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KGF-1 plays an important role in the wound healing process.
Loss of the KGF-1 gene in diabetic mice attenuated the process
of wound contraction, suggesting that KGF-1 contributes to
wound contraction. However, the mechanism remains unclear.
To investigate the role of KGF-1 in diabetic wound contraction,
we established a keratinocyte–fibroblast co-culture system.
Concentrations of transforming growth factor �1 (TGF-�1) in
conditioned supernatant treated with KGF-1 (KGF-1 group),
tk;4KGF-1-neutralizing antibody (anti-KGF-1 group), TGF-�1
(TGF-�1tk;1 group), KGF-1 and TGF-�1-neutralizing antibody
(KGF-1 � anti-TGF-�1 group) were tested by ELISA. Condi-
tioned medium was added to fibroblast-populated collagen lat-
tice (FPCL) to investigate the effect of KGF-1 on fibroblastqj
contraction. TGF-�1, Col-I, p-Smad2, p-Smad3, and �-smooth
muscle actin (�-SMA) were examined by Western blotting. A
diabetic rat wound model was utilized to evaluate wound mor-
phology, histology, immunohistochemistry, and protein expres-
sion in wound tissue after treatment with KGF-1. ELISA assays
revealed that the concentration of TGF-�1 in the conditioned
supernatant in the KGF-1 group was significantly higher. The
contractile capacity of FPCL stimulated by conditioned medium
derived from the KGF-1 group was significantly elevated; how-
ever, the contractile activity of FPCL induced by KGF-1 was
attenuated by TGF-�1–neutralizing antibody. The Western
blot results suggest that KGF-1 is able to stimulate TGF-�1 acti-
vation with increased Col-I, p-Smad2, p-Smad3, and �-SMA
expression. Diabetic wounds treated with KGF-1 had a higher
degree of contraction with significantly higher expression of
TGF-�1, Col-I, p-Smad2, p-Smad3, and �-SMA. Our findings
demonstrate that KGF-1 promotes fibroblast contraction and
accelerates wound contraction via the TGF-�1/Smad signaling
pathway in a double-paracrine manner.

Epithelial–mesenchymal interaction plays a critical role in
the regulation of wound healing, mainly via growth factors and
cytokines and through complicated signaling pathways (1). Pre-
vious studies have demonstrated that, after wound formation,

skin fibroblasts (mesenchymal cells) can secrete growth factors
such as keratinocyte growth factor 1 (KGF-1) and granulocyte
macrophage colony-stimulating factor (GM-CSF),3 promoting
keratinocyte (epithelial cell) proliferation, migration, and dif-
ferentiation (2–5). On the other hand, epidermal cells also reg-
ulate mesenchymal cells through cytokines and growth factors.
For example, keratinocytes act on fibroblasts by secreting IL-1
and activating protein 1 (AP-1) during wound healing (6).
Epithelial–mesenchymal interaction affects the proliferation,
migration, secretion, and differentiation of skin epidermal cells
(such as keratinocytes) and mesenchymal cells (such as vascular
endothelial cells and fibroblasts), thus influencing wound con-
traction, angiogenesis, and re-epithelialization.

KGF-1, also known as fibroblast growth factor 7, is secreted
by various mesenchymal cells (predominately fibroblasts) and
exerts its effects specifically via the KGF-1 receptor FGFR2-IIIb
(7). Studies have shown that KGF-1 effectively promotes
wound healing by facilitating re-epithelialization (8) and vascu-
larization (9). Interestingly, our previous study found that loss
of the KGF-1 gene attenuated the process of wound contraction
in diabetic mice (10), and these results indicated that KGF-1
plays a critical role in wound contraction. However, the under-
lying mechanism of KGF-1 affecting wound contraction is cur-
rently not explicitly understood. It is known that myofibro-
blasts are responsible for contracting dermal tissue in wound
healing (11). There are two major factors that affect the differ-
entiation of fibroblasts into myofibroblasts: mechanical tension
(12) and active transforming growth factor �1 (TGF-�1) (13).
TGF-�1 is involved in various processes of wound healing,
including extracellular matrix (ECM) synthesis, �-smooth
muscle actin (�-SMA) expression, and fibroblast behavior (14,
15). When stimulated by active TGF-�1, fibroblasts can differ-
entiate into myofibroblasts, which characteristically express
�-SMA and develop contractile ability (16). Simultaneously,
ECM is synthesized to accelerate the wound healing. Hsieh et
al. (17) demonstrated that TGF-�1 has a synergistic effect with
Col-I ECM gel stimulated by fibroblasts during wound contrac-
tion. The TGF-�1/Smad signaling pathway plays a crucial role
in fibroblast contraction (18), which is initiated by binding of

This work was supported by National Natural Science Foundation of China
Grant 81301636. The authors declare that they have no conflicts of interest
with the contents of this article.

