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Abstract: Microvessels in bone are indispensable for maintaining bone homeostasis based on a
dynamic remodeling system. In cell-based tissue engineering, vascularization into the regenerative
bone is a key strategy to avoid hypoxia and necrosis around re-implanted tissues. Previous studies
have shown that direct contact between osteoblasts and endothelial cells stimulates differentiation of
both cell types. However, no studies have revealed the dominant/submissive relationship. In the
present study, we examined the effect of hypothermia on monoculture and co-culture to assess which
cells tightly coordinated osteogenesis and angiogenesis in the co-culture system. As for osteoblasts,
exposure to hypothermia suppressed cellular proliferation, migration, and differentiation. Evaluation
of the behavior of endothelial cells showed that hypothermia should not affect basic functions such
as proliferation and migration. Under co-culture conditions, both osteogenic differentiation and the
formation of vessel-like angiogenic structures were suppressed by hypothermia, but the spatial orga-
nization of alkaline phosphatase-positive cell clusters, which tend to localize around microvascular
lumens, was not altered. These data suggest that hypothermia attenuates heterotypic intercellular
crosstalk which robustly depends on osteoblasts to inhibit both osteogenesis and angiogenesis in
the co-culture system. Taken together, this approach will provide new insights into the relationship
between osteoblasts and endothelial cells in tissue engineering.
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1. Introduction

Architecture of hierarchical structures and orchestrated systems is a major challenge
in tissue engineering. Bone has a regenerative capacity yet fails to repair critical-sized
defects [1]. There are different approaches to treat damaged and/or defective tissues.
Autologous bone grafting is the gold standard for bone defect treatment [2]. An iliac crest,
which is most frequently used for autografting, can introduce angiogenesis to express
the osteoinductive, osteoconductive, and osteogenic potential around the re-implanted
area [3–5]. However, this approach has a lot of limitations, such as the amount of material
available and post-operative pain.

Bone has a dynamic remodeling system that is robustly coupled with vascularization.
Microvasculature in bone is essential to supply nutrients and oxygen, remove metabolic
wastes, and transport growth factors and inorganic ions. A lack of vascular systems can
cause hypoxia and cell necrosis, resulting in clinical problems [6–8]. The complex tissue is
supported by the periosteum. The periosteum is a highly vascularized connective tissue
sheath covering the surface of bone and is composed of two distinct layers, termed “fibrous
layer” and “cambium layer”. The periosteum has multiple roles in maintaining bone
homeostasis: storage of growth factors and inorganic ions; a source of mesenchymal lineage
cells and vascular endothelial cells; and an origin of osteogenesis and angiogenesis [9,10].
The osteoimmune system originates from blood vessels in the periosteum and periosteal
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circulation [11]. Thus, constructing regenerative bone like periosteum has attracted much
attention in the field of bone tissue engineering.

Co-culture of osteoblasts and endothelial cells has been used not only to construct
periosteum-like tissue but also to investigate the spatiotemporal relationship between
osteogenesis and angiogenesis. Previous studies have demonstrated that co-culture of
osteoblasts and endothelial cells induces the differentiation of both cell types, such as
the enhancement of osteogenic differentiation and the formation of vessel-like angiogenic
structures [12–14]. It has been considered that these effects may be mediated by heterotypic
intercellular crosstalk via humoral factors, cell junctions, and extracellular matrices [15–17].
In particular, direct contact between osteoblasts and endothelial cells should strongly reflect
both paracrine and juxtacrine crosstalk mechanisms [18]. Moreover, physical stimulations
such as hypoxia and shear stress contribute to promoting osteogenesis and angiogenesis
by regulating the communications [19,20]. Since they cannot selectively target either cell
type, however, the dominant/submissive relationship remains undefined.

Due to this background, we focused on a thermal approach to reveal which cells
dominated the regulation of a co-culture system of osteoblasts and endothelial cells. Some
studies have shown that mild hyperthermia (39 ◦C) promotes osteoblastic proliferation and
differentiation, whereas moderate hypothermia (33 ◦C) represses osteoblastic proliferation,
differentiation, and endothelial cell apoptosis in monoculture conditions [21–24]. In an-
other study, mild heat shock enhanced both osteogenesis and angiogenesis in a co-culture
system of osteoblasts and endothelial cells [25]. The exposure of a co-culture system to
the effects of hyperthermia could hardly reveal the dominant/submissive relationship
between both cell types, owing to the low specificity. No studies have yet treated cells with
moderate hypothermia, to our knowledge. Therefore, the cell-specific response to moder-
ate hypothermia will be key in revealing the dominant/submissive relationship between
osteoblasts and endothelial cells. In the present study, to examine which cells positively
affect the co-culture system, we investigated the effect of moderate hypothermia (33 ◦C)
on different culture conditions: monoculture of either osteoblasts or endothelial cells and
co-culture of osteoblasts and endothelial cells. This approach will provide new insights
into the relationship between osteogenesis and angiogenesis during bone regeneration.

