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Abstract

Objectives: The hypoxia-inducible factor 1-a (HIF1a), a key molecule in mediating bone-vessel crosstalk, has been
considered a promising target for treating osteoporosis caused by gonadal hormones. However, senile osteoporo-
sis, with accumulated senescent cells in aged bone, has a distinct pathogenesis. The study aimed at revealing the
unknown role of HIF1a in aged bone, thus broadening its practical application in senile osteoporosis.

Materials and methods: Femurs and tibias were collected from untreated mice of various ages (2 months old,

10 months old, 18 months old) and treated mice (2 months old, 18 months old) underwent 4-w gavage of 2-meth-
oxyestradiol (a kind of HIF1a inhibitor). Bone-vessel phenotypes were observed by microfil infusion, micro-CT and HE
staining. Markers of senescence, osteogenesis, angiogenesis, oxidative stress and expression of HIF1a were detected
by senescence 3-galactosidase staining, gRT-PCR, western blot and immunostaining, respectively. Furthermore, bone
mesenchymal stem cells from young mice (YBMSCs) and aged mice (ABMSCs) were transfected by knockout siRNA
and overexpression plasmid of HIF1a. Senescence 3-galactosidase staining, Cell Counting Kit-8, transwell assay, alka-
line phosphatase staining, alizarin red-S staining and angiogenesis tests were utilized to assess the biological proper-
ties of two cell types. Then, Pifithrin-a and Nutlin-3a were adopted to intervene p53 of the two cells. Finally, H,O, on
YBMSCs and NAC on ABMSCs were exploited to change their status of oxidative stress to do a deeper detection.

Results: Senescent phenotypes, impaired osteogenesis—angiogenesis coupling and increased HIF 1a were observed
in aged bone and ABMSCs. However, 2-methoxyestradiol improved bone-vessel metabolism of aged mice while dam-
aged that of young mice. Mechanically, HIF 1a showed opposed effects in regulating the cell migration and osteogen-
esis—angiogenesis coupling of YBMSCs and ABMSCs, but no remarked effect on the proliferation of either cell type.
Pifithrin-a upregulated the osteogenic and angiogenic markers of HIF 1a-siRNA-transfected YBMSCs, and Nutlin-3a
alleviated those of HIF1a-siRNA-transfected ABMSCs. The HIF1a-p53 relationship was negative in YBMSCs and NAC-
treated ABMSCs, but positive in ABMSCs and H,O,-treated YBMSCs.

Conclusion: The dual role of HIF1a in osteogenesis—angiogenesis coupling may depend on the ROS-mediated
HIF1a-p53 relationship. New awareness about HIF 1a will be conducive to its future application in senile osteoporosis.
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Introduction
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osteogenesis—angiogenesis coupling, leading to senile
osteoporosis. A pioneering study discovered that vari-
ous cell types isolated from bone marrow of old mice,
comprising but not limited to osteoblast progenitors,
osteoblasts and osteocytes, expressed higher levels of
senescence markers than their young counterparts [2].
Bone mesenchymal stem cell (BMSC) and osteoblastic
cell senescence induced by DNA damage or telomere
erosion using a gene knockout mouse model was veri-
fied to lead to damaged osteogenesis, enhanced osteo-
clastogenesis and osteoporosis genesis [3]. Moreover,
the BMSC-mediated proangiogenic potential declines
with age and osteoporosis subsequently occurs [4, 5].
Thus, a better target for improving the osteogenesis and
angiogenesis of senescent BMSCs is essential for treat-
ing senile osteoporosis.

In addition to the typical morphological changes,
resulting in a flat and enlarged shape, senescent
biomarkers, including senescence-associated--
galactosidase (SA-B-gal), p53, p21, pl6, etc., arise in
senescent cells. The notion of p53-dependent initia-
tion and maintenance of senescence have been gradu-
ally confirmed [6, 7]. p53 activates p21 and many other
pro-senescence targets involved in regulating cellular
senescence and age-related diseases, including senile
osteoporosis [8, 9]. Moreover, reactive oxidative stress
(ROS), produced during disorganized homeostasis of
cell metabolism, has been listed as an important trig-
ger for cellular senescence and aging [10]. Although
the cause—effect relationship between ROS and p53 is
complex and controversial, the ROS/p53 pathway was
shown to be an important mediator in the senescence
and differentiation of BMSCs [10-12]. Specifically, the
accumulated ROS in aged individuals mediated p53
activation that, in turn, skewed the redox equilibrium
system toward a pro-oxidative potential and senile
osteoporosis.