1 The authors contributed equally to this article.
2 To whom correspondence may be addressed: Dept. of Plastic Surgery, The

Third Xiangya Hospital of Central South University, Changsha, Hunan,
410013, China. E-mail: pcheng83@csu.edu.cn.

3 The abbreviations used are: GM-CSF, granulocyte macrophage colony-stim-
ulating factor; TGF, transforming growth factor; ECM, extracellular matrix;
�-SMA, �-smooth muscle actin; rh, recombinant human; HDF, humanqj
dermal fibroblast; RIPA, radioimmune precipitation assay; Col-I, type I
collagen.

croARTICLE

J. Biol. Chem. (2019) 294(21) 8361–8370 8361
© 2019 Peng et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

mailto:pcheng83@csu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.006189&domain=pdf&date_stamp=2019-3-20


TGF-�1 with its receptors (T�RII and T�RI). The activated
receptor complex then phosphorylates Smad proteins that
propagate the signal (19, 20). KGF-1 is not able to directly act on
fibroblasts, as there is no KGF-1 receptor on fibroblasts. How-
ever, keratinocytes have been demonstrated to secrete TGF-�1
(21). Hence, we assumed that KGF-1 has an indirect effect on
fibroblasts by inducing TGF-�1 expression in keratinocytes,
thus stimulating fibroblasts contraction. Therefore, in this
study, we sought to prove our hypothesis that KGF-1 acceler-
ates wound contraction by promoting TGF-�1–induced fibro-
blast contraction via the TGF-�1/Smad signaling pathway.

Results

KGF-1 stimulates active TGF-�1 secretion from HaCaT
keratinocytes

TGF-�1 is regarded to be the main factor influencing fibro-
blast contraction (22). To determine whether KGF-1 can
enhance TGF-�1 expression, we used a KGF-1–neutralizing
antibody and a TGF-�1–neutralizing antibody to block KGF-1
or TGF-�1 protein in conditioned medium of keratinocyte–
fibroblast co-cultures (Fig. 1, a and b). The concentration of
TGF-�1 in the conditioned medium of each group in the
HaCaT keratinocyte–fibroblast co-cultures at 48 h was ana-
lyzed by ELISA. The TGF-�1 protein concentration was signif-

icantly higher with addition of KGF-1 or TGF-�1 compared
with the control group, anti-KGF-1 group, or KGF-1 � anti-
TGF-�1 group. The concentration of TGF-�1 in the KGF-1
group was �1.5-fold higher than in the control group. On the
other hand, the concentration of TGF-�1 in the anti-KGF-1
group was found to be significantly lower than in the control
group (Fig. 1c). TGF-�1–neutralizing antibodies are capable of
abolishing the elevation in TGF-�1 induced by KGF-1. Further-
more, RT-PCR and Western blot results showed that KGF-1
treatment induced HaCaT keratinocytes to secrete TGF-�1 in
the absence of fibroblasts, whereas KGF-1 treatment had no
effect on fibroblasts in the absence of keratinocytes (Fig. 1,
d– g). These results indicate that KGF-1 is able to induce active
TGF-�1 expression in keratinocytes.

KGF-1 promotes TGF-�1–induced contraction of FPCL

To investigate the effect of KGF-1 on wound contraction in
vitro, an FPCL assay was applied. In this study, FPCLs were
cultured in the conditioned medium of co-cultures supple-
mented with either 50 ng/ml recombinant human KGF-1
(rhKGF-1, KGF-1 group), 0.5 �g/ml KGF-1–neutralizing
antibody (anti-KGF-1 group), 5 ng/ml recombinant human
TGF-�1 (rhTGF-�1, TGF-�1 group), 50 ng/ml rhKGF-1 � 10
�g/ml TGF-�1–neutralizing antibody (KGF-1 � anti-TGF-�1

