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a b s t r a c t

Introduction: Extracellular matrix (ECM) synthesis and deposition in fibroblasts, and vascularization via
endothelial cells are essential for successful tissue regeneration. Fibroblasts can produce both ECM,
physical support for maintaining homeostasis, and bioactive molecules, such as growth factors and cy-
tokines. Endothelial cells can secrete growth factors and form vascular networks that enable the supply
of nutrients and oxygen and remove metabolic products.
Methods: In this study, we focused on combining Human Periodontal Ligament Fibroblasts (HPLF) and
Human Umbilical Vein Endothelial Cells (HUVEC) for tissue regeneration in clinical applications.
Results: The fibroblastic and angiogenic phenotypes were promoted in co-culture with HPLF and HUVEC
at a ratio of 1:1 compared to HPLF or HUVEC mono-culture. The gene expression of ECM components and
angiogenesis-related factors was also enhanced by HPLF/HUVEC co-culture. Despite an apparent increase
in the expression of angiogenic factors, the levels of secreted growth factors decreased under co-culture
conditions. These data suggest that ECM constructed by HPLF and HUVEC would act as a storage site for
growth factors, which can later be released. Our results showed that cell-to-cell interactions between
HPLF and HUVEC enhanced collagen synthesis and endothelial network formation, leading to the crea-
tion of highly vascularized constructs for periodontal tissue regeneration.
Conclusion: Successful periodontal tissue regeneration requires microenvironmental reconstruction and
vascularization, which can be achieved using a co-culture system. In the present study, we found that
fibroblastic and angiogenic phenotypes were enhanced by the co-culture of HPLF and HUVEC. The
optimal culture conditions (1:1) could potentially accelerate tissue engineering, including ECM synthesis
and EC tube formation, and these approaches can improve therapeutic efficacy after transplantation.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The periodontal tissue is a functional unit that integrates several
tissues, including the cementum, periodontal ligament (PDL), and
alveolar bone. Chronic periodontal diseases destroy the periodontal
tissue, leading to tooth loss [1e3]. Periodontitis is initiated by
bacterial infection and progresses with the infiltration of neutro-
phils and macrophages, activation of osteoclasts, and bone
resorption [4]. Damaged tissues have a low capacity for self-
renewal, which makes it difficult to reconstruct structural and
functional tissues. Flap surgery and guided tissue regeneration
se Society for Regenerative

ative Medicine. Production and ho
(GTR) [5] are widely used treatments, although they focus on bone
formation. Current treatment methods have difficulty completely
repairing damaged periodontal tissues [6,7].

The PDL connects the cementum to the alveolar bone by Sharpey's
fibers, bundles of type I collagen, 0.15 is 0.38 mm thick. Their main
functions are to transmit and ab-sorb mechanical stress and supply
nutrients to the surrounding tissues [8]. PDL is a connective tissue,
similar to tendons and other ligaments [9]. In regenerated PDL,
collagen fibers should ideally be highly organized, inserted vertically
into the regenerated cementum and newly-formed bone, and tightly
adhered [10]. Fibroblasts account for approximately 50e60 % of all
PDL cells [11]. PDL includes macrophages, lymphocytes, and endo-
thelial cells (ECs) that form the inner walls of blood vessels [12].

Tissue engineering attempts to introduce a vascular network to
improve cell viability after transplantation. Growth of newly-formed
blood vessels in transplanted tissue structures is a highly dynamic
process. The first step is the activation of hostmicrovasculature at the
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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graft sitebyVascularEndothelialGrowthFactor (VEGF) andFibroblast
Growth Factor 2 (FGF2) [13]. Spontaneous repair is a multistep pro-
cess involving multiple cytokines in the appropriate extracellular
matrix (ECM) microenvironment. The release of cytokines at appro-
priate times is important for tissue regeneration. FGF-2 binds with
high affinity to heparan sulfate proteoglycans located on the surface
ofmost cells andwithin the ECM. VEGFalso bounds the cell surface or
ECM [14,15]. FGF2, a member of the FGF family, plays multifaceted
roles in cellular and metabolic homeostasis [16]. FGF2 is an essential
growth factor released fromfibroblasts as a cytokine that functions as
a potent inducer of angiogenesis [17], proliferation [18], and migra-
tion [19] during wound healing. On the other hand, VEGF has
attracted attention as a potent factor in inducing angiogenesis,
inducingmigrationof angioblasts toblood islands, anddifferentiation
into ECs [20e22]. VEGF also inhibits apoptosis in ECs [21e25]. FGF2
stimulates VEGF expression in ECs, and FGF2 and VEGF have syner-
gistic angiogenic effects [21,24,26]. In this study, human periodontal
ligament fibroblasts (HPLF) and human umbilical vein endothelial
cells (HUVEC) were co-cultured at different ratios on 2-D culture
environment to determine the optimal culture conditions for ECM
production and angiogenesis, which are important processes in
wound healing. In this model, the co-culture of HPLF and HUVEC at a
ratio of 1:1 enhanced gene expression and stored growth factors
related to wound healing. This approach allowed us to create peri-
odontal ligament-like tissue with a vascular network in vitro.
2. Materials and methods

