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TNF-alpha increases angiogenic
potential in a co-culture system of
dental pulp cells and endothelial cells

Abstract: We recently demonstrated that a co-culture system of human
umbilical vein endothelial cells (HUVECs) and human dental pulp stem
cells (hDPSCs) could enhance angiogenesis ability in vitro. However,
whether tumor necrosis factor a (TNF-a) could promote blood vessel
formation during pulp regeneration remained unknown. The aim of
this study was to investigate the effects of TNF-a on the formation of
endothelial tubules and vascular networks in a co-culture system of
hDPSCs and HUVECs. hDPSCs were co-cultured with HUVECs at a
ratio of 1:5. The Matrigel assay was performed to detect the total tubule
branching lengths and numbers of branches, and the Cell-Counting
Kit 8 assay was performed to examine the effect of TNF-a on cell
proliferation. Real-time polymerase chain reactions and western blot
were used to detect vascular endothelial growth factor (VEGF) mRNA
and protein expression. The Matrigel assay showed significantly
greater total branching lengths and numbers of branches formed in the
experimental groups treated with different concentrations of TNF-a
compared with the control group. The decomposition times of the
tubule structures were also significantly prolonged (P < 0.05). Treatment
with 50 ng/ml TNF-a did not significantly change the proliferation of
co-cultured cells, but it significantly increased the VEGF mRNA and
protein expression levels (p < 0.05). In addition, the migration abilities of
HUVECs and hDPSCs increased after co-culture with TNF-a (p < 0.05).
TNF-a enhanced angiogenic ability in vitro in the co-culture system of
hDPSCs and HUVECs.

Keywords: Neovascularization, Physiologic; Stem Cells.

Introduction

Angiogenesis is defined as the formation of new capillaries extending
from existing blood vessels.! This type of blood vessel development is
indispensable for physiological processes such as wound healing and
reproduction. It is a complex, dynamic process involving the following
steps: degradation of the basement membrane and extracellular matrix
surrounding the endothelial cells, endothelial cell proliferation and
migration, tube formation, and maturation into functional blood vessels
(e.g., recruitment of mural cells)."*** The dental pulp is located in the
center of the pulp chamber, surrounded by dentin. The nerves and
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vascular and lymphatic vessels enter the dental
pulp through the tooth’s narrow apical foramen.
Any dental inflammatory process may result in the
destruction of the neurovascular network, which
may lead to autologous ischemia and dental pulp
necrosis. Angiogenesis is an important factor in the
survival and differentiation of implanted cells in pulp
tissue regeneration,” which is not only an important
part of pulp tissue engineering, but also plays a
key role in enhancing the formation of vascular
networks. Several in vitro studies have shown that
human dental pulp stem cells (hDPSCs) can promote
the formation of tubules in human umbilical vein
endothelial cells (HUVECS) in a paracrine manner
in co-culture systems.® In vivo studies have shown
that hDPSCs regulate angiogenesis by secreting
vascular endothelial growth factor (VEGF), a key
regulator of vascular permeability and angiogenesis,
thereby enhancing the survival and differentiation of
HUVECs in paracrine and/or autocrine manners.*’
The present study also shows that a co-culture system
of HUVECs and hDPSCs can enhance angiogenesis
in vitro.

Tumor necrosis factor o (TNF-a) is preferentially
secreted by macrophages in response to bacterial
endotoxins, such as lipopolysaccharide (LPS).?
LPS plays a major role in the pathogenesis of
degenerative diseases involving the dental pulp
and surrounding periodontium.® Several lines of
evidence implicate TNF-a in the perpetuation of
chemotaxis in inflammatory cells and fibroblasts.*™
More importantly, Graves'? provided evidence of
the involvement of TNF-a in periodontitis. Our
previous experiments showed that 50 ng/ml TNF-a
stimulation increased hDPSC migration in vitro
through integrin a-6 subunit upregulation.”® The role
of TNF-a. in angiogenesis, however, is controversial.
In two in vivo studies, TNF-o at concentrations of
5ug/mland 5-50 ng/ml induced angiogenesis in the
corneas of rabbits and rats, respectively.** In in vitro
studies, 0.01 ng/ml TNF-a induced the proliferation
of cultured capillary bovine brain cells and adrenal
cortex-derived capillary endothelial cells, but 1 ng/ml
TNEF-a inhibited their proliferation.!*"”

Previous studies showed that 50 ng/ml TNF-a
had no significant effect on the proliferation of
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hDPSCs, but that it significantly enhanced their
migration ability."* Therefore, the aims of this study
were to explore whether TNF-a promotes angiogenic
potential in a co-culture system of hDPSCs and
HUVECs, and to identify mechanisms potentially
underlying this process.