Figure 1. TGF-�1 concentration was examined by ELISA assay. Keratinocyte and fibroblast co-cultures were treated with PBS (Control), rhKGF-1 (KGF-1),
KGF-1–neutralizing antibody (Anti-KGF-1), rhTGF-�1 (TGF-�1) and KGF-1 � TGF-�1–neutralizing antibody (KGF-1 � Anti-TGF-�1). a, the KGF-1–neutralizing
antibody effectively blocked KGF-1 in conditioned medium. b, the TGF-�1–neutralizing antibody functionally blocked TGF-�1 in conditioned medium. c, the
concentration of TGF-�1 in conditioned medium from each co-culture group. d, HaCaT cells and HDFs were treated with KGF-1. a.u., arbitrary unit. e– g, TGF-�1
mRNA expression, TGF-�1 protein level (e and f), and TGF-�1 concentration in conditioned medium (g) from each group were measured. Data are shown as
mean � S.D. *, p � 0.05; **, p � 0.01.
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group), or PBS (control group). Each FPCL was imaged at 0, 12,
and 24 h, and contraction rates were measured using ImageJ.
We found that FPCLs cultured in co-cultured conditioned
medium pretreated with KGF-1 or TGF-�1 displayed a signifi-
cantly greater contraction rate than that of the anti-KGF-1,
KGF-1 � anti-TGF-�1, or control groups at 12 and 24 h (Fig. 2,
a and b). Moreover, the elevated contractibility of FPCLs
caused by KGF-1 was inhibited by the TGF-�1–neutralizing
antibody, as demonstrated by less FPCL contraction in the
KGF-1 � anti-TGF-�1 group relative to the KGF-1 group. The
anti-KGF-1 group showed a lower contraction rate than
the control group; however, there was no significant difference
between the two groups. Afterward, FPCLs were cultured in
medium conditioned only by HaCaT keratinocytes preincu-
bated with either rhKGF-1 (kCM:KGF-1 group), TGF-�1–
neutralizing antibody (kCM:anti-TGF-�1 group), rhKGF-1 �
TGF-�1–neutralizing antibody (kCM:KGF-1:anti-TGF-�1
group), or PBS (kCM group). An additional control with FPCLs
treated with rhKGF-1 (KGF-1 group) was also included. FPCLs
in the kCM:KGF-1 group showed the strongest contractility
(Fig. 2, c and d). However, the TGF-�1–neutralizing antibody
severely impaired FPCL contractility; even the FPCL contrac-
tion rate increased by KGF-1 was attenuated dramatically when
the TGF-�1–neutralizing antibody was added. Taken together,
these results indicate that KGF-1 promotes FPCL contraction
via TGF-�1.

KGF-1 induces fibroblast differentiation through the TGF-�1/
Smad signaling pathway

Studies have shown that the TGF-�1/Smad signaling path-
way can induce differentiation of fibroblasts into myofibro-
blasts (23). Myofibroblasts promote wound contraction by

expressing �-SMA and secreting Col-I. Western blotting was
used to determine changes in the levels of proteins associated
with the TGF-�1/Smad signaling pathway and wound contrac-
tion. We therefore examined expression of the level of Col-I,
the phosphorylation level of Smad2 (p-Smad2), the total level
of Smad2 (Smad2), the phosphorylation level of Smad3
(p-Smad3), the total level of Smad3 (Smad3), and �-SMA in
fibroblasts and TGF-�1 in HaCaT keratinocytes in a co-culture
system after treatment with rhKGF-1 (KGF-1 group), KGF-1–
neutralizing antibody (anti-KGF-1 group), rhKGF-1 � TGF-
�1–neutralizing antibody (KGF-1 � anti-TGF-�1 group), and
PBS (control group) for 48 h. We found that TGF-�1 and down-
stream p-Smad2 as well as p-Smad3 expression levels in the
KGF-1 group were significantly higher than in the anti-KGF-1,
KGF-1 � anti-TGF-�1, or control groups (Fig. 3, a–c). Similar
changes in expression of �-SMA and Col-I that related to
wound contraction and healing were found in each group. In
addition, expression of TGF-�1, Col-I, p-Smad2, p-Smad3, and
�-SMA was significantly inhibited by the TGF-�1–neutralizing
antibody relative to the KGF-1 group. These findings suggest
that KGF-1 induces fibroblast differentiation via the TGF-�1/
Smad signaling pathway.

KGF-1 accelerates wound contraction and healing in diabetic
rats

Previous studies have shown that KGF-1 knockout diabetic
mice have an attenuated process of wound contraction (10);
therefore, we investigated the effects of KGF-1 on wound con-
traction in diabetic rats. We found that, after rhKGF-1 (50
ng/ml) treatment, both wound contraction and wound healing
rates increased remarkably compared with the untreated
wound (PBS) at each time point from day 0 to day 12 post-injury

Figure 2. FPCLs were cultured with conditioned medium collected from each group. a, images of FPCLs at 0, 12, and 24 h. Scale bars � 3 mm. FPCLs were
incubated with conditioned medium of co-cultures supplemented with rhKGF-1 (KGF-1), KGF-1–neutralizing antibody (anti-KGF-1), rhTGF-�1 (TGF-�1), or
rhKGF-1 � TGF-�1–neutralizing antibody (KGF-1 � anti-TGF-�1). b, the relative contraction rates of FPCLs of each group. c, images of FPCLs at 0, 12, and 24 h.
Scale bars � 5 mm. FPCLs were incubated with conditioned media of HaCaT keratinocytes (kCM) pretreated with rhKGF-1 (kCM:KGF-1), TGF-�1–neutralizing
antibody (kCM:anti-TGF-�1), rhKGF-1 and TGF-�1–neutralizing antibody (kCM:KGF-1:anti-TGF-�1) and compared with FPCLs treated with rhKGF-1 (KGF-1). d,
the relative contraction rates of FPCLs of each group. Data are shown as mean � S.D. *, p � 0.05; **, p � 0.01.
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Figure 3. KGF-1 increased expression of Col-I and �-SMA via the TGF-�1/Smad signaling pathway in vitro. a, expression of Col-I, p-Smad2, Smad2,
p-Smad3, Smad3, and �-SMA in fibroblasts and TGF-�1 in HaCaT was examined after HaCaT keratinocyte and fibroblast co-cultures were treated with rhKGF-1
(KGF-1), PBS (Control), KGF-1–neutralizing antibody (Anti-KGF-1), and KGF-1 � TGF-�1–neutralizing antibody (KGF-1 � Anti-TGF-�1), respectively, for 48 h. b,
results expressed as a percentage of the control. Each protein level is standardized to that of GAPDH as the internal control. c, protein expression ratio of
p-Smad2/Smad2 and p-Smad3/Smad3 (d) in each group. Data are shown as mean � S.D. *, p � 0.05; **, p � 0.01.

