we showed 
that the migratory ability of dermal fibroblasts from 
human dermal skin was markedly impaired in a 

high-glucose environment and that bFGF activated 
the PI3K/Akt-Rac1-JNK signal pathway and signifi-
cantly promoted the migration of human dermal fi-
broblasts by increasing the number of cells with a 
high polarity index and boosting cytoskeletal rear-
rangement under diabetic conditions. In addition, we 
demonstrated that bFGF induces dermal fibroblast 
migration by upregulating the NOX4 level to mediate 
ROS production in the presence of a high concentra-
tion of glucose.  

Akt is a major transducer of the phosphoinosi-
tide 3-kinase pathway and plays a crucial role in the 
regulation of cellular processes, including growth, 
metabolism, survival, proliferation and migration 



Int. J. Biol. Sci. 2015, Vol. 11 
 

 
http://www.ijbs.com 

855 

[19]. The activation of the PI3K/Akt pathway plays a 
central role in establishing cell polarity and migration 
speed and is therefore required for the migration of 
various cell types, including fibroblasts [26]. Rac1 is 
required at the front of the cell to regulate actin 
polymerization and membrane protrusion [20], and 
c-Jun N-terminal kinase (JNK) is involved in the reg-
ulation of inflammation, differentiation and apoptosis 
[21]. Accumulating evidence also suggests that the 
JNK pathway is important for regulating cell migra-
tion [27]. bFGF has been shown to stimulate the di-
rected migration of periodontal ligament cells via 
PI3K/Akt [28]. Epidermal growth factor stimulates 
Rac1 activation through Src and PI3K to promote co-
lonic epithelial cell migration [29] and induces the 
ERK/Rac1 signaling pathway to promote cell migra-
tion in human hepatoma HepG2 cells [30]. In our 
study, the cultured human dermal fibroblasts showed 

significant increases in Akt, Rac1 and JNK activity 
following bFGF treatment. The inhibition of their ac-
tivities by a chemical inhibitor or siRNA interference 
significantly inhibited the migration of dermal fibro-
blasts induced by bFGF under diabetic conditions, 
implying that PI3K/Akt, Rac1 and JNK are involved 
in the regulation of bFGF-promoted dermal fibroblast 
migration. Several studies showed that Rac1 activa-
tion was dependent on PI3K activity and that inhibi-
tors of PI3K/Akt blocked Rac1 activation [22, 31]. 
Moreover, inhibition of the activity of Rac1 reduced 
JNK activity [32, 33]. In our study, the activity of Rac1 
was abolished by the PI3-kinase/Akt inhibitor 
LY294002, suggesting that PI3-kinase/Akt contributes 
to bFGF-induced Rac1 activation. Furthermore, the 
inhibitory activity of Rac1 achieved with Rac1 siRNA 
down-regulated JNK activation after treatment with 
bFGF. Thus, we concluded that bFGF promotes der-

mal fibroblast migration through 
the PI3K/Akt-Rac1-JNK pathway 
under diabetic conditions. Shig-
eyuki Kanazawa et al. also 
showed that bFGF regulates the 
PI3K/Akt-Rac1-JNK pathway 
and promotes dermal fibroblast 
migration in rodents [34]. How-
ever, the difference between our 
studies is the culture medium 
conditions. Primary rat dermal 
fibroblasts were cultured in nor-
mal DMEM medium in their ex-
periments, whereas human der-
mal fibroblasts were cultured in 
high-glucose medium in our 
study to mimic the diabetic con-
ditions in diabetes patients. The 
data demonstrated that the 
PI3K/Akt-Rac1-JNK signal 
pathway is a cell-dependent 
pathway in bFGF that promotes 
dermal fibroblast migration.  

