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Abstract: Current clinical approaches to treat irradiation-induced salivary gland hypofunction are ineffective. We
previously reported that adipose-derived stem cell (ADSC)-based therapy ameliorates damaged salivary gland func-
tion in mice and that the effects were enhanced when the therapy was co-administrated with platelet-rich fibrin
(PRF). We examined the feasibility of ADSC transdifferentiation into salivary gland acinar-like cells (SGALCs) and
analyzed the potential of PRF to promote the transdifferentiation process in vitro. Salivary gland cells (SGCs) and
ADSCs were indirectly co-cultured using Transwell inserts, and increasing concentrations of PRF-conditioned me-
dium were applied to the co-culture system. The expression of a-amylase and AQP-5 were used to evaluate ADSC
transdifferentiation. Notably, on day 7, 14, and 21, expression of both a-amylase and AQP-5 were detected in the
co-cultured ADSCs. Additionally, PRF increased a-amylase and AQP-5 levels in ADSCs that were co-cultured for 7
days. These data demonstrate that ADSCs have the potential to transdifferentiate into SGALCs and that PRF can
promote the transdifferentiation process. Therefore, these data reveal a possible mechanism to treat irradiation-
induced salivary gland hypofunction and have translational medicine implications.
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Introduction

Head and neck cancer is one of the most preva-
lent cancers worldwide and due to its location,
many patients receive radiotherapy treatment.
However, radiotherapy induces irreversible da-
mage to the salivary glands (SGs). The SGs are
one of the most important types of exocrine
glands in the human body because they secrete
saliva, which has vital roles in chewing, swal-
lowing, speaking, and digestion [1]. Radiation-
induced damage to the SGs decreases saliva
secretion. Consequently, patients develop xero-
stomia and dental caries, and experience diffi-
culties chewing and swallowing, which collec-
tively decreases their quality of life [2]. Current
clinical management strategies for SG hypo-
function are limited to sialagogue use [3] (for

example, pilocarpine, which can stimulate the
function of residual SGs), oral lubricants, saliva
substitutes [4], and physical treatments [5, 6].
However, these strategies do not significantly
improve SG function and they are often accom-
panied by undesirable side effects [7].

Currently, the role of stem cells in tissue repair
and function restoration is an active area of
study. In particular, bone marrow mesenchymal
stem cells (BMMSCs) and adipose tissue-de-
rived stem cells (ADSCs) have attracted consid-
erable attention. However, ADSCs are more su-
itable for practical use because they are easily
acquired in large quantities [8]. In addition, AD-
SCs exhibit better immunomodulatory proper-
ties [9]. Several studies have demonstrated
that ADSCs can promote tissue repair and re-
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generation in a variety of diverse contexts th-
at include [10] bone [11], cartilage [12], nerve
[13], liver [14], and heart [15] tissues. Furth-
ermore, ADSCs improve SG malfunction. Direct
administration of ADSCs into the submandibu-
lar glands of C57BL/6 mice improved saliva
flow rate and blood vessel proliferation after SG
irradiation injury [16]. Similar functional impr-
ovements in irradiated SGs were observed
after intraglandular transplantation of ADSCs
in Sprague-Dawley rats [17]. Finally, systemic
transplantation of ADSCs using tail-vein injec-
tions protected against irradiation-induced cell
loss and improved saliva flow rate and salivary
gland microstructure [18]. Despite achieving
functional improvements in damaged SGs, the
current state of ADSC-based therapy is insuffi-
cient for clinical applications.

Platelet-rich fibrin (PRF) is a second generation
platelet concentrate that is obtained from the
middle layer of blood samples after centrifuga-
tion at 3,000 rpm [19]. The three-dimensional
structure of PRF is extremely complex. Fibrin
and various growth factors, including trans-
forming growth factor-B1 (TGF-B1), platelet-
derived growth factors (PDGFs), insulin-like
growth factor-1 (IGF-1), and vascular endotheli-
al growth factor (VEGF), are trapped within the
intricate PRF structure [20]. Due to its three-
dimensional structure and the presence of
numerous growth factors, PRF contributes to
tissue healing and regeneration processes in-
cluding wound healing [21], angiogenesis [22],
and the regeneration of bone [23], cartilage
[24], and periodontal tissues [25]. Furthermore,
PRF can stimulate the proliferation and differ-
entiation of several cell types including osteo-
blasts [26], oral bone mesenchymal stem cells
[27], and dental pulp cells [28].

Previously, we observed that immediate intra-
venous administration of ADSCs after local SG
irradiation improved gland morphology and
function in mice [29]. In addition, when com-
bined with PRF, the ADSCs were more effective
at ameliorating irradiation-induced SG damage
(in press). However, the mechanisms that con-
tribute to rescued SG function after ADSC treat-
ment remain unknown. Because ADSCs can
transdifferentiate into several different cell
types, including cardiomyocyte-like cells [30],
Schwann-like cells [31], and urothelium-like
cells [32], we hypothesized that ADSCs may
have the potential to transdifferentiate into
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salivary gland acinar-like cells (SGALCs). Fur-
thermore, PRF may promote the transdifferen-
tiation of ADSCs in SGALCs.