Figure 4. KGF-1 promoted wound contraction and wound healing in diabetic rats. Full-thickness wounds were excised on each diabetic rat’s dorsal side
and treated separately with KGF-1 (50 ng/ml) and PBS for 12 consecutive days. a, representative images of wounds of the KGF-1 and control group from day 0
to day 12 after wound injury. b and c, graphical representation of wound contraction (b) and wound healing (c) rates from day 0 to day 12 post-injury in the
KGF-1 and control groups. Scale bars � 1 cm. Data are shown as mean � S.D. *, p � 0.05.
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(Fig. 4, a– c). In addition, H&E staining of wound tissue sections
showed that wound contraction was significantly greater in the
KGF-1 group relative to the control group on day 12 post-injury
(Fig. 5a). The wound contraction and wound healing rates in
the KGF-1 group were significantly higher than that of the con-
trol group (Fig. 5b). The newly formed epithelial tissue in
wounds treated with KGF-1 was observed to migrate further to
the wound center (Fig. 5c). Taken together, the findings reveal
that KGF-1 significantly promotes contraction and healing of
diabetic wounds.

KGF-1 increased the expression levels of TGF-�1, Col-I,
p-Smad2, p-Smad3, and �-SMA in diabetic wounds

To investigate how KGF-1 promotes wound contraction in
vivo, both immunohistochemical staining and Western blot-
ting were used to determine the expression of TGF-�1, Col-I,
p-Smad2, p-Smad3, and �-SMA in KGF-1–treated and
untreated diabetic rat wounds on day 12 post-injury. An
increased presence of myofibroblasts is associated with
increased wound contraction. Using TGF-�1, Col-I, and
�-SMA antibodies as markers for myofibroblasts, we observed
remarkably higher expression of TGF-�1, Col-I, and �-SMA in
diabetic wounds treated with KGF-1 relative to the control
group (Fig. 6, a and b). These findings were further supported
by the Western blot results of TGF-�1, Col-I, and �-SMA (Fig.
6, c and d). We also found that p-Smad2 and p-Smad3 were
significantly higher expressed in wounds treated with KGF-1
relative to the untreated (PBS) control group (Fig. 6, c–f). Taken

together, these findings demonstrate that KGF-1 induces fibro-
blast differentiation and wound contraction via the TGF-�1/
Smad signaling pathway.

Discussion

Wound healing is a process in which various skin cells are
spatiotemporally coordinated with well-balanced properties
(24). In the process of tissue repair, a series of cells, mainly skin
epidermal cells (such as keratinocytes) and mesenchymal cells
(such as vascular endothelial cells and fibroblasts), undergo
proliferation, migration, secretion, differentiation, and other
biological activities, contributing to wound contraction, wound
vascularization, and wound re-epithelialization (25). The epi-
dermis and dermis transmit signals to each other through an
epithelial–mesenchymal interaction mechanism in which the
network of growth factors and cytokines plays a significant role
in regulating biological behaviors of epidermal cells and mes-
enchymal cells (26). Previous studies have shown that, after skin
injury, fibroblasts can secrete growth factors such as KGF-1 and
GM-CSF, acting on keratinocyte proliferation and differentia-
tion (2–5), which confirms the stimulating effect of mesenchy-
mal cells on epidermal cells. Epidermal cells also regulate
mesenchymal cells by secreting cytokines and growth factors.
In the keratinocyte–fibroblast co-culture system, keratinocytes
released IL-1 and AP-1, which activated underlying fibroblasts.
Interestingly, this was not the end of the story. KGF-1 was then
secreted by fibroblasts upon IL-1 and AP-1 stimulation, which,
in turn, acted on keratinocytes (6). Simultaneously with the