2. Materials and Methods
2.1. Cell Culture

Commercially available human osteoblast-like MG-63 cells (ATCC® CRL-1427™)
and human umbilical vein endothelial cells (HUVECs; PromoCell, Heidelberg, Germany)
were used as models of osteoblasts and endothelial cells in the present study. MG-63
cells were cultured in Eagle’s minimum essential medium (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FUJIFILM Wako
Pure Chemical, Osaka, Japan), 1% non-essential amino acids (Sigma-Aldrich, St. Louis,
MO, USA), 100 units·mL–1 penicillin (FUJIFILM Wako Pure Chemical, Osaka, Japan), and
100 µg·mL–1 streptomycin (FUJIFILM Wako Pure Chemical, Osaka, Japan). HUVECs were
cultured in Endothelial Cell Growth Medium 2 kit (EGM2; Takara Bio Inc., Shiga, Japan).
Both MG-63 cells and HUVECs were maintained at 37 ◦C in a humidified atmosphere
containing 5% CO2. All experiments were conducted using MG-63 cells at passage 3–6 and
HUVECs at passage 1–3.

2.2. Cell Proliferation

Cells were seeded at 1.0 × 104 cells·cm–2 in 6- or 24-well plates with growth medium
and cultured at 37 ◦C and 33 ◦C for 1, 3, 5, and 7 days. The culture medium was refreshed
every 2 days. The number of proliferating cells was assessed by direct cell counting or
crystal violet staining after the appropriate incubation period. Direct cell counting was to
count the cells collected by trypsinization with a hemocytometer. Crystal violet staining was
performed according to a modified procedure [26]. Briefly, after rinsing with phosphate-
buffered saline (PBS; pH 7.4), cells were fixed with 4% paraformaldehyde/PBS for 15 min.
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The fixed cells were stained with 0.1% crystal violet solution at room temperature for
30 min. The bound stain was extracted at room temperature for 15 min with 1% sodium
dodecyl sulfate solution. The absorbance was measured at 570 nm using a microplate
reader (Multiskan FC, Thermo Fisher SCIENTIFIC, Waltham, MA, USA). The cell number
was determined according to a standard curve established using known numbers of cells.

2.3. Cell Migration

Cells were seeded at 5.0 × 104 cells·cm–2 in 24-well plates with growth medium and
precultured at 37 ◦C for 24 h. The cells were scraped off with a pipet tip and the medium
was exchanged. Phase contrast pictures were taken at 0 and 24 h with a fluorescence
phase-contrast microscope (BZ X-710, Keyence, Osaka, Japan). The intracellular distance
was measured using ImageJ software (version 1.52 h, National Institutes of Health (NIH),
Bethesda, MD, USA). Cell migration was determined by the distance moved into the
acellular area over time.

2.4. Osteoblastic Differentiation

MG-63 cells were seeded at 2.5× 104 cells·cm–2 in 24-well plates with growth medium
and precultured at 37 ◦C and 33 ◦C for 3 days. After that, the medium was exchanged for
differentiation-induction medium: growth medium supplemented with 10 mM
β-glycerophosphate (FUJIFILM Wako Pure Chemical, Osaka, Japan), 50 µg·mL–1 ascorbic
acid (Sigma-Aldrich, St. Louis, MO, USA), and 100 nM dexamethasone (FUJIFILM Wako
Pure Chemical, Osaka, Japan). The culture medium was refreshed every 2 days and the
culture was maintained at 37 ◦C and 33 ◦C for a maximum of 21 days. Briefly, cells were
collected by trypsinization and stored at −80 ◦C every 7 days. For each time point, intracel-
lular alkaline phosphatase (ALP) activity was determined, referring to the manufacturer’s
instructions for LabAssay™ ALP (FUJIFILM Wako Pure Chemical, Osaka, Japan).