The aim of the current study was to investiga-
te the underlying mechanisms of ADSC-based
therapy that ameliorates damaged salivary gl-
and function. We co-cultured SGCs and ADSCs
with Transwell inserts and added PRF-condi-
tioned medium to the co-culture system to de-
termine the transdifferentiation potential of
ADSCs in the presence of PRF. Our data indi-
cate that ADSCs transdifferentiate into SGALCs
and that the process is enhanced in the pres-
ence of PRF.

Material and methods
Ethics statement

Four-week-old C3H mice were used as the cell
sources for the in vitro experiments. New
Zealand rabbits were used to acquire PRF. All
animals were treated according to protocols
approved by the Animal Care and Use Com-
mittee at the Fourth Military Medical University,
Xi'an, China.

Isolation and culture of mouse ADSCs

Adipose tissue was obtained from the inguinal
fat pads of C3H mouse. The ADSCs were iso-
lated and cultured as previously described [33].
Briefly, the fat pads were washed twice with
phosphate buffered saline (PBS) and the addi-
tional fascia and blood vessels were removed.
The remaining tissue was then minced, fol-
lowed by digestion with collagenase (0.1%, type
I; Sigma-Aldrich, St. Louis, MO, USA) for 40 min
with vigorous shaking at 37°C in a conical fla-
sk. The resulting cell suspensions were filter-
ed through a 75-um mesh and centrifuged at
1,000 rpm for 5 min. The cell pellets were wa-
shed twice, followed by resuspension in Dul-
becco’s Modified Eagle Medium (DMEM, Gib-
co, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS, Biowest, Nuaillé, Fr-
ance) and 1% penicillin-streptomycin (penicil-
lin, 100 U/ml; streptomycin, 100 ug/ml; Hy-
clone, Logan, Utah, USA). Then, the cell suspen-
sions were plated on 100-mm cell culture dish-
es (Corning, Lowell, MA, USA) and incubated at
37°Cin a 5% CO, and 100% humidified atmo-
sphere. The culture medium was changed every
2 or 3 days. The cells were sub-cultured at a
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ratio of 1:2 at 80% confluency. Passage 3 AD-
SCs were used for all cell experiments.

Identification of ADSCs

The ADSCs were differentiated into adipogenic,
osteogenic, and chondrogenic lineages. Pass-
age 3 ADSCs were cultured to confluency in
DMEM with 10% FBS in 6-well plates, followed
by induction with the appropriate media. For
adipogenic differentiation, confluent ADSCs
were cultured in DMEM containing 10% FBS,
0.5 mM 3-isobutyl-1-methylxanthine, 1 uyM de-
xamethasone, 10 pM insulin, 0.1 mM indome-
thacin (all from Sigma-Aldrich, USA), and 1%
penicillin-streptomycin. After 3 weeks, the cells
were stained with Oil Red-O (Sigma-Aldrich,
USA) to identify adipogenic differentiation. For
osteogenic differentiation, the ADSCs were cul-
tured in DMEM supplemented with 10% FBS,
0.1 uyM dexamethasone, 10 mM B-glyceropho-
sphate, 50 yM L-ascorbate-2-phosphate (all fr-
om Sigma-Aldrich, USA), and 1% penicillin-str-
eptomycin for 3 weeks. Then, the cells were
stained with Alizarin red (Kermel, Tianjin, China)
to identify osteogenic differentiation. Chondr-
ogenic induction was performed using the pe-
llet method. Briefly, 2 x 10° ADSCs were pel-
leted in the bottom of a 15-mL tube. After cul-
turing in DMEM containing 10% FBS for 24 h,
the ADSC pellet was induced for 21 days in
DMEM containing 10% FBS, 1% ITS (insulin-
transferrin-selenium, Gibco), 37.5 pg/mL L-as-
corbate-2-phosphate (Sigma), 1 mM sodium
pyruvate (Sigma), 107 dexamethasone (Sigma),
and 10 ng/mL TGF-B1 (PeproTech, Rocky Hill,
NJ, USA). The cell pellet was fixed with 4% para-
formaldehyde and embedded in paraffin for cell
staining. Five micrometer-thick sections of the
ADSC pellet were stained with Alcian blue to
identify chondrogenic differentiation.