Figure 5. H&E staining revealed the effects of KGF-1 on diabetic wound tissue on day 12 post-injury. a, photomicrograph of the wound histology of the
control and KGF-1 groups. Black arrows, contraction; E, re-epithelialization; W, the length of the wound edge (epithelial gap distance); D, unwounded dermis;
G.T, granulation tissue. b, wound contraction in both KGF-1–treated and untreated (Control) groups is depicted as a percentage of the original total wound and
represents the contribution of contraction to wound closure. c, epithelial gap distance in both KGF-1–treated and control wounds. Data are shown as mean �
S.D. **, p � 0.01.
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AP-1 impact, GM-CSF, pleiotrophin (PTN) and stromal cell–
derived factor 1 (SDF-1) were released by fibroblasts and pro-
moted keratinocyte proliferation and differentiation (27). In
short, IL-1 and AP-1 were secreted by keratinocytes and acted
on fibroblasts in a paracrine manner. Upon IL-1 and AP-1 stim-
ulation, a series of paracrine factors were then released by fibro-
blasts and, in turn, targeted keratinocytes. That feedback loop
in epithelial–mesenchymal interaction is called double-para-
crine signaling; it is involved in wound repair and plays signifi-
cant roles.

KGF-1 is a paracrine growth factor whose expression
increases 160-fold after skin injury (28), specifically and posi-

tively regulating the proliferation and migration of keratino-
cytes (7) and promoting wound epithelialization. Our previous
study suggested that KGF-1 is involved in wound contraction
(10). However, KGF-1 cannot directly stimulate fibroblast con-
traction because there is no KGF-1 receptor (FGFR2-IIIb) on
fibroblasts. We assumed that KGF-1 has an indirect effect on
fibroblast contraction. Wound contraction, as a key step in the
wound healing process, determines the speed of wound repair.
Fibroblasts, with the largest cell population in the skin, are acti-
vated after skin injury; they migrate and cover almost the entire
wound. Some fibroblasts are differentiated into myofibroblasts,
which express �-SMA and have contractile function, contrib-

Figure 6. KGF-1 increased the expression of TGF-�1, Col-I, p-Smad2, p-Smad3, and �-SMA in diabetic wound tissues. a, representative �20 images of
immunohistochemical localization (brown) of TGF-�1, Col-I, and �-SMA expression in granulation tissue of diabetic wounds treated with KGF-1 (50 ng/ml) or
PBS on day 12 post-wounding. Nuclei were counterstained with hematoxylin (blue). Arrows represent positive cells. Scale bars � 200 �m. b, percentages of
positive cells in the total cell count from each staining per high-power field were calculated in the KGF-1–treated and untreated group. c, expression of TGF-�1,
Col-I, p-Smad2, Smad2, p-Smad3, Smad3, and �-SMA in wound tissues on day 12 post-wounding were determined by Western blotting in the KGF-1 and
control group. d, percentages of protein level in the KGF-1 group compared with the control group. e and f, protein expression ratio of p-Smad2/Smad2 (e) and
p-Smad3/Smad3 (f) in each group. Data are shown as mean � S.D. **, p � 0.01.
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uting to wound contraction and accelerated wound healing
(16). TGF-�1 is regarded as the central regulator of differenti-
ation of fibroblasts into myofibroblasts, which express �-SMA
and ultimately lead to wound contraction (29 –31). In addition,
TGF-�1 can also synergize the contraction of fibroblasts on
collagen (mainly Col-I), promoting contraction (15). TGF-�1
binds to transmembrane receptors and transmits signals to
Smad proteins. Smads are signal transduction molecules in the
cytoplasm that can transfer the TGF-�1 signal directly from the
cell membrane into the nucleus (32). Therefore, the TGF-�1/
Smad pathway participates in wound contraction and plays a
vital role. Previous studies have shown that TGF-�1 can be
secreted by keratinocytes (21). Therefore, although KGF-1 can-
not act directly on fibroblasts, it can act indirectly on fibroblasts
by affecting the expression of TGF-�1.

To prove our hypothesis, we chose an in vitro model of a
keratinocyte–fibroblast monolayer co-culture system, as it is a
more accurate representation of the anatomical relationship
between keratinocytes and fibroblasts for research of cytokine
interaction (33). ELISAs revealed that the concentration of
TGF-�1 in conditioned supernatant from the co-culture sys-
tem treated with exogenous rhKGF-1 was significantly higher
than that of the untreated control group and that the KGF-1–
or TGF-�1–neutralizing antibody can abolish this effect.
FPCLs were established to study fibroblasts contraction (34).
We observed that the contractile capacity of FPCLs stimulated
with conditioned medium derived from the co-cultured group
treated with exogenous rhKGF-1 was significantly enhanced
compared with the control group and the group treated with
KGF-1–neutralizing antibody. The contractile activity of
FPCLs induced by KGF-1 was attenuated by the TGF-�1–
neutralizing antibody. These results indicate that KGF-1 may
enhance fibroblast-mediated collagen gel contraction via TGF-
�1. Our Western blot results suggest that KGF-1 is able to stim-
ulate TGF-�1 activation based on increased expression of
Col-I, p-Smad2, p-Smad3, and �-SMA. Consistent with the
results of in vitro experiments, we found that diabetic wounds
treated with KGF-1 had a higher degree of contraction and a
faster rate of healing, with significantly higher expression of
TGF-�1, Col-I, p-Smad2, p-Smad3, and �-SMA compared with
untreated wounds. Our results illustrate that keratinocytes
release active TGF-�1 in a KGF-1– dependent manner, which,
in turn, enhances fibroblast contraction (Fig. 7).