 
Fig. 8. Increased ROS production was neces-
sary for the activation of FAK and paxillin 
induced by bFGF. (A, D) The activity of focal 
adhesion kinase (FAK) or paxillin was significantly 
up-regulated following bFGF treatment at the indi-
cated time point, as detected by western blot. The 
optical density of p-FAK or p-paxillin was measured 
using the Quantity One software and normalized to 
that of FAK or paxillin. The results are presented as 
fold changes compared with the non-treated control. 
(B, E) The ROS scavenger N-acetyl-l-cysteine (NAC) 
blocked the activity of FAK or paxillin induced by 
bFGF, as detected by western blot. (C, F) The 
NADPH oxidase inhibitor DPI suppressed the 
phosphorylation of FAK or paxillin stimulated by 
bFGF. *P < 0.05 and **P < 0.01 compared with the 
indicated control group. 
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ROS are a family of molecules that have histori-
cally been viewed as purely harmful metabolites re-
sulting in oxidative stress and damage in aging and 
diseases, such as diabetes mellitus [35, 36]. Diabetes 
mellitus is a group of metabolic disorders that cause 
chronic hyperglycemia, and hyperglycemia has been 
linked to impaired wound healing, particularly al-
tered angiogenesis and extracellular matrix remodel-
ing [10, 37]. It has been shown that alterations in cell 
function associated with diabetic conditions and oxi-
dative stress are the result of diabetes that damage the 
cell [38, 39]. High glucose modulates ROS formation 
and induces inflammation and cell apoptosis [40, 41], 
and a high-glucose environment enhances oxidative 
stress, increased interleukin-8 secretion and impaired 
keratinocyte migration. Fibroblasts from diabetic mice 
migrate 75% less than those from normoglycemic 
mice, and Lamers et al. showed that high glucose 
mediates oxidative stress, causes cell polarity loss and 
impairs cell migration [10]. In addition, advanced 
glycation end-products (AGEs) mediate the activation 
of ROS and blocks wound healing through impairing 
dermal fibroblast proliferation and migration [42]. 
Anti-AGE agents appear to facilitate wound healing 
by reducing AGE-associated inflammation and pro-
moting the recovery process [43, 44]. However, there 
is no difference in ROS production between normal 
glucose and high glucose group in our study. Unex-
pectedly, we found that bFGF increased ROS genera-
tion in high glucose, the reasons for this maybe the 
different kinds of cell, the glucose concentration and 
cell culture time in high glucose condition. Wealth of 
evidence shows that ROS produced in certain situa-
tions may also function as important physiological 
regulators of intracellular signaling pathways [45]. 
Furthermore, studies have shown that ROS play a 
pivotal role in mediating the migration of certain cell 
types. It has been reported that ROS are involved in 
vascular endothelial growth factor (VEGF)-mediated 
endothelial migration [46], platelet-derived growth 
factor-induced smooth muscle cell migration [47], 
vascular cell adhesion molecule-1 
(VCAM-1)-regulated leukocyte migration [48], and 
insulin-like growth factor-I (IGF-I)-stimulated vascu-
lar smooth muscle cell migration [49]. In accordance 
with the literature, our data suggest that increased 
ROS production is required for bFGF-induced human 
dermal fibroblast migration and that NAC signifi-
cantly inhibits bFGF-promoted human dermal fibro-
blast migration under diabetic conditions. There are 
numerous potential sources of ROS within the cell, 
and NADPH oxidases are one of the major enzymatic 
sources of ROS in different tissues [50]. Our data show 
that DPI significantly inhibits bFGF-promoted dermal 
fibroblast migration, suggesting that bFGF-induced 

ROS production in human dermal fibroblasts under 
high-glucose conditions is dependent on NDAPH 
oxidases. Classic NADPH oxidase consist of the two 
membrane bound subunits Nox2 and p22phox and 
the cytosolic components p47phox, p67phox, 
p40phox, and Rac-1, and several isoforms of the 
NADPH oxidase, such as NOX1, NOX3, and NOX4, 
have been reported [51]. Sampson et al. showed that 
NADPH oxidase 4 (NOX4)-derived ROS mediate fi-
broblast-to-myofibroblast transdifferentiation [52]and 
that NOX4 expression is increased in pulmonary fi-
broblasts and mediates TGF-beta1-induced fibroblast 
differentiation into myofibroblasts [53]. Thus, we 
tested whether NOX4 is up-regulated and mediates 
ROS production after bFGF treatment in dermal fi-
broblasts under diabetic conditions. Our data showed 
that the NOX4 mRNA and protein levels were up-
regulated in the presence of bFGF, indicating that 
bFGF induces ROS production and mediates dermal 
fibroblast migration by up-regulating the NOX4 
mRNA and protein levels. In adherent cells, ROS 
production participates in actin cytoskeletal reorgan-
ization by increasing FAK activity during cell 
spreading and participates in further control of gene 
expression and cell proliferation and migration [54]. 
In our study, bFGF was found to promote the migra-
tion of dermal fibroblasts through the activation of 
FAK and paxillin, and NAC and DPI inhibited the 
bFGF-induced activation of FAK and paxillin, sug-
gesting that intracellular ROS are necessary for the 
activation of FAK and paxillin and participate in actin 
cytoskeletal reorganization in the presence of bFGF. 
The data demonstrated that the NOX-ROS signal 
pathway is another cell-dependent pathway in 
bFGF-induced dermal fibroblast migration under 
high-glucose conditions.  