Methodology

Islolation and culture of cells

hDPSCs were isolated as described previously.®®
Briefly, dental pulp tissues were isolated from healthy
impacted third molars from donors aged 18-25 years.
The cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 20% fetal bovine serum,
100 U/ml penicillin G, and 100 mg/ml streptomycin
at 37°C under 5% CO2. HUVECs, EC medium, and
poly-L-lysine were from Scien Cell (San Diego,
CA, USA). The synergistic effects of hDPSCs and
HUVECs were examined in direct cell-to-cell contact
cultures. Passages 2-4 of each cell type were used
in all experiments.

Tubular network formation on matrigel

To investigate whether co-culture of hDPSCs and
HUVECs under TNF-a promotes the formation of
endothelial tubules and a blood vessel network, a
tubular formation assay was carried out. Briefly,
HUVEC:s (1.5 x 10*/well) co-cultured with hDPSCs
(5:1) were seeded in 96-well plates precoated
with Matrigel (60 pl/well; BD Biosciences). TNF-a
(10, 30, 50, and 70 ng/ml) was added to the medium
in the experimental groups. Images were obtained
under an inverted phase-contrast microscope
after 3, 6, 9, and 12 h, and analyzed using Image]
software (National Institutes of Health, Bethesda,
MD, USA). The total branching lengths and the
number of branches were measured on the images
at 10x magnification (n = 6).

Cell-Counting Kit 8 (CCK-8) assay

HUVECs and hDPSCs (5:1) were seeded at a
density of 2,400 cells/well in 96-well plates. They
were treated with 50 ng/ml TNF-a after 10 h culture.
After culturing for 3, 6, 9, 12, 24, 48, and 72 h at
37°C, co-cultured cell proliferation was assessed



by Cell-Counting Kit 8 (CCK-8) assay (Beyotime
Institute of Biotechnology). The absorbance of
each well was measured at 450 nm. A total of six
replicate wells were assayed for each group, and
mean values were calculated.

Live/dead staining

The lattice structures formed by HUVECs
and hDPSCs were rinsed twice with Dulbecco’s
phosphate-buffered saline (PBS; Gibco, Grand
Island, NY, USA) to remove serum esterases and
then incubated for 30 min at room temperature
in a mixture of 2 uM calcein acetoxymethyl (AM;
Invitrogen, Waltham, MA, USA) and 4 uM ethidium
homodimer-1 (Invitrogen). Live (calcein AM-labeled,
green) and dead (ethidium homodimer-1-labeled, red)
cells were visualized under a fluorescence microscope
(IX 71; Olympus, Tokyo, Japan).

Immunofluorescent staining

To distinguish the positional relationships between
HUVECs and hDPSCs in vessel-like structures,
hDPSCs were stained with DAPI and HUVECs
were stained with double immunofluorescent
stain for CD31. Briefly, the vessel-like structures
formed by hDPSCs and HUVECs were fixed with
4% paraformaldehyde for 15 min and blocked in
1% bovine serum albumin, followed by incubation
with rabbit anti-human CD31 (1:20; Abcam) for 1 h
at room temperature. After rinsing with PBS, the
cells were treated with secondary antibodies (Alexa
488-conjugated goat anti-rabbit immunoglobulin G,
1:500; Invitrogen) for 1 h at room temperature. The
cells were then stained with DAPI for 30 min. Images
were obtained under a fluorescence microscope
(IX 71; Olympus). At 200x magnification, migrated
cells within five random microscopic fields per
well were photographed and counted. The total
number of cells was calculated as the average of
three independent experiments.

Boyden chamber migration assay

hDPSCs (3 x 10%) were seeded into the upper
compartment of the chamber (8 pm pore size; BD
Biosciences). Then, HUVECs (1.5 x 10°) with aliquots
of 500 pl culture medium with or without 50 ng/
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ml TNF-a were added to the lower compartment.
In the second step, HUVECs (2 x 10%) were added
to the upper compartment of the chamber while
the lower compartment was filled with hDPSCs
(4 x 10°% with aliquots of 500 ul culture medium
with or without 50 ng/ml TNF-a. After culturing
for 24 h at 37° cells that had migrated through
the polycarbonate membrane were fixed with 4%
paraformaldehyde and stained with DAPI. At 100x
magnification, migrated cells within five random
microscopic fields per well were photographed and
counted. The total number of cells was calculated
as the average of three independent experiments.