For flow cytometry analysis, passage 3 ADSCs
were harvested and resuspended at a concen-
tration of 10° cells/mL. Samples containing 5 x
10° cells/100 uL were incubated at 4°C for 45
min with the following fluorescein isothiocya-
nate (FITC) and phycoerythrin (PE)-conjugated
anti-mouse antibodies: CD29-PE, CD31-FITC,
CD34-PerCP-Cy5.5, CD44-PE, CD45-PE, CD9O-
PE, and CD105-FITC (all from Biolegend, San
Diego, CA, USA). Then, the cells were washed,
resuspended, and analyzed using a flow cytom-
eter (Beckman Coulter, Fullerton, CA, USA).
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Isolation and culture of mouse SGCs

C3H mice were anesthetized using an intraperi-
toneal injection of sodium pentobarbital. Under
sterile conditions, the submandibular glands
were removed through a middle incision in the
neck. Then, the SGCs were isolated and cul-
tured as described previously, with slight modi-
fications [34]. Briefly, the SGs were rinsed twice
with PBS, and the fat and connective tissues
were removed from the glands. The isolated
glands were cut into small cubic pieces that
had an approximate volume of 1 mm?3, resus-
pended in collagenase (0.1%, type ll; Sigma-
Aldrich, USA), and digested on a table shaker
for 40 min at 37°C. After dispersion, the cells
were filtered through a 75-um mesh, washed
twice, centrifuged at 1,000 rpm for 5 min, and
finally resuspended in culture medium. The cul-
ture medium consisted of DMEM (Gibco) sup-
plemented with 10% FBS (Biowest, France),
insulin (5.0 pg/mL, Sigma-Aldrich), transferr-
in (5.0 yg/mL, Sigma-Aldrich), hydrocortisone
(0.4 pg/mL, Sigma-Aldrich), epidermal growth
factor (10 ng/mL, PeproTech), and 1% penicil-
lin-streptomycin. The cell suspensions were
plated in 200-mm culture dishes (Corning, USA)
and cultured at 37°C in a humidified incubator
with a 5% CO, atmosphere. The culture medium
was changed every 2 or 3 days. At confluence,
the cells were detached by trypsinization and
were used for SGCs identification or co-cul-
ture.

Preparation of lyophilized PRF and PRF-
conditioned medium

Fresh PRF clots were obtained according to the
protocol by Choukroun et al. [35]. Briefly, 20 mL
blood samples were collected from New Zea-
land rabbits and centrifuged immediately at
3,000 rpm for 10 min in two 10-mL glass tubes
without anticoagulants. After centrifugation,
there were three layers in the tubes: red blood
cells comprised the bottom layer, PRF clots
were in the middle layer, and acellular plasma
was on the surface. The fresh PRF clots were
separated from the other two layers and trans-
ferred into sterile 100-mm culture dishes, fol-
lowed by freeze-drying for 24 h to obtain lyophi-
lized PRF. The lyophilized PRF was ground and
filtered through a 150-um mesh to create small
particles. To prepare conditioned medium, 25
mg of the lyophilized PRF particles were soaked
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in 1 mL of fresh DMEM medium without FBS or
the penicillin-streptomycin antibiotic.

Release of growth factors into lyophilized PRF
particles

VEGF and PDGF-BB were selected to evaluate
growth factor release. Samples were collected
from the PRF-conditioned medium on day O, 1,
2,3,5,7,9, 11, 14, 17, and 21. The samples
were then centrifuged and the supernatants
were transferred into new Eppendorf tubes, fol-
lowed by rapid freezing at -80°C. There were
three tubes for duplicate samples at every time
point. Finally, VEGF and PDGF-BB levels in the
samples were measured using commercial en-
zyme-linked immunosorbent assay (ELISA) kits
(Sen Xiong Biotechnology, Shanghai, China).
VEGF and PDGF-BB levels were determined
according to the manufacturer’s protocol. Bri-
efly, the standards and samples of three dupli-
cates were added to the assay plate wells and
diluted. The assay plates were incubated at
37°C for 2 h, washed, and then incubated with
enzyme-conjugated antibodies to VEGF and
PDGF-BB for 1 h. Next, the wells were filled with
substrate solution and incubated at 37°C for
20 min in dark. The stop solution was added to
each well and absorption values at 450 nm
were measured using an ELISA reader (Thermo
Fisher Scientific, Waltham, MA, USA). The ab-
sorbance values were converted into concen-
trations of VEGF and PDGF-BB to create growth
factor release curves.

Effects of lyophilized PRF on ADSCs prolifera-
tion and osteogenic differentiation

PRF-conditioned medium supernatants were
collected on day 3 to evaluate the effect of PRF
on ADSCs proliferation and osteogenic differen-
tiation. To quantify proliferation, ADSCs was
seeded in 96-well plates at a density of 2 x 103
cells/well and tested using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay. There were 10 groups for the MTT
assay: One control group with normal culture
medium (DMEM with 10% FBS) and nine groups
with different concentrations of PRF-conditi-
oned medium (0.5%, 1%, 3%, 5%, 7%, 10%,
20%, 50%, and 80%; the percentages indicate
the volume ratio of the conditioned medium to
stock DMEM). In each group, 10 wells were pre-
pared for duplicate testing and one well was
designated for the control. After culturing the
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cells with only DMEM containing 10% FBS for
the first day, the cells were then cultured with
different concentrations of conditioned medi-
um, as specified above, from day 2-9. The con-
ditioned culture medium was refreshed every 2
days. The MTT assay was performed daily for 9
days to monitor cell proliferation, and the spec-
trophotometric absorbance was read at 490
nm using an ELISA reader. Finally, growth cu-
rves were generated from the absorbance val-
ues, and the absorbance values on day 1, 2,
and 8 were used for statistical comparisons.