The key role of hypoxia-inducible factor-1 (HIF-1),
an off heterodimeric transcription factor, in angiogen-
esis—osteogenesis coupling was initially revealed [13-15].
Unlike constitutively expressed HIF1p, HIF1a is an adap-
tive protein modulated by biomechanical and proinflam-
matory signals during bone regeneration. Increased bone
mass and abundant skeletal vasculature were observed in
mice overexpressing HIF1a in osteoblasts and enhanced
osteogenesis was found in HIF1a-transfected BMSCs [16,
17]. Notably, different aging tissues show various changes
in HIF-1a expression [18, 19]. Reduced HIF1a expression
was reported in the aging brain, kidney, liver and heart,
while increased HIFla expression was found in aging
mucosal tissues. However, few studies have examined its
changes in senescent bone, much less how its functional
mechanism varies during the aging process.
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Herein, we investigated the effect of HIF1a on osteogen-
esis and angiogenesis at different ages and the intermediary
role of ROS and p53 in regulating the effect of HIF1a. In
this way, a comprehensive conception of HIFla-regulated
aging-related bone metabolism would be constructed, and
practical applications of HIF1a in senile osteoporosis could
be promoted.

Materials and methods

Animal preparation and processing

Animal preparation

C57BL/6 ] male mice of various ages (2 months old,
10 months old, 18 months old) were purchased from
Dossy Experimental Animals Company (Chengdu, China).
Femurs and tibias were collected and processed according
to the guidelines of the subsequent experiments.

Animal processing

2-month-old and 18-month-old mice were administered
75 mg/kg 2-methoxyestradiol (2-ME2, a HIFla inhibitor,
MCE, USA) by daily gavage for 4 w. 2-ME2 was prepared
at 15 mg/ml in a 0.5% methylcellulose solution (MERCK,
USA). Then, the femurs and tibias were isolated for later
analysis.

Microfil perfusion and Micro-CT (microcomputed
tomography) assay

Microfil perfusion

The mice were sacrificed and successively perfused with
100 U/ml heparin solution, 4% paraformaldehyde and
microfil reagent (MV-117, Flow Tech Inc, USA) [20]. After
4 °C overnight, the femurs and tibias were dissected, fixed
for 48-h in 4% paraformaldehyde and decalcified for 3-w in
15% EDTA.

Micro-CT (microcomputed tomography) assay

The distal femurs and mesial tibias (undecalcified and
decalcified) were scanned with micro-CT using a reso-
lution of 10 pm. 200 slices under the growth plates of the
femurs and tibias were defined as the region of interest to
evaluate the bone and vascular microstructure. Different
parameters, such as BV/TV (bone volume/tissue volume),
Tb. Th (trabecular thickness), Tb. N (trabecular number),
Tb. Sp (trabecular separation), vascular volume, vascular
number, vascular thickness and vascular separation, were
then calculated to compare the variance among the groups.

Histological observation and immunostaining

Senescence B-galactosidase (SA-B-gal) staining

Frozen sections of the femurs and tibias were stained
with the Senescence pB-galactosidase Staining Kit (Solar-
bio, China).
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HE staining and immunostaining

After dewaxing and rehydration, paraffin sections were
subjected to hematoxylin—eosin staining (Solarbio,
China). For immunostaining, a series of procedures,
including antigen retrieval, hydrogen peroxide block-
ing and BSA blocking, were carried out, followed by
primary antibody (listed in Additional file 3: Table S1)
incubation overnight and secondary antibody (listed
in Additional file 3: Table S1) incubation the next day.
Immunochemical staining was accomplished through
subsequent coloration and hematoxylin counterstain-
ing, while immunofluorescence staining was performed
with DAPI (Solarbio, China).