2.1. Materials

Chemicals and reagents were purchased from the following
manufacturers.

A saturated picric acid solution, Sirius Red, Alizarin Red S, 28 %
ammonia water, and 4 % paraformaldehyde phosphate buffer were
purchased from Wako Pure Chemical Industries (Osaka, Japan). So-
dium dihydrogen phosphate, potassium dihydrogen phosphate, so-
dium chloride, potassium chloride, sodium bicarbonate, 99 % 2-
mercaptoethanol, 0.01 M hydrochloric acid, 0.1 M sodium hydrox-
ide, and DAPI (40,6-diamidino-2-phenylindole) were purchased from
Dojindo (Kumamoto, Japan). ECGM2 (Endothelial Cell Growth Me-
dium2), PrimeScript RTMasterMix, and TBGreen® Fast qPCRMaster
Mix were purchased from TaKaRa Bio (Shiga, Japan). DMEM (Dul-
becco's Modified Eagle Medium), Alexa Fluor™ 594 goat anti-mouse
IgG1 (g1), and Alexa Fluor™ 488 goat anti-rabbit IgG (H þ L) were
purchased from Thermo Fisher Scientific (MA, USA). The Monoclonal
Mouse Anti-Human CD31 antibody was purchased from Dako
(Glostrup, Denmark). FastGene™ RNA Basic Kit was purchased from
Nippon Genetics (Tokyo, Japan). The Human VEGF ELISA kit was
purchased from R&D Systems (Minneapolis, MN, USA). Human FGF2
ELISA kit was purchased from RayBiotech (GA, USA). Human peri-
odontal ligament fibroblasts (HPLF) were purchased from ScienCell
Research Laboratories (CA, USA). Human umbilical vein endothelial
cells (HUVEC) were purchased from Takara Bio (Shiga, Japan).
2.2. Cell culture

In this study, human periodontal ligament fibroblasts (HPLF),
the major constituent cells of the periodontal ligament, and human
umbilical vein endothelial cells (HUVEC), the constituent cells of
blood vessels, were used. HPLF were cultured in DMEM supple-
mented with 10 % heat-inactivated fetal bovine serum (FBS), 100 U/
mL penicillin, and 100 mg/mL streptomycin. HUVEC were cultured
in ECGM2. HPLF and HUVEC were grown on each well of 24-well
plate in a humidified atmosphere containing 5 % CO2 at 37 �C. In
139
this study, all experiments were conducted using HPLF at passages
3e5, and HUVEC at passages 1e2.

2.3. Co-culture of HPLF and HUVEC

HPLF and HUVEC were grown in an equivalent mixture of
DMEM and ECGM2.

HPLF and HUVEC were suspended at a ratio of 4:1, and 1:1 with
an equivalent mixture of DMEM and ECGM2. The suspended cells
(8.0 � 104 or 2.0 � 104 cells, and 5.0 � 104 or 5.0 � 104 cells) were
seeded on each well of a 24-well plate. As controls, HPLF and
HUVECwere seeded in an equivalent mixture of DMEM and ECGM2
at the same density. The culture medium was refreshed every two
days, and maintained for a maximum of 14 days.