Real-time polymerase chain reaction

Total cellular RNA was isolated from hDPSCs
and HUVECs using the TRIzol reagent (Invitrogen).
The isolated RNA was reverse transcribed into
cDNA using Superscript III RNase Reverse
Transcriptase (Invitrogen), and real-time PCR
was performed. Reactions were performed at
95°C for 10 minutes followed by 40 cycles of
95°C for 30 seconds and 60°C for 30seconds.
GAPDH were considered as the housekeeping
genes. Each sample was tested in triplicate. The
following forward and reverse primers were
used: VEGF: 5-ATCCAATCGAGACCCTGGTG-3’
and 5-ATCTCTCCTATGTGCTGGCC-3; GAPDH:
5-TCAAGAAGGTGGTGAAGCAGG-3’ and
5-TCAAAGGTGGAGGAGTGGGT-3".

Western blot analyses

HUVECs and hDPSCs (5:1) grown in 75-cm?2 flasks
were treated with or without 50 ng/ml TNF-a. for 3,
6,9, and 12 h. Total proteins were obtained from the
control and experimental groups and lysed in protein
lysis buffer (Beyotime, China). The protein content
was quantified using the bicinchoninic acid assay
(Beyotime, China). Protein extracts were separated
via 15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis, and the proteins were electronically
transferred to a 0.22-mm polyvinylidene difluoride
membrane (Bio-Rad, USA). Western blot analysis was
performed as described previously.’®
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Statistical analysis

All experiments were repeated at least three times.
Values are presented as means + standard deviations.
Statistical analyses were conducted with Student’s
t-test using SPSS software (version 20.0). P < 0.05 was
accepted as statistically significant.

Results

TNF-a enhanced the formation of
vessel-like structures in the co-culture
system of HUVECs and hDPSCs

To determine the optimal concentration of
TNEF-a, 0, 10, 30, 50, and 70 ng/ml TNF-o were
added to the co-culture system of hDPSCs and
HUVECs. The co-culture system with TNF-a
formed an extensive and stable lattice of vessel-like
structures (Figure 1A).The total branching lengths
and numbers of branches formed in the experimental
groups treated with different concentrations of
TNEF-a were significantly greater than those in
the control group, and the decomposition times
of tubule structures were significantly prolonged
(both p < 0.05). The tubule structures formed in
the 50-ng/ml TNF-a group had the greatest total
branching lengths and numbers of branches, and
remained intact with no obvious decomposition
after 24 h. The tubule structures in the control
group had the least total branching lengths and
numbers of branches. They began to decompose,
even collapsing and disappearing, after 6 h. The
cells were clustered and the tubule structures
was almost completely decomposed at 24 h
(Figures 1B, C). Therefore, 50 ng/ml TNF-a was
used in subsequent experiments.

Co-cultured hDPSCs and HUVECs showed
good growth status under the action
of TNF-a

To investigate the effects of exogenous TNF-a
on the proliferation of hDPSCs and HUVECs in
the co-culture system, we performed the CCK-8
assay. The numbers of hDPSCs and HUVECs in
the co-culture system, indicated by the optical
density (OD) values, were not increased in the
experimental group compared with the control
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group at 3, 6,9, 12, 24, 48, or 72 h (Figure 2A). The
lattice structures in the experimental and control
groups were immunostained using a live/dead
viability/cytotoxicity kit. Following exposure to
50 ng/ml TNF-o, green fluorescence-stained cells
formed stable and uniform tubule-like structures and
no red fluorescent cells were observed, indicating
good growth status of the co-cultured hDPSCs and
HUVECs (Figure 2B). The lattice structures were
composed of 2-5 layers of cells, with extensive
crosslinking and denser network structures in the
experimental group compared with the control
group. The lattice structures in both groups were
immunostained with CD31, a specific marker of
vascular endothelial cells. CD31+ vascular endothelial
cells were located in the areas surrounding the main
tubules in both groups (Figure 2C).