Cell isolation and culture

BMSCs

Bilateral femurs and tibias were obtained from young
(2-month-old) and aged (18-month-old) C57BL/6 ]
male mice, respectively. Young BMSCs (YBMSCs) and
aged BMSCs (ABMSCs) were then flushed out from
the bone marrow and cultured with complete a-MEM
(Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA) and 1% penicillin/streptomy-
cin (Gibco, USA). The third passage of cells was used
for the subsequent experiments.

Human umbilical vein endothelial cells (HUVECs)
HUVECs were provided by State Key Laboratory of
Oral Diseases, West China Hospital of Stomatology,
Sichuan University, and were cultured in low-glucose
DMEM (Gibco, USA) supplemented with 10% FBS and
1% penicillin/streptomycin.

All of the cells were incubated in an environment
with appropriate humidity at 37 °C and 5% CO,.

Knockout and overexpression transfection of HIF1a

After cell adherence to 6-well plates, YBMSCs and
ABMSCs were transfected with 100 pmol HIFla
siRNA/500 ng pCMV-HIFla (overexpression plas-
mid) (Gene Pharma, China) per well using transfection
medium that included 5%o0 Endofectin (a transfection
reagent, Gene Pharma, China). Scramble siRNA and
empty plasmid were used as corresponding blank con-
trols. The transfection process lasted for 8 h, and then,
the cells were cultured with complete media for at least
another 48 h.
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Cell phenotypic observation

SA-B-gal staining

YBMSCs and ABMSCs were cultured in 6-well plates
and stained with the Senescence B-galactosidase Stain-
ing Kit (Solarbio, China).

Cell proliferation assay

Briefly, after cell adherence to 96-well plates, YBMSCs
and ABMSCs were transfected with HIFla siRNA or
HIFla overexpression plasmid and the corresponding
empty controls. Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) was used to detect the effect of HIFla on the
proliferation of BMSCs at 24 h and 48 h.

Cell migration assay

Transwell assay was used to detect the migration poten-
tial of BMSCs. After adherence to the top chamber, the
cells were transfected with siRNA or overexpression
plasmid. 8 h later, the medium of the top chamber was
changed to FBS-free medium, and the bottom chamber
was filled with complete medium. After another 24 h,
the cells were fixed with 4% paraformaldehyde and
stained with 0.5% crystalline violet dye solution (Solar-
bio, China). The cells in the top chamber were removed,
and the cells in the bottom chamber were observed and
counted under an optical microscope.

Osteogenic differentiation assay

BMSCs were induced by osteogenesis induction media
after transfection. Alkaline phosphatase (ALP) stain-
ing and alizarin red-S (ARS) staining were carried out
by a BCIP/NBT Alkaline Phosphatase Color Develop-
ment Kit (Beyotime, China) and alizarin red-S solution
(Solarbio, China), respectively.

Immunofluorescence staining in vitro

BMSCs were fixed with 4% paraformaldehyde, per-
meabilized with 0.5% Triton X-100 (Solarbio, China)
and then incubated with primary antibody (listed in
Additional file 3: Table S1) overnight and secondary
antibody the next day. DAPI and TRITC-phalloidin
(Solarbio, China) were used to stain the nucleus and
cytoskeleton, respectively.

Measurement and intervene of ROS

To intervene in the status of ROS in different groups,
YBMSCs were pretreated with 200 pM H,O, (Sigma,
USA) for 24 h, and ABMSCs were pretreated with
500 uM NAC (Beyotime, China) for 30 min. Then, the
cells were incubated in FBS-free medium containing
10 uM 2/,7’-dichlorofluorescin diacetate (H,DCF-DA,
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Sigma-Aldrich) for 40 min. The absorbance was
read using a microplate reader at the appropriate
wavelength.

gRT-PCR (quantitative real-time PCR)

Total RNA was extracted from bone samples and cell
lysates with TRIzol reagent and reverse transcribed into
cDNA using the PrimeScript RT reagent kit (Takara,
Japan). One microliter of ¢cDNA was amplified by
2 x SYBR Green qPCR Master Mix (Bimake, China) and
specific primers (listed in Additional file 4: Table S2) fol-
lowing the manufacturer’s instructions. Gene expression
was calculated for at least three independent experiments
and normalized to the expression level of f-actin.