2.5. Endothelial Cell Tube Formation

Each well of a 24-well plate was coated with 250 µL of Matrigel® Basement Membrane
Matrix (Corning, Bedford, MA, USA) without trapping air bubbles and settled at 37 ◦C
for at least 30 min as allowance for gelation of Matrigel® Matrix. HUVECs were seeded
at 5.0 × 104 cells·cm–2 in each well of a 24-well plate coated with Matrigel® Basement
Membrane Matrix and incubated at 37 ◦C and 33 ◦C for 6 h. At the culture step, the
cells were observed under a phase-contrast microscope (CKX53-11BFK and DP21-SAL,
Olympus, Tokyo, Japan). The tube formation images were quantified using Angiogenesis
Analyzer for ImageJ software [27].

2.6. Co-Culture of Osteoblasts and Endothelial Cells

MG-63 cells and HUVECs were, respectively, seeded at an initial density of
2.0 × 104 cells·cm–2 and 8.0 × 104 cells·cm–2 in each well of a 24-well plate in EGM2
and precultured at 37 ◦C for 24 h as previously described [28]. The culture medium was
refreshed every 2 days and the culture was maintained at 37 ◦C and 33 ◦C for a maximum
of 21 days.

2.7. Quantitative Measurement of Alkaline Phosphatase Activity

Alkaline phosphatase (ALP) activity was determined by a colorimetric analysis using
p-nitrophenyl phosphate as substrate, referring to the manufacturer’s instructions for LabAs-
say™ ALP (FUJIFILM Wako Pure Chemical, Osaka, Japan). Briefly, cells were collected by
trypsinization and stored at −80 ◦C every 7 days. For each time point, the samples were
solubilized with CelLytic™ M (Sigma-Aldrich, St. Louis, MO, USA) and homogenized by
sonication. The cell lysates were centrifuged, and the supernatants were then assayed for
ALP. The absorbance was measured at 405 nm using a microplate reader (Multiskan FC,
Thermo Fisher SCIENTIFIC, Waltham, MA, USA). One unit was defined as the activity that
produced one nanomole of p-nitrophenol after 15 min. Enzymatic activity was normalized
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to total protein concentration using bovine serum albumin (BSA; FUJIFILM Wako Pure
Chemical, Osaka, Japan). Total protein concentrations of the supernatants were determined
by the standard method of Bradford (FUJIFILM Wako Pure Chemical, Osaka, Japan).

2.8. Immunofluorescence Analysis of CD31 Expression

Cells were washed twice with PBS and fixed with 4% paraformaldehyde/PBS at room
temperature for 15 min. The cells were then permeabilized with 0.1% Triton X-100/PBS at
room temperature for 15 min. After rinsing with PBS twice, the cells were blocked with 3%
BSA/PBS at room temperature for 1 h and then incubated with monoclonal mouse anti-
human CD31 antibody (Dako, Glostrup, Denmark) diluted in PBS at 4 ◦C overnight. The
cells were stained with Alexa Fluor™ 594-labeled goat anti-mouse IgG1 (Invitrogen, Carls-
bad, CA, USA) for CD31 and 4′,6-diamino-2-phenylindole (DAPI; Dojindo, Kumamoto,
Japan) for nuclei diluted in PBS. The cells were again washed with PBS and then examined
with a fluorescence phase-contrast microscope (BZ X-710, Keyence, Osaka, Japan).

2.9. Histochemical Staining for ALP Activity and Immunocytochemical Staining for CD31 Expression

Histochemical staining for ALP activity was performed using a commercially avail-
able kit (FUJIFILM Wako Pure Chemical, Osaka, Japan), referring to the manufacturer’s
procedure. Briefly, cells were washed with PBS and fixed with 4% paraformaldehyde/PBS
for 15 min. The cells were then permeabilized with acetone/methanol (−20 ◦C) at room
temperature for 2 min. After rinsing with PBS twice, the cells were stained with ALP
substrate solution (premixed) at 37 ◦C for 45 min. Immunocytochemical staining for CD31
expression was performed using Vectastain® Elite® ABC Universal PLUS kit (Vector Lab-
oratories, Burlingame, CA, USA) following the manufacturer’s protocol. The cells were
washed with PBS twice and blocked with BLOXALL® blocking solution at room tempera-
ture for 10 min. After washing with PBS twice, the cells were blocked with 3% BSA/PBS at
room temperature for 1 h and then incubated with monoclonal mouse anti-human CD31
antibody (Dako, Glostrup Denmark) diluted in PBS at 4 ◦C overnight. The cells were
incubated with biotinylated horse anti-mouse/rabbit IgG secondary antibody diluted in
PBS at room temperature for 30 min. The cells were rinsed with PBS and then treated with
Vectastain Elite ABC reagent at room temperature for 30 min. After washing with PBS, the
cells were stained with ImmPACT DAB EqV solution at room temperature for 15 min. The
cells were again washed with PBS and then examined with a fluorescence phase-contrast
microscope (BZ X-710, Keyence, Osaka, Japan).

