
Posted at the Institutional Resources for Unique Collection and Academic Archives at Tokyo Dental College,

Available from http://ir.tdc.ac.jp/

Title

FGF7 promotes the proliferation and differentiation

of progenitor cells during wound healing of rat

submandibular gland

Author(s)

Fumitaka, Kobayashi; Takafumi, Endo; Akram, Al-

Wahabi; Tungalag, Ser-Od; Satoshi, Murakami;

Kenichi, Matsuzaka; Takashi, Inoue

Journal 日本口腔検査学会雑誌, 11(1): 3-11

URL http://hdl.handle.net/10130/4818

Right

Description



JJ S E D P Vol. 11 No. 1：3︲11，2019

3 

        
      

 

 

  
 
 

  
  

  
 

              
 
 

  
         

  

 

  

  

 

 
  

      

  

 

Original

FGF7 promotes the proliferation and differentiation of progenitor 
cells during wound healing of rat submandibular gland 

Fumitaka Kobayashi#, Takafumi Endo#, Akram Al-Wahabi, Tungalag Ser-Od, 

Satoshi Murakami, Kenichi Matsuzaka, Takashi Inoue＊


Department of Clinical Pathophysiology, 

Tokyo Dental College


Abstract 
The objective of this study was to develop an animal model of surgically wounded
submandibular glands （SMGs）and to investigate the effects of a collagen gel containing 
fibroblast growth factor 7 （FGF7）on the tissue regeneration of those wounded SMGs of 
rats in vivo. As the experimental animal model, a surgical wound was created in rat 
SMGs using a 3 mm diameter punch biopsy instrument. Each wound was then filled
with a collagen gel without FGF7 （Control group）or with FGF7 （FGF7 group）using a 
19 G needle mounted on a plastic syringe. Five days after the surgery, small rounded 
cells and spindle-shaped cells had invaded the collagen gels in both groups and their 
numbers were dramatically increased at day 7. At day 14, the collagen gels were almost 
resorbed and were replaced by the host tissue. Immunohistochemically, more cells posi-
tive for αSMA, PCK, CD49f, c-Kit and AQP5 were observed in the FGF7 group than in 
the control group at day 7. Similarly, mRNA expression levels of αSMA, keratin13, 
CD49f, keratin19 and AQP5 in the FGF7 group were much higher than in the control 
group. This study suggests that using collagen gels containing FGF7 promotes the prolif-
eration and differentiation of progenitor cells and improves salivary gland regeneration. 
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not only prevent microbial proliferation in the 
Introduction

oral cavity but also play a key role in maintain-
　Glandular tissues, including salivary glands, ing homeostasis in the oral cavity, such as pH 
have weak regenerative capacities at sites of tis- maintenance, due to its buffering action4-8）. The 
sue damage since they are composed of well-dif- loss of those functions significantly affects a patient’s 
ferentiated epithelial cells1-3）. When salivary quality of life （QOL）1-3）, and therefore, finding 
glands are damaged, the resulting hyposalivation strategies to regenerate damaged salivary gland 
disturbs pronunciation and the ability to swallow, tissues is an important challenge.
thus hindering its function as a lubricant and its 　There are some wound models that represent 
role in enzymatic digestion4-6）. Moreover, saliva the pathological condition of decreased saliva
contains antibacterial agents and antibodies that secretion in submandibular glands （SMGs） , such 
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as duct ligation, radiation and surgical wounding. 
In the surgical wound model, the wound is 
made by cutting parenchymal tissue, so changes 
in the cellular composition in the wound area 
are attributed to the surrounding connective tis-
sues rather than to the SMG cells9，10） . In the 
case of primary healing, such as the surgical 
wound model, the wound healing starts with a 
vascular response followed by cell migration 
into the wounded area. This is followed by the 
infiltration of inflammatory cells and degenera-
tive changes of the acinar cells9，10） . After that, 
intercalated ducts, which are usually positive for 
stem cell markers and myoepithelial cell mark-
ers, start to proliferate and differentiate into aci-
nar cells9，10） . However, it has been reported 
that when secondary healing occurs in salivary 
gland tissues, it usually heals with scar tissue 
without the regeneration of salivary gland tis-
sue11）so it is necessary to use a tissue engineer-
ing technique to obtain cells that are in salivary 
glands in an appropriate three-dimensional con-
figuration. We hypothesized that in order to 
produce regenerative tissue rather than scar 
tissue, a method to increase the infiltration of fi-
broblasts from the surrounding connective tis-
sue into the wound area, and to accelerate the 
differentiation of progenitor cells, is needed. 
Therefore, tissue engineering techniques, includ-
ing cells, scaffolds and growth factors, should be 
employed.
　A variety of growth factors are involved in 
the regeneration and wound healing of organs,
including fibroblast growth factor 7 （FGF7） , 