2.4. Sirius Red staining

Sirius Red staining was conducted to investigate the effect of the
co-culture of HPLF and HUVEC on collagen synthesis. HPLF and
HUVECwere seeded on eachwell of 24-well plate at a total density of
5� 104 cells/cm2 and cultured in an equivalentmixture ofDMEMand
ECGM2. After 7, 10, and 14 days of culture, Sirius Red staining was
performed at 25 �C. Briefly, cells were fixed with 4 % para-
formaldehyde/PBS for 15 min. The cells were washed with ultrapure
water and air-dried for 15min. The cellswere stainedwith0.1 % Sirius
Red in Saturated Picric Acid Solution for 1 h. After washing with ul-
trapure water, cells were treated with 0.1 M hydrochloric acid for
15 min. Samples were examined under a microscope after air-drying
for 15 min. Samples were treated with 0.01 M sodium hydroxide
solution for 30 min for extraction of collagen. The absorbance of the
extracted solution was measured at 550 nm using a spectropho-
tometer. 0.01 M sodium hydroxide solution was used as a control.

2.5. Immunofluorescence staining and quantification of cellular
junctions

Immunofluorescence staining was conducted to investigate the
tube-forming ability of the co-culture of HPLF and HUVEC, immu-
nofluorescence staining was conducted. HPLF and HUVEC were
seeded on eachwell of 24-well plate at a total density of 5� 104 cells/
cm2 and cultured in an equivalentmixture of DMEMand ECGM2. Cell
cultures were grown for 14 days and immunofluorescence staining
was performed as described below. Cells were fixed with 4 % para-
formaldehyde in PBS for 15min at 25 �C. After washing with PBS, the
cells were permeabilizedwith 0.1 % Triton X-100 in PBS for 15min at
25 �C. After rinsing with PBS, cells were treated overnight with pri-
mary antibodies at 4 �C. Monoclonal Mouse Anti-Human CD31 anti-
body (Dako,1:250) and Polyclonal Rabbit Anti-HumanCollagen type-
I antibody (Abcam,1:500) were used as primary antibodies. The cells
were again washed with PBS, and then stained with secondary anti-
bodies for 1 h in the dark at 25 �C. Alexa Fluor™ 594 goat anti-mouse
IgG1 (g1) (ThermoFisher Scientific,1:500) andAlexaFluor™488goat
anti-rabbit IgG (Hþ L) (Thermo Fisher Scientific,1:500) were used as
secondaryantibodies. After rinsingwithPBS, the cellswere examined
under a fluorescence microscope (BZ-X710, Keyence, Osaka, Japan).
The number of cellular junctions in three ormore directions, vascular
length, and lumen-forming area in immunofluorescence-stained
images of CD31 was counted using the Image J image analysis soft-
ware. The average value from3fields ineach experimentwasused for
the statistical analysis.

2.6. Quantitative Real-Time PCR (qRT-PCR)

The expression of marker genes, such as Col1A1, Mkx, FGF2, and
VEGF, was examined using qRT-PCR. HPLF and HUVEC were seeded
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on each well of 24-well plate at a total density of 5 � 104 cells/cm2

and cultured in an equivalent mixture of DMEM and ECGM2. The
culture mediumwas refreshed every two days, and the culture was
maintained for a maximum of 14 days. Total RNA was extracted
using a FastGene™ RNA Basic Kit. Single-stranded complementary
DNA was synthesized using the Transcriptor First-Strand cDNA
synthesis Kit according to the manufacturer's protocol. Primers
used in these experiments are listed in Table 1. The quantitative-
PCR analysis was conducted on a StepOne® Real-Time PCR Sys-
tem (Thermo Fisher Scientific, MA, USA) using SYBR® Green Re-
agents. The amounts of mRNAwere calculated as relative quantities
compared to GAPDH and analyzed with the 2-DDCt method.

2.7. ELISA (Enzyme-Linked Immuno Sorbent Assay)

The culture supernatant was collected to investigate the con-
centration of FGF2 and VEGF in the culture supernatant under each
culture condition. The total cell density was seeded at 5 � 104 cells/
cm2 on 24-well plate and cultured in an equal -volume mixture of
DMEM and ECGM2. Culture conditions were set at ratios of 4:1 and
1:1 of HPLF to HUVEC. As a control, HPLF and HUVEC were seeded
under identical conditions. The culture mediumwas changed every
two days for a maximum of 14 days. On days 7 and 14, the medium
was switched to a serum-free DMEM/ECGM2 mixture in equal
volumes, and the cells were cultured for two days. The supernatant
was collected in 1.5 mL tubes and centrifuged (8000 rpm, for
5 min). The samples were filter-sterilized, collected in 1.5 mL tubes,
and stored at �80 �C. The concentrations of FGF2 and VEGF were
measured using the Human bFGF ELISA Kit (RayBio®, ELH-bFGF-1)
and the Human VEGF Quantikine® ELISA Kit (R&D Systems, DVE00)
according to the manufacturer's protocol.