VEGF was upregulated in the co-culture
system of hDPSCs and HUVECs
under TNF-a

The expression level of VEGF under the action
of TNF-a was explored at the genetic level. To
study changes in VEGF, differential expression
was analyzed by quantitative PCR after 3, 6, 9 and
12 h treatment with 50 ng/ml TNF-a. VEGF gene
expression was significantly up-regulated at all
time points (p < 0.05; Figure 3A). The expression
level of VEGEF in the co-culture system under the
action of TNF-a was examined at the protein level
by western blot assay. VEGF protein expression
increased significantly upon treatment with 50 ng/ml
TNF-a for 3, 6, 9, and 12 h. However, no significant
difference in this expression among the experimental
groups was observed at any time point (p < 0.05;
Figures 3B, C).

The TNF-a level was correlated
directly with increased hDPSC and
HUVEC migration

To assess the regulatory effects of TNF-a on
the migration of hDPSCs and HUVECs in the
co-culture systems, we used polycarbonate migration
filters coated and uncoated with TNF-a (50 ng/ml).
Numbers of migrated cells were determined at
different time points using transwell migration
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Figure 1. Dose-dependent modulation of vessel formation by TNF-a. (A) Phase-contrast images (x10) at 3, 6, 9, 12, 15, and
24 h after the addition of 0, 10, 30, 50, and 70 ng/ml TNF-a. to the co-culture system (HUVECs:hDPSCs = 5:1), with seeding on
Matrigel. (B, C) Graphic representations of the total branching length and number of branches, respectively. Data are presented
as means *+ standard deviations (n = 5).
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Figure 2. TNF-a had limited effects on the proliferation abilities of hDPSCs and HUVECs in the co-culture system. (A) The
proliferation of hDPSCs and HUVECs was analyzed using Cell Counting Kit 8 at 3, 6, 9, 12, 24, 48, and 72 h under the action of
50 ng/ml TNF-o.. OD values of the two groups of cells were comparable during the 8-day observation period. Data are presented
as means * standard deviations (error bars). (B) Live (green)/dead (red) staining of the lattice structures formed by the co-cultured
system in the presence and absence of 50 ng/ml TNF-a. (C) CD31 (immunofluorescence)-stained vessel-like structures formed by
HUVEC:s in co-culture. Green fluorescence indicates CD31 positivity, and blue staining indicates nuclei.

assays (Figure 4B). DAPI staining of hDPSCs and Discussion

HUVECs subjected to transwell assays revealed

that the migration ability of these cells correlated Regenerative endodontic treatment is a branch of
positively with the TNF-a level, as compared with regenerative medicine and tissue engineering that
the control group (p < 0.05; Figure 4A). can be defined as a biologically based restorative
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Figure 3. TNF-a promoted the expression of VEGF mRNA and protein. (A) Relative expression levels of VEGF under the action of
50 ng/ml TNF-a ot different time points, detected by real-time PCR. Values are normalized to GAPDH expression (**P < 0.01).
(B) Western blotting showing positivity for VEGF protein expression in the co-culture system with 50 ng/ml TNF-a.. VEGF expression
was upregulated under the action of TNF-a at 3, 6, 9, and 12 h. Electrophoresis was performed on 15% polyacrylamide gel, and
the density of each band was measured and normalized to that of GAPDH. (C) Relative protein expression levels of VEGF were
increased in the experimental groups compared with the control groups. Experiments were repeated at least three times. Values
are expressed as means = standard deviations. (***p < 0.001, ****p < 0.0001).
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Figure 4. TNF-a enhanced the migration abilities of hDPSCs and HUVECs. (A) The numbers of migrated cells with 50 ng/ml TNF-a.
and control incubation for 24 h were compared using the transwell assay. Photographs show DAPI-stained cells from two wells
from three different experiments that migrated to the lower surface; five random fields per well were counted. (B) Mean numbers
of hDPSCs and HUVECs that migrated in response to TNF-a. (50 ng/ml), determined by cell counting at 100X magnification
(**p < 0.01; ****p < 0.0001 vs. control).