In a study of cutaneous fibrosis, increased KGF-1 expression
induced fibroblast activation through epithelial–mesenchymal
double-paracrine signaling. KGF-1 induced keratinocytes to
secrete oncostatin M, which, in turn, activated fibroblasts
reacting with the increased expression of Col-I�1, fibroblast
activation protein, and enhanced migration. In this study,
we discovered a new epithelial–mesenchymal interaction
loop in wound healing. After skin injury, fibroblasts secreted
KGF-1, stimulating keratinocytes to secrete TGF-�1 and
promoting wound contraction through the TGF-�1/
Smad signaling pathway. Therefore, KGF-1 has an effect on
wound contraction through the double-paracrine signaling
pathway.

In conclusion, we demonstrate that KGF-1 induces secretion
of active TGF-�1 from keratinocytes and accelerates fibro-

blast contractibility as well as wound contraction through
the TGF-�1/Smad signaling pathway in a double-paracrine
manner. This study provides an important basis to better
understand the mechanisms underlying wound contraction
and healing and the interaction between epithelial and mes-
enchymal cells while also exploring novel ways to promote
diabetic wound healing.

Experimental procedures

Cell isolation and culture

Human dermal fibroblasts (HDFs) were obtained from sur-
gical resections of fresh foreskin tissue. All donors signed the
informed consent form. The tissue was cleaned and cut into 1 �
0.5 cm strips. After being placed in Dispase II solution (8
mg/ml, Sigma) at 4 °C for 12 h, dermal tissues were spun off,
shredded into pieces, and incubated in 0.25% trypsin solution
at 37 °C for 15 min. Subsequently, DMEM (high-glucose,
HyClone) supplemented with 10% FBS (Gibco) was used to ter-
minate tissue digestion. The filtered fibroblasts were seeded at a
density of l � l05/cm2 and cultured at 37 °C in a 5% CO2 humid-
ified atmosphere with DMEM supplemented with 10% FBS, 2
mmol/liter L-glutamine, 100 units/ml penicillin, 100 g/ml
streptomycin, and 50 g/ml ascorbic acid. The medium was
changed every 3 days. Human epithelial cells, HaCaTs (35),
were cultured in DMEM containing 10% fetal bovine serum,
100 units/ml penicillin, 100 g/ml streptomycin, and 2 mmol/
liter L-glutamine. The medium was changed every day (36).

Co-culture experiments

A noncontact cell co-culture system was established using a
6-well plate Transwell (Corning). HaCaT cells (passage 40) and
HDFs (passage 8) were plated in the upper and lower compart-
ment, respectively, with density at a ratio of 1:6 (HaCaT:HDFs).
Cells were co-cultured in DMEM containing 10% FBS at 37 °C
in a 5% CO2 humidified incubator. The medium was subse-
quently replaced every 2 days. After HaCaT keratinocytes
reached 80% confluence, each group was designated to

Figure 7. Schematic of the proposed molecular mechanism of KGF-1–
induced fibroblast contraction through the TGF-�1/Smad pathway.
KGF-1 bound to FGFR2-IIIb on keratinocytes, stimulating active TGF-�1 secre-
tion, which activated the TGF-�1/Smad signaling cascade that enhanced the
expression of Col-I and �-SMA in fibroblasts, promoting fibroblast contrac-
tion in wound healing.
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receive either rhKGF-1 (50 ng/ml, PeproTech; KGF-1
group), KGF-1–neutralizing antibody (0.5 �g/ml, monoclo-
nal, Abcam; anti-KGF-1 group), rhTGF-�1 (5 ng/ml, Pepro-
Tech; TGF-�1 group), rhKGF-1 (50 ng/ml) and TGF-
�1–neutralizing antibody (10 �g/ml, monoclonal, Abcam;
KGF-1 � anti-TGF-�1 group), or PBS (control group). The
cells were co-cultured for 48 h. Subsequently, the condi-
tioned medium from each group was analyzed by ELISA and
FPCL contraction assays (37).