2.8. Statistical analysis

Data were statistically analyzed for determination to determine
the mean and standard deviation (S.D.) of the mean. Significant
differences were determined using GraphPad Prism software
(version 10; GraphPad, San Diego, CA, USA). Student's t-test was
used to determine statistical differences between two groups. Two-
way ANOVA followed by Bonferroni multiple comparison post hoc
tests was used to compare the levels of different experimental
groups. A probability value of p < 0.05 was considered statistically
significant.

3. Results

3.1. Co-culture of HPLF and HUVEC enhanced collagen synthesis

Collagen is a major component of ECM and is necessary for the
migration of endothelial cells (ECs) to construct a vascular network.
The formation of collagen scaffolds is important for initial cell
Table 1
Primers used in this study.

Gene Accession # Sequence

GAPDH NM_001256799.3 Forward GTCTCCTCTGACTTCAACAGCG
Reverse ACCACCCTGTTGCTGTAGCCAA

Col1A1 NM_000088.4 Forward GGGATTCCCTGGACCTAAAG
Reverse TCCCTGAGCTCCAGCCTCTCC

Mkx NM_001242702. Forward TTACAAGCACCGTGACAACC
Reverse AAGCCGACGTCTTGCATTAG

FGF2 NM_001361665.2 Forward GAGCGACCCTCACATCAA
Reverse CGTTTCAGTGCCACATACC

VEGF NM_001025366.3 Forward CGCAGCTACTGCCATCCAAT
Reverse GTGAGGTTTGATCCGCATAATCT
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adhesion during tissue regeneration [27]. The amount of collagen
was measured under each culture condition to investigate the ef-
fect of the co-culture of HPLF and HUVEC on collagen synthesis
(Fig. 1). Appropriate co-culture conditions allow for the construc-
tion of a native tissue microenvironment. Our preliminary study
showed that collagen synthesis was not correlated with the pro-
portion of HUVEC (HPLF/HUVEC ratios: 1:1, 1:2, and 1:4). However,
highly vascularized networks could be seen in 1:1 HPLF/HUVEC co-
culture condition among them (Fig. S1). Therefore, HPLF was
cultured with HUVEC in different ratios (HPLF/HUVEC ratios:4:1
and 1:1) under 2-D culture conditions. A monoculture of HPLF and
HUVEC was used as a control. Collagen synthesis in HPLF mono-
culture and HPLF/HUVEC co-culture significantly increased during
the culture period, especially on day 14. For the monolayer culture
of HUVEC, the level of collagen synthesis was the lowest at all
times. No significant changes were observed in HPLF mono-culture
and both HPLF/HUVEC co-culture (4:1 and 1:1) during culture
period. However, We observed a tendency for collagen production
to increase as the percentage of HUVECs increased. These results
indicate that the co-culture of HPLF and an optimal amount of
HUVEC could enhance collagen synthesis in HPLF.

3.2. Effects of HPLF/HUVEC co-culture on tube formation ability

Blood vessels supply oxygen and nutrients to the surrounding
tissues and remove waste products. The first step in angiogenesis
proceeds by binding growth factors to receptors on ECs, thereby
activating an intracellular transduction cascade. To explore the ef-
fect on the tube formation ability by the HPLF/HUVEC co-culture,
HPLF and HUVEC were seeded on each well of 24-well plate at a
total cell number of 5� 104 cells/cm2 at ratios of 4:1 and 1:1 on 24-
well plate. HPLF and HUVEC mono-cultures were used as controls.
Immunofluorescent staining for CD31 and type I collagen was
performed (Fig. 2). CD31 was localized on cell periphery under both
HUVEC mono-culture and co-culture conditions. Type I collagen
was observed under all conditions except in the HUVEC mono-
culture. EC tube formation was observed under both co-culture
conditions (4:1 and 1:1). Under co-culture conditions, the locali-
zation of the CD31-expressing endothelial cells was consistent with
that of type I collagen. These results suggest that ECs aligned and
formed tube-like structures using collagen synthesized by HPLF as a
scaffold. Next, the number of junctional complexes under co-
culture conditions was quantified using the ImageJ software
(Fig. 3). The number of junctions increased significantly with an
increment in the proportion of HUVECs, although the vascular
length and network area did not change. These data revealed that
the optimal co-culture condition (1:1) accelerated collagen syn-
thesis (Fig. 1) and angiogenic phenotypes (Fig. 2) via cell-to-cell
interactions.