Endogenously generated ROS following treat-
ment with peptide growth factors leads to the activa-
tion of the PI3K/Akt/JNK pathway [55, 56]. For ex-
ample, the bFGF-induced migration of rodent vascu-
lar smooth muscle cells depends on the 
ROS-mediated activation of JNK [57]. The data indi-
cated that ROS is upstream of PI3K/Akt and JNK 
activation and regulates cell proliferation, migration 
and apoptosis. The ROS-mediated activation of Akt 
induces apoptosis in prostate cancer cells [58], and 
cathepsin S plays an important role in the regulation 
of autophagy and apoptosis via ROS and serves up-
stream of the PI3K/AKT/mTOR/p70S6K and JNK 
signaling pathways in human glioblastoma cells[21]. 
However, in our study, we found that the blockade of 
intracellular ROS production with NAC or DPI did 
not affect the bFGF-induced activation of Akt or JNK. 
On the contrary, inhibition of the PI3K/Akt or JNK 
pathway significantly suppressed bFGF-induced ROS 
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formation, suggesting that bFGF induces the genera-
tion of ROS in human dermal fibroblasts through the 
PI3K/Akt-Rac1-JNk pathway. All of the above find-
ings indicated that ROS formation and the activation 
of PI3K/Akt and JNK are involved in cell prolifera-
tion, survival and migration. In addition, most of 
these results showed the ROS is upstream of the acti-
vation of PI3K/Akt and JNK and modulates cell 
physiological activity. However, our data are contrary 
to the specificity of the cells, and the cell culture mi-
croenvironment differences may be taken into con-
sideration, but the PI3K/Akt and JNK mechanisms 
that regulate ROS formation in dermal fibroblasts 
under diabetic environment remain to be elucidated. 

A duality in the roles of ROS with respect to 
wound healing. Injury to the skin initiates a series of 
events, such as inflammation, tissue regeneration, and 
matrix remodeling. During the early inflammatory 
phase, leukocytes and macrophages infiltrate the 
wounded tissue and produce large amounts of reac-
tive oxygen species (ROS) as part of their defense 
mechanism once activated [59]. ROS are essential 
during various stages of the healing process, ranging 
from the initial signal that instigates the immune re-
sponse, to the triggering of intracellular re-
dox-dependent signalling pathways and the defence 
against invading bacteria [60]. For example, galectin-1 
induced myofibroblast activation, migration, and 
proliferation by upregulating NOX4, triggered intra-
cellular ROS production and accelerated the healing 
of general and pathological wounds and decreased 
the mortality of diabetic mice with skin wounds [61]. 
Further, study showed that ROS were essential medi-
ators in epidermal growth factor (EGF)-stimulated 
corneal epithelial cell proliferation, adhesion, migra-
tion, and wound healing [55]. Although this process is 
beneficial, increased levels of ROS can inhibit cell mi-
gration and proliferation and even cause severe tissue 

damage, such as diabetes and diabetic complications 
[62, 63]. Based on above, increased appropriate ROS 
are helpful in promoting wound healing, excessive 
ROS cause cell dysfunction and impair wound heal-
ing. In our study, bFGF increased ROS formation 
which were essential for promoting dermal fibroblasts 
migration, indicating that the beneficiary of increased 
ROS in the wound healing may be wound stage or 
context dependent. Therefore, we are going to observe 
the synergistic effect during cutaneous wound repair 
by combining use low level of hydrogen peroxide 
(H2O2) and bFGF in future study, which could be 
helpful for clinical use of bFGF. 

It should be noted that the detailed interaction of 
bFGF with ROS and PI3K/Akt-Rac1-JNK has not been 
fully established in the present study. In addition, 
why AKT and JNK activation lead to ROS production 
via NADPH oxidase activation are also unclear. A 
further clarification of these issues utilizing knock 
down of Akt, JNK and NOX4 will provide novel in-
sights into these questions and provide more evidence 
to support our conclusions. In addition, whether 
NOX4 is the source of ROS responsible for 
bFGF-induced dermal fibroblast migration and 
whether the Rac1, p47phox, and p67phox cytosolic 
subunits have to assemble with the membrane-bound 
subunits to induce ROS formation after bFGF treat-
ment in dermal fibroblasts under high glucose. The 
knock down of NOX4 protein should be performed to 
confirm whether NOX4 is the specific NADPH oxi-
dase that induces ROS formation. Meanwhile, 
co-immunoprecipitation assays should also be per-
formed to verify whether Rac1, p47phox, and 
p67phox transfer from the cytoplasm to the mem-
brane, assemble with the membrane-bound subunits, 
allow the transfer of electrons from NADPH to mo-
lecular oxygen and induce ROS formation in the 
presence of bFGF. 

 

 
Fig. 9. The proposed mechanism of bFGF promotes the migration of human dermal fibroblasts under diabetic conditions. Schematic representation of the 
mechanism through which bFGF promotes human dermal fibroblast migration under diabetic conditions. 
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In conclusion, our results indicate that bFGF 
induces ROS formation and promotes the migration 
of dermal fibroblasts, leading to the activation of FAK 
and paxillin in human dermal fibroblasts under 
high-glucose conditions (Fig. 9). In addition, we have 
shown that inhibition of the activation of PI3K/Akt, 
Rac1, JNK and ROS using special inhibitors or siRNA 
interference can block the bFGF-induced migratory 
properties of human dermal fibroblasts under diabetic 
conditions. Taken together, our results suggest that 
bFGF promotes the migration of dermal fibroblasts by 
NOX4 and mediates ROS production via the 
PI3K/Akt-Rac1-JNK pathways in a diabetic envi-
ronment. 
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