TGF-�1 ELISA assay

A human TGF-�1 ELISA kit (Elabscience) was used to detect
the protein level of TGF-�1 in the conditioned medium of each
co-culture group. Standard and activated samples (100 �l) were
first added to each well and incubated at 37 °C for 90 min, washed
with 100 �l of biotinylated antibody working solution, and then
incubated again at 37 °C for 60 min. After washing with 100 �l of
enzyme conjugate working solution and adding 90 �l of substrate
solution, the mixture was incubated at 37 °C for 15 min. Finally, 50
�l of stop solution was added, and the optical density value was
measured immediately at a wavelength of 450 nm.

TGF-�1 quantitative RT-PCR experiments

Total RNA was purified from cultured cells as recommended
by the manufacturers using the E.Z.N.A. total RNA isolation kit
(Omega Bio-Tek). Extracted RNA was then reverse-transcribed
to complementary DNA using the Hiscript First-Strand cDNA
Synthesis Kit (Vazyme Biotech Co., Ltd., Nanjing, China).
Quantitative RT-PCR was performed with specific primers and
ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech
Co., Ltd.) on an ABI 9700 sequence detection system (Applied
Biosystems). The following primers were obtained from
Tsingke Biological Technology: TGF-�1 forward, 5�-GGGAC-
TATCCACCTGCAAGA-3�; TGF-�1 reverse, 5�-CCTCCTT-
GGCGTAGTAGTCG-3�; �-actin forward, 5�-CTGGCACCC-
AGCACAATG-3�; �-actin reverse, 5�-AGCGAGGCCA-
GGATGGA-3�.

Preparation of FPCLs and measurement of gel contraction

FPCLs were constructed as described previously using a
modified method (38). Briefly, HDFs (passage 6) at the logarith-
mic growth phase were digested and prepared at a density of
5 � 105 cells/ml. Rat tail tendon type I collagen (5 mg/ml,
Shengyou, Hangzhou, China), cellular suspension, and DMEM
with 10% FBS were mixed rapidly at a volume ratio of 1:1:3 to
give a final concentration of 1 mg/ml of type I collagen and a
final cell concentration of 1 � 105 cells/ml. The mixture was
added to a 24-well culture plate at a volume of 0.7 ml/well and
incubated at 37 °C for 10 min. The resultant gel-like mixture
formed the FPCL. Equivalent medium from each group was
added into each FPCL. The diameter of each FPCL was imaged
and measured at 0, 12, and 24 h. FPCL contraction was evalu-
ated as the percentage of the resultant lattice area compared
with the initial area before addition of conditioned medium.
The relative contraction rates of FPCLs were calculated using
the following formula: (1 	 (current gel area/initial gel area)) �
100%.

Detection of TGF-�1, Col-I, P-Smad2, P-Smad3, and �-SMA
proteins

For Western blotting, HDFs and HaCaT cells were isolated
from the co-cultures and lysed with preconfigured RIPA buffer.
The protein concentration of each group was determined using
the BCA kit (Keygen Biotech, Nanjing, China). Samples (10 �g
protein/lane) were resolved by 10% SDS-PAGE. The separated
protein bands were then transferred to PVDF membranes (Mil-
lipore, Billerica, MA) and blocked with Tris-buffered saline
containing 0.5% Tween in 5% nonfat milk powder for 1 h at
room temperature. To detect the protein levels of TGF-�1, type
I collagen (Col-I), phospho-Smad2 (p-Smad2), total Smad2
(Smad2), phospho-Smad3 (p-Smad3), total Smad3 (Smad3),
and �-SMA, membranes were incubated with rabbit anti-
TGF-�1 antibody (1:1000, Abcam), rabbit anti-Col-I antibody
(1:1000, Abcam), rabbit anti-phospho-Smad2 antibody (1:500,
Cell Signaling Technology), rabbit anti-Smad2 antibody
(1:1000, Cell Signaling Technology), rabbit anti-phospho-
Smad3 antibody (1:2000, Cell Signaling Technology), rabbit
anti-Smad3 antibody (1:1000, Cell Signaling Technology), rab-
bit anti-�-SMA antibody (1: 2000, Abcam), and rabbit anti-
GAPDH antibody (1:3000, Santa Cruz Biotechnology), respec-
tively, for 1 h each and subsequently washed three times in
Tris-buffered saline containing 0.5% Tween. Primary antibody
was detected using horseradish peroxidase– conjugated sec-
ondary goat anti-rabbit antibody (1:5000, Beyotime, Shanghai,
China) followed by chemiluminescence (ECL). Chemilumines-
cent signals were detected using an ECL Luminous Detector
(MiniChemi 610, Sage Creation Science, Peking, China). The
images of protein bands obtained from Western blotting were
analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD).