3.3. Changes in the ratio of HPLF and HUVEC under co-culture
conditions

The proliferation of each cell under co-culture conditions was
determined by counting the total cell number and measuring the
proportion of each cell by CellDrop™ (DeNovix®, USA). GFP-labeled
HPLF (GFP-HPLF) and HUVEC were seeded at a total cell density of
5� 104 cells/cm2 at co-culture ratios of 4:1 and 1:1 and cultured for 1,
3, 5, and 7 days (Fig. 4). The proportion of GFP-HPLF increased as the
culture period progressed, whereas that of HUVEC decreased. After 3
days of culture, we observed a dramatic reduction in the ratio of
HUVEC at a co-culture ratio of 4:1 (6 % of HUVEC on day 3). However,
therewas amodest decline in the ratio of HUVEC at a co-culture ratio
of 1:1. Under co-culture condition, the cell number of HUVEC did not
change a lot, though thatofHPLF increased significantly. Thepresence



Fig. 1. Comparison of collagen synthesis under different culture conditions. (a) Images of Sirius Red staining, (b) Quantitative data of collagen synthesis. HPLF and HUVEC were
seeded on each well of 24-well plate at a total cell density of 5 � 104 cells/cm2 and cultured for 7, 10, and 14 days. Data represent as means ± S.D. of three independent experiments.
*, p < 0.05; and **, p < 0.01 for between-group comparisons.
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of a certain amount of HUVEC led to increased cell-to-cell in-
teractions, resulting the enhancement of collagen synthesis and EC
tube formation at a co-culture ratio of 1:1.

3.4. Gene expression profile of mono- and co-culture system

Quantitative polymerase chain reaction (qRT-PCR) analysis was
performed to assess the specific gene expression under mono- and
coculture conditions. We analyzed Col1A1, the major collagen in
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HPLF (Fig. 5a), Mkx, a tendon-specific transcription factor (Fig. 5b),
FGF2 and VEGF, angiogenesis-related genes (Fig. 5c and d). Col1A1
expression in HPLF monoculture decreased significantly with the
passage of the culture period. In HUVEC monoculture, a very small
amount of Col1a1 was not detectable. In contrast, the expression
level of Col1A1 under co-culture conditions was higher than that
under mono-culture after 10 days. These data indicate that the co-
culture of HPLF and HUVEC increased the expression levels of
Col1A1. Interactions between HPLF and HUVEC regulate gene



Fig. 2. Immunofluorescence analysis of CD31 and type I collagen under mono- and co-culture conditions. HPLF, HUVEC, and HPLF and HUVEC cocultures were seeded at a total cell
number of 5.0 � 104 cells/cm2. After 14 days culture, cells were fixed and stained with anti-CD31 for CD31 (red), anti-type I collagen for type I collagen (green), and DAPI for nuclei
(blue). They were viewed with a fluorescence microscope 10 � magnifications (scale bar: 100 mm).
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expression. A comparison of different co-culture conditions (4:1 vs.
1:1) showed that a higher number of HUVEC cells could enhance
the Co11A1 gene expression at day 14. Mkx, a tendon-specific
transcription factor, was assessed for membranous properties.
The expression levels of Mkx in both co-culture conditions were
lower than those in the HPLF mono-culture on day 7, contributing
to the number of HPLF. However, no significant changes were
Fig. 3. Quantification of the number of junctions under co-culture condition. HPLF and
HUVEC were seeded at a total cell count of 5.0 � 104 cells/cm2 and cultured for 14 days.
The tube-like structure was assessed by immunofluorescence staining. The number of
junctions was determined by ImageJ. Data represent as means ± S.D. of three inde-
pendent experiments. ***, p < 0.01 compared with co-culture (4:1).

142
observed in any of the other groups. Our data suggested that the co-
culture of HPLF and HUVEC did not affect the expression of Mkx in
long-term culture.