2.10. Statistical Analysis

The data were statistically analyzed for determination of the mean and the standard deviation
(SD) of the mean. The Student’s t-test was carried out with a significance level of p < 0.05.

3. Results
3.1. Effect of Hypothermia on the Osteoblast and the Endothelial Cell Monocultures

Osteoblasts are involved in a bone remodeling system directly linked to bone mass.
Some studies have reported that osteoblastic functions are suppressed under unsuitable
conditions, thereby inhibiting calcification [29–31]. On the other hand, microvessels are
present in most tissues and are indispensable for homeostasis by the circulatory system.
Angiogenesis, which involves the formation of new blood vessels in tissues, relies upon
proliferation and migration of vascular endothelial cells [32,33].

In the present study, MG-63 cells and endothelial cells were monocultured at low
temperature (33 ◦C) to investigate the effects of hypothermia on osteoblasts. First, cells
were seeded on tissue culture plates to examine the effect of hypothermia on cellular
proliferation. At days 1, 3, 5, and 7 after seeding, cells were counted according to
the described methods. Measurements for the osteoblast monoculture showed that it
took more time to reach confluence under hypothermia (Figure 1A). The observations
with an optical microscope also confirmed that the cells under normal conditions (37 ◦C)
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reached confluence at 5 days after plating, whereas the cells under hypothermic conditions
(33 ◦C) reached confluence at 7 days after plating (data not shown). In addition, exposure
to moderate cold shock also prolonged the doubling time during the exponential growth
phase (Figure 1B). No evident changes were observed between normal and hypothermic
endothelial cell monoculture conditions (Figure 1A,B).
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Figure 1. Comparison of cellular proliferation in MG-63 cells and HUVECs. To examine the effect of
hypothermia on proliferation of osteoblasts and endothelial cells, cells were cultured in 6- or 24-well
plates at 37 ◦C and 33 ◦C for 7 days. (A) The number of proliferating cells were counted at days 1, 3,
5, and 7 after seeding. (B) Doubling time was calculated by the ratio of the cell number during the
log phase. Data were collected from six replicate samples and are shown as mean ± SD. *** p < 0.001
compared with 37 ◦C.

Next, a scratch-wound assay was performed to investigate the influence of hypother-
mia on cellular migration. In bone tissue, osteoblasts and endothelial cells migrate into
resorption lacunae to grow and differentiate for bone formation [34,35]. Therefore, cellular
migration can be used as an index for estimating osteogenesis and angiogenesis in bone
tissue. Incubation at lower temperature decreased cellular migration in MG-63 cells com-
pared to normal culture conditions (Figure 2A,C). No significant differences between the
different conditions were observed in the endothelial cell monoculture (Figure 2B,C).