which is also known as keratinocyte growth fac-
tor. It has been reported that FGF7 is activated 
when SMGs are developing and it promoted 
branching in an in vitro study12）. Medium sup-
plemented with FGF7 dramatically changed the 
epithelial morphology, and the epithelium exten-
sively branched densely from many lobes with 
a short stalk12，13） .
　We have reported that the surgical wound mod-
el is useful to observe cells during wound heal-
ing14，15） . Furthermore, it has been reported that 
cells which express FGF7 during wound healing 
have the ability to differentiate into acinar cells14）.
　The aim of this study was to investigate the 
proliferation and differentiation of progenitor 
cells in surgically wounded salivary glands using 
FGF7 embedded in collagen gels in vivo. 

Materials and methods

　1．Animals
　This study was conducted in compliance with 
the Guidelines for the Treatment of Experimental 
Animals at the Tokyo Dental College （Approval
Number 243208） . Thirty adult male Sprague-
Dawley rats, each weighing about 200 g（Sankyo 
Lab Service, Tokyo, Japan） , were used in this 
study. During the experimental periods, none of 
the animals were infected or died.

　2．Wound model in SMGs
　According to the protocol of Kobayashi et 
al.14）, we developed an in vivo wound model in
rat SMGs （Fig. 1A, B） . Briefly, each rat was 
anesthetized by an intraperitoneal injection of

Fig. 1　Macroscopic view of how to create the wound 
A wound that passed through the submandibular gland was created using a 3 mm diameter 
biopsy punch. 
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thiopental （0.2 ml/100 g ; Ravonal ; Mitsubishi
Tanabe, Osaka, Japan） . A skin incision, approxi-
mately 2 cm in length, was made along the center 
of the anterior neck using a surgical knife. Both 
sides of each SMG were exposed, and a wound 
that passed through each SMG was created using 
a 3 mm diameter biopsy punch （Kai Industries,
Gifu, Japan） , without injuring the principal artery 
or main duct. Bleeding was arrested with gauze, 
and collagen gels with FGF7 （FGF7 group）or
without FGF7 （Control group）were inserted into 
the wounds using a 19 G needle mounted on a 
plastic syringe. Wounds with collagen gels were 
covered with a Gore-Tex membrane （GORE,

Tokyo, Japan）to prevent the migration of sur-
rounding fibroblasts into the collagen gel.

　3．Preparation of FGF7 in collagen gels
　Twenty µg recombinant FGF7 powder （Pepro 
Tech Inc, Rocky Hill, NJ, USA）was dissolved in 
1 ml phosphate-buffered saline （PBS）to make
the FGF7 stock solution （20 µg/ml） . This FGF7 
solution was diluted 100-fold in the collagen gel 
solution described above to a final concentration 
of 200 ng/ml FGF7 in the collagen gel.

　4．Histological observations
　Two rats in each group were euthanized at

Fig. 2　Histological observations
The wounded areas in either control groups （A, B, C, D, E, F）or experimental groupas （G, H, I, 
J, K, L）at day 5 （A, D and G, J）, at day 7（B, E and H, K）and at day 14 （C, F and I, L） . HE 
staining. 
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specified times after the operation days （AOD）
5, 7 and 14 （n＝16） . Animals were anesthetized 
by an intraperitoneal injection of thiopental （Ra-
vonal）and perfusion fixation was performed by 
transcardial injection of 10％ neutral buffered 
formalin for 1 hr. After the perfusion fixation, 
SMGs were removed by mechanical means and 
were immersed in the same fixative solution for 
24 hr at room temperature. The specimens were 
dehydrated in ethanol before being embedded in 
paraffin. Paraffin sections, 3 µm in thickness, were 
cut horizontally using a sliding microtome. For 
light microscopy observations, paraffin sections
were stained with hematoxylin and eosin （HE） . 