The expression levels of FGF2 and VEGF were examined to
evaluate angiogenesis. In HPLF monocultures, the expression of
FGF2 significantly decreased with the passage of culture time
(Fig. 5c). On the other hand, FGF2 expression in HUVEC mono-
culture increased as the culture period passed, though the level
was lower than HPLF. Under co-culture conditions, the expression
level of FGF2 at 1:1 condition was the highest among all samples
over time in culture. The level of FGF2 at 1:1 condition decreased
with the culture period under co-culture conditions though it
remained higher than in the other samples. The expression of VEGF
in HPLF monocultures also decreased over time in culture (Fig. 5d).
VEGF expression in HUVEC was much lower than that in HPLF.
Under the co-culture condition, the expression level of VEGF in the
1:1 condition on day 7 was the highest among all the samples.
These results showed that the co-culture of HPLF and HUVEC
enhanced the expression of VEGF. The increase in the ratio of
HUVEC may be correlated with the FGF2 derived from HPLF.
3.5. Effect of co-culture of HPLF and HUVEC on the secretion of
growth factors

Cell-to-cell interactions regulate various changes in co-culture.
We focused on indirect cell-to-cell interactions and examined the
cytokines that stimulate angiogenesis, such as FGF2 (Fig. 6) and
VEGF (Fig. 7). In the monoculture of HUVEC, FGF2 was secreted the
most compared to other conditions. No apparent differences were
observed between the HPLF mono-culture and the co-culture. A
comparison with between days 7 and 14 under co-culture



Fig. 4. Changes in the proportions of HPLF and HUVEC under co-culture conditions. GFP-labeled HPLF (GFP-HPLF) and HUVEC were seeded on 24-well plate at a total cell density of
5 � 104 cells/cm2 at co-culture ratios of 4:1 and 1:1 and cultured for 1, 3, 5, and 7 days. The proportion of GFP-HPLF and HUVEC in the co-culture was determined by cell counter.
Data are shown as the average of three different samples.

Fig. 5. Gene expression profile of mono- and co-culture system. Relative expression of Col1A1 (a),Mkx (b), FGF2 (c), and VEGF (d). HPLF, HUVEC, and HPLF and HUVEC were seeded at
a total cell count of 5.0 � 104 cells/cm2 and cultured for 7, 10 and 14 days. After extraction of total RNA, synthetic cDNA was prepared and qRT-PCR was performed. The amounts of
mRNA were calculated as relative quantities compared to GAPDH and analyzed with the 2-DDCt method. Data represent as means ± S.D. of three independent experiments. *,
p < 0.05; **, p < 0.001, ***, p < 0.001; and ****, p < 0.0001 for between-group comparisons.
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Fig. 6. Comparison of FGF2 secretion between mono- and co-culture. HPLF, HUVEC,
HPLF and HUVEC were seeded at a total cell density of 5.0 � 104 cells/cm2 and cultured
in an equal volume mixture of DMEM and ECGM2 for 7 and 14 days. The medium was
changed to serum-free DMEM medium, and the cultures were cultured for 2 more
days. The medium supernatant was collected and the FGF2 concentration was
measured using ELISA. Data represent as means ± S.D. of three independent experi-
ments. ***, p < 0.001 and ****, p < 0.0001 for between-group comparisons.
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conditions (1:1) showed a slight reduction in FGF2 secretion (day 7;
796.9 ± 47.23 pg/mL, day 14; 486.03 ± 54.53 pg/mL). Our data imply
that, under co-culture conditions, FGF2 would bind with heparan
sulfate proteoglycans located on the surface of most cells and
within the ECM. FGF2 released from ECM may stimulate each cell
type, contributing to collagen synthesis and EC tube formation.