Furthermore, we evaluated the effect of hypothermia on osteoblastic differentia-
tion. The ALP activity of cells cultured in hypothermic conditions significantly decreased
for all culture periods (Figure 3). These data suggest that hypothermia negatively af-
fects osteoblastic functions, reducing the osteogenic capacity, in agreement with previous
studies [21,22]. However, culturing HUVECs on the Matrigel® Basement Membrane Matrix
in hypothermic conditions tended to enhance tube formation (Figure 4). These results
suggest that hypothermia should not affect the functions of vascular endothelial cells,
such as cellular proliferation and migration, except for tube formation in the presence
of rich extracellular matrices, but may attenuate osteoblastic proliferation, migration,
and differentiation.
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Figure 2. Comparison of cellular migration in (A) MG-63 cells and (B) HUVECs. To examine the
effect of hypothermia on migration of osteoblasts, a scratch-wound assay was performed as described
in Materials and Methods. (A,B) At the culture step, the cells were viewed with a phase-contrast
microscope at 10× magnification (scale bar: 200 µm). (C) The relative migration distance was
calculated by the ratio between the initial intracellular distance and the final intracellular distance.
Data were collected from three replicate samples and are shown as mean ± SD. * p < 0.05 compared
with 37 ◦C.
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Figure 3. Comparison of osteoblastic differentiation in MG-63 cells. To examine the effect of os-
teoblastic differentiation by hypothermia, cells were precultured at 37 ◦C and differentiation-induced
at 37 ◦C and 33 ◦C for 21 days. Intracellular ALP activity was measured at days 7, 14, and 21 after
differentiation-inducing. ALP activity was assessed using the p-nitrophenyl phosphate substrate
assay described in Materials and Methods. Data were collected from three replicate samples and are
shown as mean ± SD. * p < 0.05; ** p < 0.01 compared with 37 ◦C.
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Figure 4. Comparison of endothelial cell tube formation in HUVECs. To examine the effect of
hypothermia on endothelial cell tube formation, cells were cultured on the Matrigel® Basement
Membrane Matrix at 37 ◦C and 33 ◦C for 6 h. The cells were (A) viewed with a phase-contrast
microscope at 10× magnification (scale bar: 200 µm) and (B) assessed using Angiogenesis Ana-
lyzer for ImageJ software. Data were collected from three replicate samples and are shown as the
mean ± SD. * p < 0.05 compared with 37 ◦C.

3.2. Effects of Hypothermia on the Co-Culture of Osteoblasts and Endothelial Cells

Co-culture of osteoblasts and endothelial cells can reinforce both osteogenesis and
angiogenesis and thus provides a crucial tool for the construction of a regenerative perios-
teum with vascular networks [12–14]. However, it remains unclear which cells dominate
the regulation of osteogenesis and angiogenesis in the co-culture system. In the present
study, we exposed the co-culture system to hypothermic conditions to reveal the domi-
nant/submissive relationship between osteoblasts and endothelial cells.

First, to investigate the effect of hypothermia on osteoblastic differentiation in the co-
culture system, bone-specific ALP activity was quantitated using a p-nitrophenyl phosphate
substrate assay. The ALP activity under hypothermic culture conditions was about two
times lower compared to that under normal culture conditions during all culture periods
(Figure 5). These results agreed with observations from the monoculture of osteoblasts
(Figure 3). These data indicate that hypothermia suppresses osteoblastic differentiation in
both monoculture and co-culture conditions.
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Figure 5. Comparison of ALP activity in co-culture cells. MG-63 cells and HUVECs were, respectively,
seeded at an initial density of 2.0 × 104 cells·cm–2 and 8.0 × 104 cells·cm–2 in 24-well plates and
precultured at 37 ◦C for 24 h. Cells were cultured at 37 ◦C and 33 ◦C for 7, 14, and 21 days. ALP
activity was assessed using the p-nitrophenyl phosphate substrate assay described in Materials and
Methods. Data were collected from three replicate samples and are shown as mean ± SD. * p < 0.05
compared with 37 ◦C.

Next, to examine tube formation by endothelial cells under hypothermia, CD31 and nu-
clei were observed by immunofluorescence microscopy. Microcapillary-like structures were
formed under normal and hypothermic culture conditions (arrowheads in Figure 6). There
was a tendency towards decreased formation of microvascular lumens under hypothermia.
In contrast, exposing cells on the Matrigel® Basement Membrane Matrix to moderate
cold shock significantly increased the formation of vessel-like structures (Supplementary
Materials, Figure S1). These results show that hypothermia attenuates angiogenesis on
poor extracellular matrices, whereas vascularization is stimulated on rich extracellular
matrices in the co-culture system.
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Figure 6. Immunofluorescence analysis of CD31 expression in co-culture cells. MG-63 cells and HU-
VECs were, respectively, seeded at an initial density of 2.0 × 104 cells·cm–2 and 8.0 × 104 cells·cm–2