For osteogenic differentiation, the ADSCs were
seeded in 6-well plates and cultured to conflu-
ence in DMEM supplemented with 10% FBS.
Then, the cells were refreshed with osteogenic
induction medium containing different concen-
trations of PRF-conditioned medium (0%, 0.5%,
1%, 3%, 5%, 7%, and 10%). The mRNA levels of
osteogenesis-related genes, including alkaline
phosphatase (ALP), collagen | (COL I), runt-relat-
ed transcription factor 2 (RUNX2), and osteo-
calcin (OCN) were assessed using quantitative
reverse transcription-polymerase chain reac-
tion (QRT-PCR) after 7 days of induction. The
cells were stained with Alizarin red after 21
days of culture in osteogenic induction me-
dium.

Co-culture of SGCs and ADSCs

Passage 3 ADSCs and passage 1 SGCs were
co-cultured in a double-chamber system built
using Transwell inserts that had a pore size of
0.4 um (Millipore, Billerica, MA, USA). SGCs
were cultured in the upper chamber and ADSCs
were cultured in the lower chamber at a cell
ratio of 4:1, respectively. The cells were cul-
tured without direct interaction, and the system
only permitted the transmission of soluble fac-
tors between the two compartments. The con-
trol group was cultured ADSCs in the lower
chamber without SGCs in the upper chamber.
The culture medium was DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin.
ADSCs in the lower chamber were analyzed on
co-culture day 7, 14, and 21. Cell density varied
between different co-culture days and culture
plates (Table 1).

To analyze the effect of PRF on the transdiffer-
entiation of ADSCs into SGALCs, a 7-day co-
culture system was used. DMEM supplemented
with 10% FBS, containing different concentra-
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Table 1. Number of SGCs and ADSCs in the co-culture

system on different days

samples were then washed and stained
with 4’,6’-diamidino-2-phenylindole hyd-

rochloride (DAPI) (Biogot technology,

Nanjing, China) to detect the nuclei. Fi-

Number of SGCs Number of ADSCs
24-well plate 6-well plate  24-well plate 6-well plate
Day 7 2 x 104 8 x 10* 5x 10°
Day 14 1.6 x 104 6 x 104 4 x 103
Day21 1.2 x 10* 4 x 10* 3x 103

nally, the stained cells were imaged un-

2 x 10* .

. der a fluorescence microscope (IX71,
15x10 Olympus, Tokyo, Japan).
1x10*

tions of PRF-conditioned medium (0%, 0.5%,
1%, 3%, and 5%) was supplied to the co-cul-
tured cells. To confirm that PRF did not affect
the transdifferentiation of ADSCs in the abs-
ence of SGCs, a control group without SGCs in
the upper chamber, but containing 1% PRF-
conditioned medium was used. ADSCs were
collected for analysis after 7 days of co-culture.
The SGC groups were used as positive controls
for quantification of a-amylase and AQP-5
levels.

Immunofluorescence staining

SGCs and ADSCs that were separately cultured
on slides, ADSCs that were co-cultured for 7,
14, and 21 days, and ADSCs that were co-cul-
tured for 7 days in PRF-conditioned medium
were analyzed with immunofluorescence stain-
ing. The cells were washed twice with PBS and
fixed with 4% paraformaldehyde for 20 min at
room temperature. After washing with PBS, the
cells were permeabilized with 0.1% Triton X-100
for 10 min to facilitate intracellular staining.
The permeabilization process was omitted for
AQP-5 staining. Then, the samples were wa-
shed, and non-specific binding was blocked
with 10% goat serum (Biosynthesis Biotech-
nology, China). The slides containing the SGCs
and ADSCs were then incubated overnight at
4°C with the following primary antibodies: poly-
clonal rabbit anti-a-amylase antibody, poly-
clonal rabbit anti-CK8 antibody, polyclonal rab-
bit anti-vimentin antibody (all from Abcam,
Cambridge, MA, USA), and polyclonal rabbit
anti-AQP-5 antibody (Biosynthesis Biotechno-
logy, China). The co-cultured ADSCs were incu-
bated overnight at 4°C with the following pri-
mary antibodies: polyclonal rabbit anti-amylase
antibody (Abcam) and polyclonal rabbit anti-
AQP-5 antibody (Biosynthesis Biotechnology).
After washing with PBS, all of the cells were
incubated with a fluorescein-conjugated goat
anti-rabbit secondary antibody (Biosynthesis
Biotechnology, China) at 37°C for 45 min. The
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Western blotting