　5．Immunohistochemical observations 
　Paraffin sections of specimens at AOD 5 and 
7 were used for immunohistochemical observa-
tions. After being deparaffinized with xylol, the 
sections were microwaved in 0.01 M citric acid
buffer （pH 6.0）for 15 min at 65℃ for antigen 
retrieval. Sections were then incubated in 3％ 
hydrogen peroxide with methanol for 30 min at 
room temperature to block endogenous peroxi-
dase activity. To block non-specific binding, the 
sections were treated with 3％ bovine serum al-
bumin for 10 min at room temperature. The 
monoclonal antibody supplied in the kit was 
used as the primary antibody. The sections 
were incubated at 4℃ overnight and were then 
incubated with a biotinylated secondary anti-
body, NICHIREI-Histofine simple-stain MAX-POⓇ

（Nichirei, Tokyo, Japan） , for 30 min at room 
temperature. Thereafter, the sections were 
rinsed with PBS and stained with NICHIREI-His-
tofine simple-stain DiaminobenzidineⓇ（Nichirei） 
and counterstained with hematoxylin. Specimens
were observed by light microscopy （Axio-photo 
2 ; Carl Zeiss, Oberkochen, Germany） . Antibod-
ies to vimentin （Dako, Glostrup, Denmark ; dilut-
ed 1：100）as a fibroblast marker, α-smooth
muscle actin （ αSMA）（Santa Cruz Biotechnolo-
gy, Dallas, US : diluted 1：50）as a muscle mark-
er, Pan-cytokeratin （Pan-CK）（Abcam, Cam-
bridge, UK : diluted 1：40）as an epithelial cell
marker, CD49f （Santa Cruz Biotechnology, diluted 
1：50）as a progenitor cell marker, c-Kit （Santa

Cruz Biotechnology, diluted 1：50）as a progeni-
tor cell marker, and aquaporin 5 （AQP5）（Abcam, 
diluted 1：500）as an acinar cell marker, were 
used as primary antibodies. Immunopositive 
cells for those antibodies were counted using an 
Axio microscope system in the collagen gel of 
each group. 

　6．Quantitative RT-PCR
　For RT-PCR analysis of messenger RNA
（mRNA）expression, total RNAs were extracted 
using the acid guanidium thiocyanate/phenol 
chloroform method as follows : Four rats from 
each group were sacrificed at AOD 7, and their 
SMGs were removed mechanically （n＝8） . The 
collagen gels were washed with PBS and were 
then mechanically removed from the salivary 
glands using a stereoscope. The collagen gels 
were homogenized in 500 µl TRIsol Reagent
（Invitrogen Corp, Carlsbad, CA, USA） , accord-
ing to the manufacturer’s instructions, and total 
RNAs were reverse-transcribed to complemen-
tary DNAs （cDNA）using a QuantiTect Re-
verse Transcription kit （Qiagen, Germantown,
MD, USA） . Quantitative RT-PCR was carried 
out using TaqMan Gene Expression Assays
（Applied Biosystems, Life Technologies Corp,
Carlsbad, CA, USA）for the target genes : vi-
mentin, αSMA, keratin 13 （expressed in differ-
entiated epithelium such as ductal cells） , kera-
tin19 （expressed in undifferentiated epithelium
such as ductal cells and basal cells）, CD49f （ex-
pressed in progenitor cells）, AQP5 （expressed
in acinar cells）and GAPDH （endogenous con-
trol）using the primers shown in Table 1. All 
PCR reactions were performed using a real time 
PCR 7500 fast system （Applied Biosystems） . 
Expression levels of mRNAs of interest were 
normalized against the expression of GAPDH 
and are designated as expression coefficients.

　7．Statistical analysis
　Quantitative data are presented as means± 
standard deviation and were analyzed using 
Mann-Whitney’s U test by the MS Excel 2008 
add-in. Differences where the p value is ＜ 0.05 
are considered to be statistically significant. 
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Fig. 3　Immunohistochemical observations

The wounded areas in either control groups （upper parts） or experimental groups （lower parts）at day 5 （Left）and day 7（Right） .