in 24-well plates and precultured at 37 ◦C for 24 h. Cells were cultured at 37 ◦C and 33 ◦C for 7,
14, and 21 days. At the culture step, the cells were fixed and stained with anti-CD31 for CD31 (red)
and DAPI for nuclei (blue). They were viewed with a fluorescence phase-contrast microscope at
10×magnification (scale bar: 200 µm). Arrowheads show microcapillary-like structures.
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Furthermore, to confirm heterotypic intercellular crosstalk between osteoblasts and
endothelial cells, bone-specific ALP and vasculature-specific CD31 were visualized by a
dual histochemical staining and immunocytochemical staining. As with the immunofluo-
rescence analysis of CD31 expression (Figure 7), CD31-positive cells assembled in rows
to form the microcapillary-like structures (arrowheads in Figure 7). ALP-positive cells
also tended to accumulate around the formed microvascular lumens. In addition, we
observed that connexin 43, also known as gap junction alpha 1 protein, localized between
CD31-positive cells and CD31-negative cells during short culture periods (Supplemen-
tary Materials, Figure S2). These data suggest that both osteoblasts and endothelial cells
communicate by direct contact regardless of the culture conditions.
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Figure 7. Histochemical staining for ALP activity and immunocytochemical staining for CD31
expression in co-culture cells. MG-63 cells and HUVECs were, respectively, seeded at an initial
density of 2.0 × 104 cells·cm–2 and 8.0 × 104 cells·cm–2 in 24-well plates and precultured at 37 ◦C
for 24 h. Cells were cultured at 37 ◦C and 33 ◦C for 7, 14, and 21 days. At the culture step, the
cells were fixed and stained for ALP activity (purple) and CD31 (brown). They were viewed with a
fluorescence phase-contrast microscope at 20× magnification (scale bar: 100 µm). Arrowheads show
microcapillary-like structures.

4. Discussion

The absence of microvessels in engineered tissues leads to low cell viability and cell
death, due to a shortage of blood circulation. To overcome these problems, a variety of
strategies have been proposed and developed to effectively induce vascularization around
the tissue [36,37]. In bone tissue engineering, the periosteum has attracted much attention.
A co-culture system of osteoblasts and endothelial cells was used to mimic the periosteum-
like tissue. However, the dominant/submissive relationship remains undefined in the
co-culture system, due to the lack of inhibitors that selectively target either cell. Therefore,
we focused on thermal stimulation. Previous studies showed that moderate hypothermia
suppressed osteoblastic proliferation and differentiation, while viability of endothelial cells
was sustained [21–24]. Based on the above, we hypothesized that if hypothermia inhibited
either of the two cell types, it would have been possible to examine which cells dominantly
controlled the co-culture system.

In the present study, we investigated the effect of hypothermia on monocultures of
osteoblasts and endothelial cells as well as a co-culture with both cell types. First, hypother-
mia suppressed cellular functions, such as proliferation, migration, and differentiation,
in the monoculture of osteoblasts, consistent with results from previous studies [21,22].
Some studies have shown that exposing osteoblasts to hypothermia induces the expression
of RNA-binding motif protein 3 (RBM3) [38,39]. This protein belongs to a small group
of chaperone-like proteins whose synthesis increases during hypothermia, in contrast to
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the general decrease in protein synthesis. RBM3 has been known to prevent cell apop-
tosis by regulating the cell cycle and to delay other functions, such as proliferation and
differentiation [40]. Likewise, heat shock proteins (HSPs) are a family of intracellular chap-
erones activated under stressful conditions, such as hyperthermia and hypothermia, and
HSP70 prevents protein misfolding during synthesis to contribute to cell survival [41,42].
Therefore, it is possible that hypothermia-induced RBM3 may attenuate the osteoblastic
potential, whereas HSP70 may inhibit cell death to maintain viability. However, detailed
mechanisms are unknown.

Next, we found that hypothermia did not affect endothelial cell proliferation and
migration on tissue culture plates but stimulated tube formation on the Matrigel® Basement
Membrane Matrix in the monoculture of endothelial cells. A previous study demonstrated
that endothelial cells under hypothermia averted ischemia/reperfusion-induced apop-
tosis via the c-Jun N-terminal kinase (JNK) signaling pathway [23]. The JNK signaling
pathway may be important for endothelial cells in producing matrix metalloproteases
(MMPs) [43]. Hence, it is considered that vascular endothelial cells can form angiogenic
microcapillary-like structures with the use of MMPs on environments with extracellu-
lar matrices but sustain only proliferation and migration in other environments under
hypothermia. However, these pathways have not been identified.