Western blot

Protein lysates were obtained from bone samples and cell
lysates using RIPA lysis buffer (Solarbio, China). After
electrophoresis, the membrane was blocked with 5%
BSA, and the membranes were incubated with primary
antibodies (listed in Additional file 3: Table S1) overnight
at 4 °C. The next day, the membranes were incubated
with the corresponding secondary antibodies (listed in
Additional file 3: Table S1), and an ECL kit (US Ever-
bright Inc., China) was used.

Angiogenesis assay

HUVECs were treated with conditioned medium from
different groups of BMSCs (CM-BMSCs). Four kinds of
angiogenesis tests were used to investigate the indirect
angiogenic effect of BMSCs regulated by HIF1a.

ELISA assay

The CM-BMSCs were collected and centrifuged to obtain
liquid supernatant. Then, the concentration of VEGF-A
protein in the supernatant was detected by the VEGF-A
ELISA kit (Cloud-Clone, China).

Wound healing assay

A 200 pl pipette tip was used to scratch plates with
confluent cells. Before and 24 h after the medium was
changed to CM-BMSCs, the scratch areas were photo-
graphed and wound healing percentages (areas of migrat-
ing cells/total scratch areas) were measured by Image]
software (Additional file 1: Fig. S1).

Transwell assay
The procedure was carried out as in Cell migration assay.

Tube formation assay

Cells were resuspended in CM-BMSCs and seeded onto
24-well plates precoated with Matrigel (Corning, USA).
After incubation for 6 h, the cells were fixed with 4%
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paraformaldehyde, incubated with 0.5% Triton X-100 and
stained with TRITC-phalloidin and DAPI. The tubular
structure was photographed with an inverted fluores-
cence microscope. Subsequent quantitative analysis was
performed by Image] software.

Statistics analysis

Data were calculated from at least three independent
experiments and were presented as the means=+S.D.
Comparisons among groups were made with one-way or
two-way ANOVA. p<0.05 means a significant difference.

Results

Phenotypic characteristics of bone and vessels declined
with age in mice

From the multi-perspective 3D reconstructed images,
both femurs and tibias showed sparse and thin trends
in the trabecular bone and vessels with age (Fig. 1A).
HE staining visually displayed the most sparsely distrib-
uted trabecular bone in the aged mice (Fig. 1A). Relative
parameters (BV/TV, Tb. N, Tb. Th, Tb. Sp, vascular vol-
ume, vascular number, vascular thickness and vascular
separation) also demonstrated age-related changes quan-
titatively (Fig. 1C-J).

Osteogenesis and angiogenesis in vivo are passively
related to HIF1a and p53

The number of B-gal-positive cells in aged bone was
significantly higher than that in young bone (Fig. 2A).
Meanwhile, osteogenic markers (RUNX2, ALP and OSX)
and angiogenic marker (VEGEF) all decreased gradually
with age, while senescent markers (p53, p21 and pl6)
and HIFla showed an upward trend (Fig. 2B-D). For
immunochemistry analysis, the HIFla and p53 immu-
nostaining intensities continuously increased with age
(Fig. 2E-H). In addition, osteogenic marker (COL-1)
and angiogenic markers (CD31 and VEGF) manifested a
downward tendency with age (Fig. 2I-N).

Inhibition of HIF1a could improve the bone-vessel
metabolism of aged mice and worsen that of young mice
Protein analysis showed that 4 w gavage of 2-ME2 succes-
sively inhibited the HIF1a expression in the bone of either
young or aged mice (Fig. 3A, B). Based on the phenotypic
observation, 2-ME2 remarkably made the trabecular
bone sparser and thinner in the young mice. However,
the bones of the aged mice that underwent 2-ME2 treat-
ment were denser and thicker than the untreated group
(Fig. 3C-@). In addition, VEGF was strongly expressed
in the bone of the young group but was significantly
decreased in that of the young-2ME2 group. Unlike the
young mice, the administration of 2-ME2 to aged mice
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dramatically ameliorated the depressed VEGF expression
level in the bone (Fig. 3C, H).