As primary antibodies, Vimentin at day 5 （A, D）and at day 7 （M, P） , αSMA at day 5 （B, E）and at day 7 （N, Q） , CD49 at day 5 

（C, F）and at day 7 （O, R）, c-kit at day 5 （G, J）and at day 7 （S, V）, Pan-Ck at day 5 （H, K）and at day 7 （T, W）, AQP5 at day 5（I, 
L）and at day 7 （U, X） were used.
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Results

　1．Wound healing is accelerated by FGF7
　In low power fields of both groups at AOD 5
（Fig. 2A, G） , the collagen gel was observed to be 
in its original state in the wound area. At AOD 
5 and AOD 7 （Fig. 2B, H） , large numbers of cells 
had infiltrated into the collagen gels, such that 
the collagen gel and the host tissue could not be 
distinguished clearly. From AOD 14（Fig. 2C, I） 
onward, significant absorption of the collagen 
gels was observed, and it was almost completely 
replaced by the host tissue. During this period, 
although the collagen gels were absorbed and 
replaced by the host tissue, salivary gland tissue 
was not observed in the collagen gels. Al-
though the volume of the collagen gels in the 
wounds for each group became progressively 
smaller, collagen gels in the FGF7 group were 
significantly smaller compared to the Control
group at each of the time periods （Fig. 2, 3） .
　At high power magnification, oval-shaped 
cells and spindle-shaped cells were observed 
near the edges of the wounded salivary glands 
in the collagen gel at AOD 5 in the Control
group （Fig. 2D, J） . At AOD 7, the number of 
spindle-shaped cells had increased in the colla-
gen gels, especially in the inner area of the col-
lagen gels （Fig. 2E, K） . A decrease in the size 
of the collagen gel could be observed clearly. 
At AOD 14, the remaining collagen gels were

quite small （Fig. 2F, L） .
　At high power magnification, many cells were 
seen in the collagen gels of the FGF7 group
compared to the Control group at AOD 5 （Fig. 
2D, J） . Many cells that were observed in the 
collagen gels were spindle-shaped cells. At 
AOD 7, cells had infiltrated into the collagen
gels uniformly （Fig. 2E, K） . At AOD 14, the 
collagen gels had almost disappeared and were 
replaced with host tissue （Fig. 2F, L） .

　3．Characterization of cell types in the wound 
areas Myoepithelial cells
　At AOD 5, spindle-shaped cells located in the 
peripheral area of the collagen gel were positive 
for vimentin （Fig. 3A）and αSMA （Fig. 3B）in 
the Control group.
　At AOD 7, numerous spindle-shaped cells
were positive for vimentin （Fig. 3M）and αSMA 
（Fig. 3N）positive cells were observed in the 
peripheral area and the entire area of the collagen 
gels in the Control group. In addition, the spreading 
of those cells was observed.

　Progenitor cells
　Although cells positive for CD49f （Fig. 3C）
and c-Kit （Fig. 3G）were not observed at AOD 5 
in the Control group, at AOD 7, oval-shaped cells 
and a few spindle-shaped cells stained positive
for CD49f （Fig. 3O）and c-Kit（Fig. 3S）in the 
Control group. At AOD 5 in the FGF7 group,

Fig. 4　Quantification of positive cells in immunohistochemical staining 
Positive cells for αSMA, c-kit, CD49, Pan-CK and AQP5 were significantly higher in the experimental groups than those 
of control groups but positive cells for vimentin were no significant difference. 
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cells positive for CD49f （Fig. 3F）and c-Kit （Fig. 
3J）were seen, but the number of those cells de-
creased compared with the Control group at
AOD 7 （Fig. 3R, V） .

　Ductal epithelial cells
　At AOD 5 in the Control group （Fig. 3H） , cells 
positive for Pan-CK were not observed, however 
oval-shaped Pan-CK positive cells were observed 
in the FGF7 group （Fig. 3K） . At AOD 7, the 
number of Pan-CK positive cells was slightly in-
creased in both groups （Fig. 3T, W） .

　Acinar cells
　At AOD 5, neither group had AQP5-positive
cells （Fig. 3I, L） . However, at AOD 7, many 
cells positive for AQP5 were observed in the
peripheral area of the collagen gel （Fig. 3U, X） 
in both groups.