approach to the replacement of lost or damaged established rapidly, necrosis of the transplant will
pulp tissue with hDPSCs, suitable biochemical occur.? hDPSCs are present in dental pulp, and their
factors, and engineering materials.'”® If blood vessel function is to regenerate damaged pulp, based on
formation toward the transplanted tissue cannot be their potential to form dentin-tooth pulpoid tissues in
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vivo.”> Angiogenesis is key for the regeneration of the
pulp-dentin complex.* In preliminary experiments,
we showed that HUVECs and hDPSCs co-cultured
ataratio of 5:1 formed more tubule structures in the
early stage, but began to collapse at about 6 h. As the
tubule structures were not sufficiently stable, we added
TNEF-a to the co-culture system to improve stability.
In Matrigel tube formation experiments, the total
branching lengths and numbers of branches of the
tubule-like structures were much greater with the
addition of 50 ng/ml TNF-a than in the control group
and groups treated with other TNF-a concentrations.
In addition, 50 ng/ml TNF-o promoted the formation
of broader, stable lattice structures and prolonged
their decomposition times. Therefore, 50 ng/ml TNF-a
was determined to be the optimal concentration and
was used in all subsequent experiments. Live/dead
staining of the lattice structures showed that HUVECs
and hDPSCs grew well, with no dead cells observed.
Quiescent stem cell populations form regenerative
hubs in dental tissues; they reside in a latent state
and are evoked to proliferation, migration, and
differentiation only after stimulation by cytokines
released after injury.** TNF-a is a cytokine released
early in the pulp during inflammation,* but whether
it promotes the formation of lattice structures by stem
cells had not been studied before the present work.
The CCK-8 assay showed that TNF-a had limited
effects on the proliferation abilities of hDPSCs and
HUVECs in the co-culture system. Thus, the ability
of TNF-a. to enhance lattice structure formation is not
achieved by promoting the proliferation of these cells.
Another key step in angiogenesis is EC migration;
thus, we investigated whether TNF-a promoted the
formation of lattice structures by promoting the
migration of HUVECs and hDPSCs. The migration
abilities of these cells correlated positively with
the TNF- a level. This result is consistent with our
group’s previous experimental finding that 50 ng/
ml TNF-a promotes the migration ability of hDPSCs
in vitro. Thus, the results of the present study show
that 50 ng/ml TNF-a promoted the formation of
lattice structures by promoting the migration ability
of hDPSCs and HUVECs in the co-culture system.
Enhanced cellular differentiation and
neovascularization of dental pulp tissue are important

An L, Shen S, Wang L, Li Y, Fahim S, Niu Y, et al.

steps in the healing of dental pulp.” The potential for
pulp healing is related to the ability of dental pulp cells
to secrete growth factors, including angiogenic factors,
platelet-derived growth factor, and fibroblast growth
factor.”® These cytokines have been shown to play
major roles as secondary mediators of TNF-a-induced
angiogenesis through paracrine and/or autocrine
actions.?-3 Moreover, TNF-a and LPS can activate
angiogenesis via VEGF and SIRT1 signaling in human
dental pulp cells.* One in vitro study revealed that
VEGF promoted proliferation and differentiation of
hDPSCs.® As an endothelial cell mitogen® and growth
factor,” VEGF can recruit new blood vessels to the
region closest to bacterial invasion. In the present
study, western blot analysis and real-time PCR
showed that the expression level of the angiogenic
marker VEGF was significantly increased under the
action of 50 ng/ml TNF-o compared with the control
group. Therefore, consistent with previous findings,
50 ng/ml TNF-a enhanced the formation of lattice
structures in vitro in the co-culture system through
the upregulation of VEGF expression.

In cellular transplants, stem cells have been shown
to promote angiogenesis in two distinct fashions:
a. through the secretion of angiogenic factors to
induce the formation of blood vessels from the host
tissue and b. through differentiation into endothelial
cells as constituents of the newly formed vascular
structures.’® Pericytes, also called perivascular
cells, are located in the basement membranes of
vessels and interact with endothelial cells to regulate
blood vessel physiology.** Dental pulp stem cells
may originate from pericytes. The dentin matrix is
degraded when the pulp is damaged, and pericytes
migrate from the capillary wall to the area around
the pulp tissue. In this study, all cells constituting
the tubule structures were CD31 positive, suggesting
that hDPSCs played a functional role in angiogenesis
by differentiating into vascular endothelial cells in
the co-culture system in vitro.

In sum, hDPSCs and HUVECs formed a large
number of stable lattice structures in the co-culture
system, accompanied by the upregulation of VEGF
mRNA and protein expression levels and increased
migration ability of HUVECs and hDPSCs under the
action of 50 ng/ml TNF-a. Thus, the co-culturing
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of HUVECs and hDPSCs with TNF-a can increase
angiogenic potential in vitro. However, the specific
signaling pathways and mechanisms by which
50 ng/ml TNF-a induced revascularization in
the co-culture system in vitro, as well as the best
method of TNF-a application in vivo to promote pulp
revascularization, require further study.
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