Establishing a diabetic rat wound model

Six male Sprague-Dawley rats (8 weeks old), supplied and
housed by the Laboratory Animal Center of Xiangya Medical
College of Central South University (Changsha, Hunan, China),
were injected with streptozotocin (Sigma-Aldrich) in the
abdominal cavity to induce diabetes, as described previously
(39). After 3 weeks, the blood glucose levels of all animals were
measured to be higher than 500 mg/dL, considered hyperglyce-
mia. The rats were first anesthetized with an intraperitoneal
injection of 1% sodium pentobarbital (6 ml/kg, Nembutal; Ova-
tion Pharmaceuticals, Inc., Deerfield, IL). The dorsal hairs of
the rats were then shaved, and the bare skin was disinfected
with iodine solution. Eight square shaped wounds measuring 1
cm2 each were surgically inflicted on the back of each rat (four
wounds on the left and four on the right). After covering with
dressings, rats were then returned to their cages and raised
separately. The experimental protocol was reviewed and
approved by the Animal Care and Use Committee of Central
South University, Changsha, Hunan, China.

Wound morphometric analysis

rhKGF-1 (PeproTech) was prepared with PBS at a concen-
tration of 50 ng/ml. Wounds were divided into two groups: a
control group (wound � PBS) and the KGF-1 group (wound �
50 ng/ml rhKGF-1). There were four repeating groups of
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wounds on each rat. Each wound in the KGF-1 group received
50 �l of 50 ng/ml rhKGF-1, whereas the control group received
50 �l of PBS. All solutions were applied to wounds with a fine
brush. This process was done daily for a total of 12 days. To
evaluate the rate of wound healing and contraction, a digital
camera was used to record images of the wounds on the day of
wounding (day 0) and on each day after wounding. The images
were processed with Adobe Photoshop CS5.1 and measured
using ImageJ. Wound contraction and healing rates were then
quantified as follows. The percentages of wound healing and
wound contraction were calculated with the following formu-
las, respectively: (1 	 (current wound area/original wound
area)) � 100% and (1 	 (current wound area � epithelialized
area)/original wound area) � 100% (10).

Histological analysis

On post-injury day 12, all rats were euthanized with an intra-
peritoneal injection of pentobarbital sodium salt. The wounded
area and surrounding skin were collected for histological eval-
uation, immunohistochemical staining, and Western blotting.
The excised tissues were fixed in 10% formalin for 48 h. After
dehydration, the tissues were embedded in a paraffin wax block
and sectioned into slices of 5-�m thickness. The sections were
then deparaffinized in xylene, hydrated in a series of ethanol
rinses (100%, 95%, 80%, and 75%), followed by washing with
distilled water and staining with H&E. Wound contraction and
epithelialization were measured by the distance between the
wound edge and epithelialized length using Adobe Photoshop
CS5.1.

Immunohistochemical staining

Biotin streptavidin HRP detection kits (ZSGB-BIO, Peking,
China) were used for immunohistochemical staining of
�-SMA, Col-I, and TGF-�1. Paraffin sections were deparaf-
finized, rehydrated, and retrieved using citric acid buffer (pH
6.0) at 95 °C for 30 min. After washing, sections were incubated
in 3% H2O2 for 10 min to eliminate endogenous peroxidase
activity and subsequently incubated in goat serum at room tem-
perature for 30 min. Sections were then immersed in rabbit-
anti-rat �-SMA (1:200, Abcam), Col-I (1:400, Abcam), and
TGF-�1 (1:200, Abcam) antibodies at 4 °C overnight. After
immersion, sections were then incubated with biotinylated
goat-anti-rabbit secondary antibody (1:200) for 30 min at room
temperature. Sections were then incubated in horseradish per-
oxidase protein, developed with diaminobenzidine, and coun-
terstained with hematoxylin. The number of positive cells and
the total number of cells were quantified in two sections of eight
high-power fields using Image Pro. The percentages of each
positive cell type based on the total number of cells were
calculated.

Western blotting of wound tissues

A portion of the wound tissue was placed in liquid nitrogen
to detect the tissue protein expression of TGF-�1, Col-I,
p-Smad2, Smad2, p-Smad3, Smad3, and �-SMA. For Western
blotting of wound tissues, 100 mmol/liter of PMSF (Keygen
Biotech) was added to cold RIPA lysate (Keygen Biotech) with a
volume ratio of 1:100. The RIPA buffer was mixed well and

placed on ice for several minutes. The wound tissues were cut
into sizes of 3 � 3 mm. Pre-cooled RIPA buffer (0.5 ml) was
added to 100 mg of tissue. The mixtures were manually homog-
enized 15 times with a glass homogenizer until fully lysed. Each
homogenized slurry was then transferred to a precooled centri-
fuge tube and centrifuged at 10,000 rpm at 4 °C for 10 min. The
protein concentration of the resultant supernatant was deter-
mined using a BCA kit (Keygen Biotech). The Western blot
assay was performed in the same manner as described for intra-
cellular protein detection.

Data analysis

Results were analyzed using unpaired, two-tailed Student’s t
tests for comparisons between two groups and one-way analy-
sis of variance for multiple comparisons. The results are
expressed as mean � S.D. A p value of less than 0.05 was con-
sidered statistically significant.
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