The confluent SGCs, ADSCs, and co-cultured
ADSCs were washed with PBS and scraped into
radioimmunoprecipitation assay (RIPA) buffer
(Sigma-Aldrich). After two freeze-thaw cycles,
the cells lysates were centrifuged at 12,000
rom for 10 min. The protein concentration in
the supernatants was quantified using a bicin-
choninic acid (BCA) protein assay kit (Beyotime,
Shanghai, China). Forty micrograms of total
protein was loaded in each lane, and the pro-
teins were separated by Tris-glycine sodium
dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (Invitrogen Life Technologies, Car-
Isbad, CA, USA). The separated proteins were
then transferred to polyvinylidene fluoride (PV-
DF) membranes (Millipore). The membranes
were blocked with 5% (w/v) non-fat milk for 2 h
before incubating overnight with the following
antibodies at 4°C: Membranes containing pro-
teins from confluent SGCs and ADSCs were
probed with polyclonal rabbit anti-a-amylase
antibody, polyclonal rabbit anti-CK 8 antibody,
polyclonal rabbit anti-vimentin antibody (Ab-
cam), and polyclonal rabbit anti-AQP-5 antibody
(Biosynthesis Biotechnology). Membranes con-
taining proteins from the co-cultured ADSCs
were probed with polyclonal rabbit anti-a-
amylase antibody (Abcam) and polyclonal rab-
bit anti-AQP-5 antibody (Biosynthesis Biote-
chnology). After four 5 min washes in TBS-
Tween, the membranes were incubated at room
temperature for 1 h with anti-rabbit horserad-
ish peroxidase (HRP)-conjugated secondary
antibodies (Cowin Biotech Co., Ltd., Beijing,
China). The immunoreactive proteins were de-
tected using the Western Light chemilumines-
cent detection system (Peiqing, Shanghai, Chi-
na). Image J was used to evaluate the results of
Western blots in ADSCs co-cultured in PRF con-
dition medium for 7 days.

qRT-PCR

Quantification of mRNA was performed with
gRT-PCR. ALP, COLI, RUNX2, and OCN mRNA
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levels were analyzed in ADSCs that had been
induced for osteogenesis. In SGCs and ADSCs,
a-amylase, AQP-5, CK8, and vimentin mRNA
levels were measured. Finally, in co-cultured
ADSCs, a-amylase and AQP-5 mRNA levels
were measured. Separately, total RNA was
extracted from these cells using Trizol (In-
vitrogen Life Technologies), and RNA concen-
trations were measured spectrophotometrical-
ly. Reverse transcription was performed on 2-5
ug of total RNA using a RevertAid first strand
cDNA synthesis kit (Takara, Bio, Otsu, Japan).
Then, the cDNA was amplified with PCR using
the SYBR® Premix Ex Tag™ Il kit (Takara) in an
ABI Prism 7500 sequence detection system
(Applied Biosystems, Foster City, CA, USA). The
gRT-PCR analysis was performed under the fol-
lowing conditions: denaturation at 95°C for 3
min, followed by 40 cycles at 95°C for 15 s
and at 60°C for 30 s. Glyceraldehyde-3-phos-
phatedehydrogenase (GAPDH) was used as an
internal control. All qRT-PCR was completed in
triplicate. The following primers were used to
investigate ALP, COLI, RUNX2, and OCN mRNA
levels: ALP, forward 5-TTGTGCCAGAGAAAGA-
GA-3’ and reverse 5-GTTTCAGGGCATTTTTCA-
AGGT-3’; COLI, forward 5-GCTGGAGTTTCCGT-
GCCT-3’ and reverse 5-GACCTCGGGGACCCAT-
TG-3’; RUNX2, forward 5-AAATGCCTCCGCTG-
TTATGAA-3’ and reverse 5-AAGGTGAAACTCT-
TGCCTCGTC-3’; and OCN, forward 5-TCTGCT-
CACTCTGCTGACCCTG-3’ and reverse 5-CGG-
AGTCTGTTCACTACCTTATTGC-3". The primer se-
quences for a-amylase, CK8, AQP-5, and vim-
entin were as follows: a-amylase, forward 5'-
GGTCACTGTGGAGCTCAGATCA-3’ and reverse
5-TTGCTATGCTGTTGGCAGTATTC-3’; CKS8, for-
ward 5-GAACTAGAGTCCCGCCTGGAAG-3’ and
reverse 5-GTTGTCCATAGACAGCACCACAGA-3’;
AQP-5 forward 5-GGTCACTGTGGAGCTCAGAT-
CA-3’ and reverse 5-TTGCTATGCTGTTGGCAG-
TATTC-3’; and vimentin, forward 5-AAAGCGT-
GGCTGCCAAGAA-3’ and reverse 5-ACCTGTC-
TCCGGTACTCGTTTGA-3..

Statistical analysis

All data were collected from at least three inde-
pendent experiments and are presented as the
mean * standard deviation (SD). Analysis of
three or more groups was performed using one-
way analysis of variance (ANOVA) with SPSS19.0
software. The control and experimental groups
were compared with the Dunnett’s test, and
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between group comparisons were analyzed
with the least significant difference test. P val-
ues <0.05 were considered statistically signifi-
cant. All graphs were created using GraphPad
Prism 5 (Graph Pad Software Inc., La Jolla, CA,
USA).