High concentrations of VEGF were secreted from HPLF mono-
culture on day 7 (Fig. 7). In contrast, VEGF was undetectable in
HUVEC monocultures during the culture period. Between the HPLF
mono-culture and co-culture conditions on day 7, the level of VEGF
Fig. 7. Comparison of VEGF secretion between mono- and co-culture. HPLF, HUVEC,
HPLF and HUVEC were seeded on 24-well plate at a total cell density of 5.0 � 104 cells/
cm2 and cultured in an equal volume mixture of DMEM and ECGM2 for 7 and 14 days.
The medium was changed to serum-free DMEM medium, and the cultures were
cultured for 2 more days. The medium supernatant was collected and the VEGF con-
centration was measured using ELISA. Data represent as means ± S.D. of three inde-
pendent experiments. **, p < 0.001, and ***, p < 0.001 for between-group
comparisons.
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was significantly lower in the 1:1 co-culture than in the HPLF
mono-culture (HPLF; 2171 ± 556 pg/mL, 1:1; 1236 ± 31 pg/mL). On
day 14, the concentration of VEGF decreased in co-culture of 4:1
(496 ± 81.8 pg/mL) and 1:1 (496 ± 69.8 pg/mL) compared with the
mono-culture of HPLF (681 ± 36.7 pg/mL). These results indicate
that VEGF secreted from HPLF was also bounds the cell surface or
ECM, contributing to collagen synthesis and EC tube formation.

4. Discussion

Periodontal tissue is composed of multiple tissues, damaged by
periodontal disease making it difficult to reconstruct normal tissue
[1e4]. Wound healing is a complex integrated biological process
involving ECM molecules, cytokines, proliferation and migration of
multiple cells, ECM deposition, and reorganization of the blood
transport system [28]. The ECM is a highly dynamic non-cellular
network in all tissues that plays an important role in homeostasis
[29]. It is essential not only for maintaining tissue homeostasis, but
also as a signaling hub that transduces cascades for cellular func-
tion. The ECM also serves as a reservoir for growth factors released
after injury to modulate tissue behaviour and activate repair pro-
grams [30].

In this study, we first examined the effect of co-culture HPLF
with HUVEC on collagen synthesis, which is themain component of
the ECM. According to recent study, collagen in the PDL is mainly
composed of type I a1 (33.77 %), type III a1 (10.35 %), and type I a2
(6.69 %), and collagen in HUVEC is type IV, a component of the
basement membrane [31]. In our results, collagen synthesis in the
co-culture was comparable to that in the HPLF mono-culture on
days 7 and 10, while a significant increase was seen on day 14 only
in the 1:1 co-culture (Fig. 1). These results suggest that an optimal
amount of HUVEC that can interact with HPLF promotes collagen
synthesis in HPLF. Immunofluorescent analysis also showed that
the amount of collagen I was higher at a co-culture ratio of 1:1 than
that at 4:1 condition (Fig. 2). Furthermore, we could see numerous
collagen fibers and depositions within the tube network (asterisks
in Fig. S2). These data suggest that collagen functioned as a scaffold
for tube formation. In the co-culture of PDL and ECs, cell-to-cell
interactions stimulate EC tube formation [32]. These data imply
that the enhanced collagen synthesis in the co-culture contributes
to the construction of endothelial network structure. qRT-PCR an-
alyses showed that Col1A1 gene expression significantly decreased
with the passage of culture days in the HPLF monoculture. In
contrast, Col1A1 expression under co-culture conditions was higher
than that in the mono-culture after 10 days of culture. Col1A1 gene
expression in the 1:1 co-culture was also higher than that in the 4:1
co-culture, with a significant increase in collagen synthesis and the
number of junctions on day 14. These results are consistent with
those of previous reports showing that Col1A1 promotes the for-
mation of luminal structures in vascular ECs [33].

Next, we examined the effect of the co-culture of HPLF and
HUVEC on angiogenesis. Immunofluorescent analysis showed the
EC alignment and tube formation (Fig. 2) under co-culture condi-
tions. In addition, type I collagen was localized over the entire field
of view in HPLF monocultures. On the other hand, collagen I colo-
calized with CD31 in HUVEC under the co-culture condition. These
data suggest that collagen in HPLF functions like a scaffold for
migration and growth of ECs, resulted in the formation of EC tube
networks (Fig. S2). In this study, the co-culture of HPLF and HUVEC
induced EC tube formation through the intercellular action of each
cell. In particular, under 1:1 co-culture conditions, angiogenesis-
related factors, including FGF2 and VEGF, may function as trans-
duction molecules between both cells. FGF2 and VEGF are key
mediators of angiogenesis [34], and numerous studies have re-
ported on these factors. FGF2 promotes the proliferation of ECs and
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repair of damaged vessels [35,36]. During in vivo angiogenesis,
VEGF induces lumen formation in ECs, whereas Notch signaling
converts adjacent cells into stem cells and induces VEGF receptor
expression [37e39].