Finally, we co-cultured osteoblasts with endothelial cells to examine the effect of
hypothermia on osteogenesis and angiogenesis in co-culture. Hypothermia negatively
affected osteoblastic differentiation and endothelial cell tube formation on tissue culture
plates. In contrast, tube formation was promoted on the Matrigel® Basement Membrane
Matrix. Additionally, combined histochemical and immunocytochemical staining indicated
that osteoblasts and endothelial cells can crosstalk by direct contact under both normal
and hypothermic culture conditions. Previous studies have shown that gap junctions
contribute to osteogenesis and angiogenesis in the co-culture system over short to long
periods [16,44] and transmit signals from activated cells to other cells [12,15]. Moreover,
osteoblasts may more readily produce an extracellular matrix than endothelial cells in the
co-culture system [17,45,46]. Humoral factors are also important elements [47], whereas
there is possibly a negative correlation between soluble factors and cell junctions [48,49].
Even so, osteoblasts accept growth factors—including bone morphogenetic protein and
plate-derived growth factor—secreted by endothelial cells to work as both bone-forming
cells and pericytes. In addition, endothelial cells use the paracrine pathway via vascular
endothelial growth factor, interleukin, and so on produced by osteoblasts to form microves-
sels. As a result, osteoblasts and endothelial cells may possibly change their morphology
to suit the in vivo bone environment, but the effects under hypothermia were insufficiently
verified by the present study. Thus, these data suggest that hypothermia has no effect
on endothelial cells but only inhibits osteoblastic activity, attenuating cell signaling via
intercellular junctions and extracellular matrices, and thereby ostensibly reducing the
overall functions of the co-culture system. From the results, it could be considered that
osteoblasts dominantly regulate the co-culture system; however, additional studies are
warranted to elucidate the dominant/submissive relationship between osteoblasts and
endothelial cells.

Taken together, hypothermia did not affect endothelial cell proliferation and migra-
tion and suppressed osteoblastic proliferation, migration, and differentiation, inhibiting
osteogenesis and angiogenesis in co-cultures. Therefore, this approach highlighted the
dominant role of osteoblasts in controlling the co-culture system. As described above,
the strategy of vascularization into regenerative tissue is key for the survival of cells and
tissues. In cell-based tissue engineering, it is indispensable to construct and maintain robust
intracellular contacts [50,51]. Based on this perspective, the enhancement of osteogenesis is
as crucial as the induction of angiogenesis in the osteoblast and endothelial cell co-culture
system in order to construct periosteum-like tissue with vascular networks. However, one
limitation is that it was not possible to completely separate and disperse the co-cultured
cells for a long period, and, thus, probes such as for gene expression were not available
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for quantification. If it was possible to resolve these challenges, new insights into the
relationship would be achieved.

In summary, our results demonstrated that hypothermia did not affect the fundamen-
tal functions of endothelial cells and suppressed osteoblastic proliferation, migration, and
differentiation in monoculture conditions. Additionally, hypothermia reduced osteoblastic
differentiation and endothelial cell tube formation under the co-culture conditions. These
data suggest that hypothermia should attenuate osteoblast-dependent cell communication
via gap junctions and extracellular matrices, preventing both osteogenesis and angiogenesis
in the co-culture system. However, the mechanisms lack detail. Further studies will provide
new insights into the relationship between osteogenesis and angiogenesis during bone
regeneration. For the present, this approach suggests that osteoblasts may be dominant
and endothelial cells may be submissive in the co-culture system.

5. Conclusions

Highly vascularized regenerative bone, such as the periosteum, is key to reconstruct-
ing large skeletal defects. Co-culture of osteoblasts and endothelial cells induces the
differentiation of both cell types via heterotypic intercellular crosstalk. However, the domi-
nant/submissive relationship remains undefined. In the present study, we investigated the
effects of hypothermia on monocultures and co-cultures of osteoblasts and endothelial cells.
Our results demonstrated that hypothermia did not affect the fundamental functions of
endothelial cells and suppressed osteoblastic proliferation, migration, and differentiation
in monoculture conditions. Additionally, hypothermia reduced osteoblastic differenti-
ation and endothelial cell tube formation under the co-culture conditions. These data
suggest that hypothermia attenuates osteoblast-dependent cell communication via gap
junctions and extracellular matrices, preventing both osteogenesis and angiogenesis in the
co-culture system. Further studies will provide new insights into the relationship between
osteogenesis and angiogenesis during bone regeneration. Taken together, this approach
suggests that osteoblasts may be dominant and endothelial cells may be submissive in the
co-culture system.
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