Results
Isolation and identification of ADSCs

ADSCs were isolated from C3H mouse inguinal
fat pads using enzymatic digestion with colla-
genase. The isolated ADSCs were purified via
subculture and exhibited spindle-shaped mor-
phology (Figure 1A). Passage 3 ADSCs were
used in all experiments. Next, the ADSCs were
induced to differentiate into osteogenic, adipo-
genic, and chondrogenic lineages, and the cells
were analyzed by flow cytometry to identify
their mesenchymal stem cell properties. The
flow cytometry analysis confirmed the expres-
sion of mesenchymal stem cell markers, includ-
ing CD29 (99.56% * 0.26%), CD44 (78.37 +
1.41%), CD9O0 (94.57% + 0.69%), and CD105
(95.97% + 1.30%). No significant expression of
CD31 (2.00% + 0.50%), CD34 (2.50% *+ 0.57%),
or CD45 (2.77% + 0.65%) was observed (Figure
1B). Osteogenic differentiation was assessed
on the basis of calcium deposits, which were
identified with Alizarin red staining (Figure 1C).
Adipogenic differentiation was confirmed on
the basis of lipid droplet production, which was
detected with Oil Red-O staining (Figure 1D).
Finally, positive staining with Alcian blue indi-
cated chondrogenic differentiation (Figure 1E).
Collectively, these results suggested that multi-
potent ADSCs had been cultured.

Characteristics of C3H mouse SGCs

The SGCs obtained from 4-week-old C3H mice
had round or polygonal morphologies and ad-
opted a cobblestone arrangement when grown
to confluence after 10 days of culture. The
SGCs exhibited characteristic epithelial cell-like
structures (Figure 2A). The sub-cultured, pas-
sage 1 SGCs maintained the same morphologi-
cal characteristics as the primary passage
SGCs (Figure 2B). Immunofluorescence stain-
ing revealed that a-amylase, AQP-5, and CK8
proteins were expressed in the SGCs (Figure
2C), and expression of the corresponding gen-
es was confirmed using qRT-PCR (Figure 2D).
Western blotting also confirmed protein ex-
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Figure 1. Identification of ADSCs. A. Representative phase image of passage 3 ADSCs that exhibited spindle-like morphology. B. Flow cytometry analysis of ADSCs
that were positive for CD29, CD44, CD90, and CD105 and negative for CD31, CD34, and CD45. C. Alizarin red staining confirmed osteogenic induction of ADSCs. D.

Adipogenesis of ADSCs was confirmed by Oil Red-O staining that indicated the production of lipid droplets. E. Alcian blue staining confirmed chondrogenic induction
of ADSCs. Scale bar = 100 um.
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pression of a-amylase, AQP-5, and CK8 (Figure
2E). Notably, SGCs did not express vimentin,
and control ADSCs expressed vimentin, but did
not express a-amylase, AQP-5, or CKS8.

VEGF and PDGF-BB levels in lyophilized PRF

After centrifugation at 3,000 rpm for 10 min,
the blood samples were separated into three
distinct layers. The middle layer contained gel-
like clots of PRF (Figure 3A and 3B). The clots
were then freeze-dried for 24 h and the lyophi-
lized PRF was ground into small particles
(Figure 3C). The release of VEGF and PDGF-BB
was quantified using an ELISA, and the data is
presented in Figure 3D and 3E. The results
indicate that both growth factors were continu-
ously released for 15 days. After day 15, no
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obvious release of either growth factor is ob-
served. The slopes of both release curves for
the first 3 days were greater than the slopes
from day 5 to 15, indicating an initial rapid
release of both growth factors. At all time po-
ints, the concentration of released VEGF was
higher than PDGF-BB.

Proliferation and osteogenic differentiation of
ADSCs that were stimulated by lyophilized PRF

Cell growth curves were plotted (Figure 4A),
and the stimulatory effect of lyophilized PRF on
ADSC proliferation was evident. The MTT assay
absorbance values, which are indicative of cell
metabolic activity, on day 1, 2, and 8 were com-
pared statistically (Figure 4B). On day 1, there
was no significant difference between any two
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groups, which indicated that the initial cell
numbers were identical. Compared to the con-
trol group, the ADSC groups with 0.5%, 1%, and
3% PRF-conditioned medium had significantly
higher absorbance values on day 2 and day 8,
indicating increased proliferation (P<0.05). Ho-
wever, the ADSC groups with 20%, 50%, and
80% PRF-conditioned medium had significantly
lower absorbance values when compared to
the control group, suggesting that these cells
exhibited attenuated proliferation (P<0.05).
The absorbance values of the ADSC groups
that were cultured in 5%, 7%, and 10% PRF-
conditioned medium were not significantly dif-
ferent from the control group (P>0.05).