The levels of FGF2 and VEGF were analyzed by qRT-PCR (Fig. 5)
and ELISA (Figs. 6 and 7). Our findings indicate that under co-
culture conditions, FGF2 secreted from HPLF and HUVEC may be
used by their respective cells and stored in ECM, contributing to
collagen synthesis and EC tube formation. This phenomenon can
preferentially occur in a larger number of HUVECs, contributing to
tissue reconstruction. According to a previous report, FGF2
administration to HUVEC promotes cell proliferation [40,41] and
migration [42,43]. These data suggest that the degree of decline in
the FGF2 concentration under co-culture conditions is dependent
on the number of HUVEC. Additionally, the decrease of FGF2
would derive from binding with the cell surface or ECM (Fig. 6).
The expression of VEGF in HPLF monocultures also significantly
decreased over time in culture. VEGF expression in HUVEC was
much lower than that in HPLF. Under the co-culture condition, the
expression level of VEGF in the 1:1 condition on day 7 was the
highest among all the samples. These results indicate that the co-
culture of HPLF and HUVEC enhanced the expression of VEGF. The
increase in the ratio of HUVEC was correlated with FGF2 derived
from HPLF. Our data suggest that VEGF released from ECM, which
can serve as a storage place, would proceed tube formation
depending on the number of cells in HUVEC with VEGER. A pre-
vious study demonstrated that HUVECs express VEGFR and that
lumen formation proceeds by using VEGF, which is dependent on
the concentration of VEGF [44]. In this study, the concentration of
VEGF was also lower in the 1:1 co-culture, in which tube forma-
tion progressed significantly. These data suggested that VEGF was
also stored in ECM, resulting in stabilizing the capillary-like
formations.

Synergistic effects of FGF2 and VEGF have been shown in human
cord blood mononuclear cells transfected with a plasmid express-
ing FGF2 and VEGF; cell proliferation was enhanced, and the pro-
cess of reconstructing vascular structures occurred at an earlier
stage [45]. Other studies have shown that the co-treatment of
MPDL22 cells with FGF2 and VEGF significantly enhanced cell
migration. When MPDL22 cells were co-cultured with bEnd5 cells,
a mouse endothelial cell line, the production level of VEGF was
increased, and lumen formation was induced [32]. In the present
study, the co-culture of HPLF and HUVEC showed significantly
higher expression levels of VEGF on day 7 compared to the HPLF
mono-culture (Fig. 5c). Secreted FGF2 wasmost highly expressed in
HUVEC alone, whereas VEGF was highly expressed in the HPLF
monocultures. Therefore, under the 1:1 co-culture conditions, the
growth factors produced by HPLF and HUVEC interacted with each
other and showed synergistic effects, contributing to the significant
increase in VEGF gene expression.

Our data lead to the following processes for constructing a
microenvironment with vascular network.

i) The viability of HUVEC was enhanced by VEGF secreted from
HPLF.

ii) FGF2 secreted by activated HUVECs accelerates collagen
production in HPLF.

iii) VEGF secreted from HPLF aligned and formed a tube-like
structure on the collagen scaffold.

iv) The ECM constructed by fibroblasts and ECs acts as a storage
place of growth factors.

This system can be applied to various regenerative tissues by
selecting appropriate fibroblasts, and the optimal conditions for
each tissue should be determined.
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5. Conclusions

Successful periodontal tissue regeneration requires microenvi-
ronmental reconstruction and vascularization, which can be ach-
ieved using a co-culture system. The ECM plays an important role in
cell-to-cell communication via paracrine signaling, which entraps
and stores bioactive molecules secreted from the cells. Additionally,
vascular networks support tissue regeneration by supplying
essential substances, such as oxygen, nutrients, and cytokines. In
the present study, we found that fibroblastic and angiogenic phe-
notypes were enhanced by the co-culture of HPLF and HUVEC,
especially at a co-culture ratio of 1:1. The presence of HPLF-
stimulated in HUVEC led to increased EC tube formation. On the
other hand, HUVEC stimulated HPLF, which in turn increased cell
proliferation and ECM production. Taken together, optimal culture
conditions (1:1) could potentially accelerate tissue engineering,
including collagen synthesis and EC tube formation, and these
approaches can improve therapeutic efficacy after transplantation.
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