　4．Effect of FGF7 on cell proliferation and dif-
ferentiation
　Based on the immunohistochemical observations 
at AOD 7, the ratios of cells positive for αSMA, 
pan-CK, c-Kit, CD49f and AQP5 were significantly 
higher in the FGF7 group compared to the Con-
trol group （Fig. 4） . The mRNA expression levels 
of αSMA, keratin 19, CD49f, keratin 13 and AQP5 
were also significantly higher in the FGF7 group
compared to the Control group at AOD 7 （Fig. 5） . 

Discussion

　Generically, when salivary glands undergo sur-
gical segmental resections, they make scar tissue 
and their functions will decrease. In previous 
studies, we demonstrated that this surgical wound 
model is appropriate for observing the reactions of 
cells from the remaining salivary glands14，15） . In 
this regard, this method took preventive the out-
come by scar tissue. In this study, we analyzed 
the expression of genes and proteins that are af-
fected by FGF7 during wound healing using the 
surgical wound model in rat SMGs.
　Intercalated ducts, striated ducts, excretory 
ducts, myoepithelial cells and progenitor cells
（except acinar cells）should be engaged in the 
wound healing of salivary glands16）. Salivary 
gland tissue is composed of myoepithelial cells, 
fibroblasts, epithelial cells, acinar cells and pro-
genitor cells. There are well-known specific 
markers for myoepithelial cells, epithelial cells 
and fibroblasts. CD49f and c-Kit are progenitor 
cell markers of salivary glands. It has been re-
ported that the number of cells positive for 
those markers increased when damaged sali-
vary glands were regenerating17，18） . Further-

.19，20） more, these progenitor cells are pluripotent
One study revealed that cells expressing those 
progenitor cell markers are located in regener-
ating salivary glands, where it has been sug-

Fig. 5　The expression of mRNA 
αSMA, Keratin 13, Keratin 19, CD49f and AQP5 in the experimental groups were significantly higher than those of 
control groups but the expression of mRNA of vimentin were no significant difference. 
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gested that cells positive for these markers are 
related to the regeneration of salivary glands.
　Acinar cells are particularly necessary for the 
regeneration of salivary glands. The aquaporin 
expressed in salivary glands is AQP5, which is 
expressed in acinar cells of those glands21）. Fur-
thermore, AQP5 is expressed during ductal for-
mation, which has the ability to differentiate to 
acinar cells21） and the importance of AQP5 in 
saliva secretion for water movement across the 
plasma membrane has been established22）. The 
reported reduction in AQP5 expression in ligat-
ed glands is in agreement with the defective flu-
id secretion for atrophic glands, but the expres-
sion of AQP5 recovered with salivary gland 
regeneration, thus it is thought that AQP5 can 
be used as an index for salivary gland regenera-
tion after injury23）. 
　It has been reported that FGF7 promotes the 
proliferation of mesenchymal stem cells of skin tis-
sue during wound healing24）. Furthermore, FGF7 
promoted the differentiation of progenitor cells to 
sweat gland cells of the skin in an in vivo study24）.
　In this study, the concentration of FGF7 used 
（200 ng/ml）is the same as was used in an in 
vitro study of a three-dimensional cell culture 
model12）. It was suggested （REF）that cells 
which express FGF7 into the collagen gel pro-
mote proliferation and differentiation, which is 
consistent with the results of our study in this 
wound model. The results of our immunohisto-
chemical and RT-PCR analyses showed that 
cells positive for Pan-CK, αSMA, c-Kit, CD49f 
and AQP5 were increased in the FGF7 group 
compared with the Control group as were their 
mRNA expression levels.
　Furthermore, AQP5-positive cells were ob-
served in the collagen gel at AOD 7, which sug-
gests that regenerated intercalated duct cells 
might differentiate into acinar cells. 
　Thus, we have developed a salivary gland sur-
gical wound model that is suitable for observation 
of the wound healing process. Taken together, 
the collagen gel scaffolds induce the proliferation 
of ductal cells, myoepithelial cells and progenitor 
cells, but not their differentiation to acinar cells. 
However, in this study, which included FGF7 in 

the collagen gel, many AQP5-positive cells were 
observed and this may suggest the regeneration 
of acinar cells. 

Conclusion

　This study suggests that using collagen gels with 
FGF7 for the repair of salivary gland injury im-
proves the potential for salivary gland regeneration. 
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