The expression of osteogenesis-related genes
in ADSCs cultured with conditioned medium
was evaluated using qRT-PCR and compared to
the expression in control cells (Figure 4C). Os-
teogenic induction was significantly enhanc-
ed in groups with 0.5%, 1%, 3%, and 5% PRF-
conditioned medium. In these groups, the
mRNA levels of four osteogenesis-related ge-
nes, ALP, COLI, RUNX2, and OCN, were greater
than the control group (P<0.05). Among the
four groups, the group cultured in 1% PRF-
conditioned medium exhibited the greatest
enhancement of osteogenic gene expression.
The group with 7% PRF-conditioned medium
had increased ALP, RUNX2, and OCN mRNA lev-
els and decreased COLI mRNA. ALP and RUNX2
expression was suppressed in the 10% PRF-
conditioned medium group. After 21 days of
osteogenic induction, mineralization was ass-
essed with Alizarin red staining (Figure 4D). We
observed mineralized nodules in all groups.
However, the ADSCs culture with 0.5%, 1%, 3%,
5%, and 7% PRF-conditioned medium had more
nodules when visually compared to the control

group.
Transdifferentiation of ADSCs into SGALCs

ADSC morphology and a-amylase and AQP-5
expression were evaluated on co-culture day 7,
14, and 21. In the control groups, ADSCs exhib-
ited a uniform fibroblast-like morphology and a
high-density cell arrangement. Interestingly, a
portion of the ADSCs that were co-cultured with
SGCs appeared to lose their fibroblast-like mor-
phology. Instead, these cells became more
polygonal, and the number of cells that exhibit-
ed this morphology increased with the co-cul-
ture duration (Figure 5A). Immunofluorescence
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staining confirmed the expression of a-amylase
and AQP-5 by the co-cultured ADSCs, but these
proteins were not expressed by the control cells
(Figure 5B and 5C). DAPI staining was used to
identify nuclei and the nuclei of ao-amylase-
positive ADSCs in five different areas were
counted to calculate ADSC and SGALC transdif-
ferentiation rates. The transdifferentiation ra-
tes of ADSCs co-cultured for 7, 14, and 21
days were 22.87 + 1.66%, 40.56 + 1.74%, and
49.84 + 1.93%, respectively. Increased o-am-
ylase and AQP-5 expression were also con-
firmed by western blotting and qRT-PCR (Figure
5D and 5E).

The effect of PRF on ADSC transdifferentiation
within the co-culture system was also evaluat-
ed. In a 7-day co-culture system, ADSCs were
co-cultured with SGCs in PRF-conditioned me-
dium. Expression of a-amylase and AQP-5 were
visualized with immunofluorescence staining
(Figure 6A) and the transdifferentiation rates
were calculated. The ADSC groups treated with
0.5%, 1%, 3%, and 5% PRF-conditioned medi-
um had transdifferentiation rates of 30.39 +
1.51%, 36.20 + 1.33%, 31.43 + 1.26%, and
28.78 + 0.83%, respectively. Notably, the addi-
tion of PRF significantly increased the transdif-
ferentiation rate when compared to ADSCs
co-cultured without PRF-conditioned medium
(22.87 £ 1.66%, P<0.05). The group treated wi-
th 1% PRF-conditioned medium had the high-
est transdifferentiation rate. Western blotting
and qRT-PCR confirmed the expression of o-
amylase and AQP-5 in ADSCs co-cultured in
PRF-conditioned medium (Figure 6B-D). Signi-
ficantly higher expression of a-amylase and
AQP-5 was measured in the PRF-cultured gr-
oups when compared to the co-culture groups
without PRF-conditioned medium (P<0.05). The
expression of a-amylase and AQP-5 was not
observed in ADSCs co-cultured without SGCs
both in the presence and absence of PRF-
conditioned medium.

Discussion

Radiotherapy for head and neck cancer causes
irreversible SGs hypofunction, a condition with-
out any effective cure. Importantly, stem cells,
including ADSCs, are reported to have immense
potential for restoring the morphology and
function of radiation-damaged SGs [36], and
the process is augmented by PRF. However, the
precise mechanisms of ADSC-induced recovery
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of SG function are still uncertain. Several stud-
ies suggest that transdifferentiation, paracrine
effects, angiogenesis, and cell fusion may con-
tribute to the protective and remedial roles of
ADSCs in SG irradiation injuries [37]. We hy-
pothesize that cellular transdifferentiation is
the most direct way for ADSCs to preserve and
restore SGs function. In the present study, we
demonstrated that ADSCs can transdifferenti-
ate into SGALCs, and that PRF enhanced the in
vitro transdifferentiation.

Similar to BMMSCs, ADSCs are also multipo-
tent stem cells. In this study, a cell population
isolated from the mouse inguinal fat pad exh-
ibited a fibroblast-like morphology, possessed
adipogenic and osteogenic potential, and ex-
pressed high levels of the stem cell-related
antigens (CD29, CD44, CD90, and CD105). Th-
ese results are consistent with previous stud-
ies [33, 38] and suggest that the isolated cell
population was ADSCs. Prior studies indicate
that ADSCs can transdifferentiate into many
different cell types during co-culture including
Schwann-like cells and cardiomyocyte-like cells
[30, 31]. In this study, ADSCs transdifferentiat-
ed into SGALCs during indirect co-culture with
SGCs. The expression of a-amylase and AQP-5,
which are essential for SG acinar cell function,
were used to confirm ADSC transdifferentia-
tion. Notably, a-amylase and AQP-5 expression
was not detected in ADSCs that were cultured
in the absence SGCs.

Similar to the experimental set-up employed by
other studies, a double-chamber system for
indirect co-culture using Transwell inserts with
a pore size of 0.4 ym allowed SGCs to create
the correct microenvironment for ADSC induc-
tion. SGCs in the upper chamber were mixed
cell populations that expressed o-amylase,
AQP-5, and CK8. ADSCs were seeded in the
lower chamber. We hypothesized that the initial
ratio of the two cell types could be an important
factor that affects ADSC transdifferentiation. A
prior study reported that BMMSCs transdiffer-
entiated into SG acinar cells when they were
co-cultured with acinar cells at an acinar cell
and BMMSC ratio of four to one [39]. In addi-
tion, in a preliminary study, we observed that
ADSC transdifferentiation was impeded when
the SGC number was low. Excess SGCs sup-
pressed proliferation and caused ADSC death.
Therefore, an SGC and ADSC ratio of four to one
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for SGCs and ADSCs was used in the current
study.

The SGCs in the upper Transwell inserts were
essential for ADSC transdifferentiation. The
transdifferentiation process can be initiated by
stochastic fluctuations, gene regulation, and
induction [40]. In addition to direct transfection
with specific genes that induce transdifferenti-
ation, the transdifferentiation of ADSCs can
also be induced by a co-culture system. Co-cu-
ltured ADSCs may undergo stochastic fluctua-
tions in gene regulation under the influence of
the SGC-supplied microenvironment. The solu-
ble factors released by SGCs induce the down-
regulation of ADSC-specific genes and activate
SGC-specific genes in ADSCs. However, the fac-
tors and related pathways remain unknown.

After 7, 14, and 21 days of co-culture, partial
ADSCs lost their fibroblast-like morphology and
became more polygonal in shape. However, not
all ADSCs transdifferentiated into SGALCs,
which was revealed by a-amylase and AQP-5
expression in partial ADSCs. These results we-
re also confirmed by immunofluorescence st-
aining, western blotting, and gRT-PCR. Our re-
sults demonstrated that the transdifferentia-
tion rates of ADSCs increased with co-culture
time and that about 50% of the co-cultured
ADSCs expressed o-amylase after 21 days,
which was similar to results observed in BM-
MSCs [39]. The increase in ADSCs transdiffer-
entiation rate from 7 to 14 days of co-culture
was higher than the rate from 14 to 21 days of
co-culture, which indicated that a rapid trans-
differentiation process occurred during the ear-
lier stage of co-culture.

PRF can promote the proliferation and differen-
tiation of many different cell types in vitro [26,
27, 41]. Our results suggest that lyophilized PRF
exhibits characteristics that are similar to fresh
PRF and still releases growth factors, including
VEGF and PDGF-BB. Importantly, lyophilized
PRF is easier to store and would therefore, be
easier to administer in a clinical setting. The
conditioned medium extracted from lyophilized
PRF promoted ADSCs proliferation and differ-
entiation in a dose-dependent manner. The
medium with 1% PRF had the greatest enhanc-
ing effect and medium with >10% PRF had sup-
pressive effects. Furthermore, we also obser-
ved a significant increase in ADSCs transdiffer-
entiation rates on day 7 in the co-culture sys-
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tem when PRF-conditioned medium was used.
Increased protein levels of a-amylase and AQP-
5, and their related genes, were detected using
western blotting and gRT-PCR, respectively.
These data indicate that PRF-mediates ADSCs
transdifferentiation. In addition to its in vitro
transdifferentiation effects, several studies re-
port that PRF can also be used in tissue repair
and regeneration. The effects of PRF are attrib-
uted to the abundance of vital growth factors
trapped in its complex three-dimensional struc-
ture. The three most important growth factors
in PRF are PDGF, TGF, and IGF. These growth
factors have important roles related to cell pro-
liferation and differentiation and may contrib-
ute to increased transdifferentiation of ADSCs
into SGALCs.

Although we report the transdifferentiation of
ADSCs into SGALCs in vitro, recapitulating the
results in vivo remains uncertain. Therefore,
additional studies are warranted to investigate
the feasibility of in vivo ADSCs transdifferentia-
tion. In addition, due to limitations caused by
the maximum in vitro culture time for both cell
types used here, the co-culture study only last-
ed for 21 days. Longer studies could provide
additional interesting results. Finally, the mole-
cular mechanisms of PRF-mediated ADSC tr-
ansdifferentiation into SGALCs should be the
focus of a future study.

In conclusion, our data confirmed that ADSCs
transdifferentiate into SGALCs and that the
process is promoted by PRF. These observa-
tions may partially explain why ADSCs amelio-
rate radiation-induced damage to SGs. Furth-
ermore, the results establish a beneficial role
for PRF when combined with ADSCs to improve
the function of SGs damaged by radiation.
Finally, the data suggests that ADSCs may have
translational applications for the treatment of
salivary gland hypofunction.
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