ABMSCs showed degenerative properties accompanied

by the upregulated HIF1a and p53

The percentage of -gal-positive cells in the ABMSCs was
remarkably higher than that in the YBMSCs (Fig. 4A).
ALP and ARS staining qualitatively illustrated the inhib-
ited osteogenic differential potential of ABMSCs (Fig. 4B,
C). Differentially expressed HIFla, senescent markers
and osteogenic and angiogenic markers in the two cell
types were also detected at both the gene and protein lev-
els. Unlike in the YBMSCs, HIF1a and senescent markers

were upregulated in the ABMSCs, while the remaining
indicators were downregulated (Fig. 4D—4H, Additional
file 2: Fig. S2).

HIF1a showed opposite effects on the migration

ability of YBMSCs and ABMSCs but no obvious effect

on the proliferation of either cell type

Knocking out HIFla reduced the migratory activity of
YBMSCs, and HIFla overexpression facilitated those
of YBMSCs, while ABMSCs reacted in the opposite
way (Fig. 5A, B, D, E). However, there was no signifi-
cant difference in cell proliferation when comparing
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the knockout group and overexpression group with the
corresponding control groups (Fig. 5C, F).

HIF1a played a dual role in regulating the osteogenesis—
angiogenesis coupling of YBMSCs and ABMSCs
ALP staining after 4 d of osteogenic induction showed
that the suppressed osteogenesis of ABMSCs was alle-
viated after transfection, while that of YBMSCs was
decreased (Fig. 5G). At the gene and protein levels, the
downregulated osteogenic and angiogenic markers of
ABMSCs, such as ALP, RUNX2, OSX and VEGEF, recov-
ered to different degrees when the ABMSCs were trans-
fected with HIFla siRNA, while those of YBMSCs were
decreased (Fig. 5SH-K). The opposite effect of the HIF1la
overexpression plasmid on BMSCs is shown in Fig. 5L—P.
The indirect angiogenic effect of BMSCs mediated by
VEGF was reflected in the migration and tube forma-
tion ability of HUVECs. The highest and lowest levels of

VEGF were detected in the CM-YBMSC-NC and CM-
ABMSC-NC groups, respectively (Fig. 6B). The transfec-
tion of HIFla-siRNA inhibited the secretion of VEGF
by YBMSCs and promoted that of ABMSCs (Fig. 6B). In
accordance with the ELISA results, CM-ABMSC-HIFla-
siRNA had a better ability to induce the migration and
tube formation of HUVECs than CM-ABMSC-NC, while
the effect of CM-YBMSC-HIF1la-siRNA on HUVECs was
remarkably worse than that of CM-YBMSC-NC (Fig. 6A,
C-@). In contrast, HIF1a overexpression in BMSCs facil-
itated the osteogenesis—angiogenesis coupling of YBM-
SCs and impaired that of ABMSCs (Fig. 6H-N).

p53 mediated the HIF1a-regulated osteogenesis

and angiogenesis

Pifithrin-a (PFT-a, 10 pM), a p53 inhibitor, and
Nutlin-3a (10 pM), a p53 activator, were intro-
duced to verify the role of p53 in HIFla-regulated
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osteogenesis—angiogenesis coupling. The level of p53
expression in the YBMSC-HIFla-siRNA-PFT-a group
was effectively decreased by PFT-a, while Nutlin-3a

significantly increased the low level of p53 expression in
the ABMSC-HIF1a-siRNA group (Fig. 7). In addition, the
downregulation of osteogenic and angiogenic markers in
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the YBMSC-HIF1a-siRNA group was obviously relieved
by PFT-a, and the upregulation of relevant markers in the
ABMSC-HIF1a-siRNA group was reduced by Nutlin-3a

(Fig. 7).

Effect of HIF1a on p53 was concerned with the status

of oxidative stress

8-oHdG (an oxidative stress marker) accumulated with
age in the long bone (Fig. 8A, B). Significantly different
ROS levels between YBMSCs and ABMSCs were also
discovered. H,0, and NAC successfully increased the
level of ROS in YBMSCs and decreased that in ABMSCs
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Fig. 8 ROS regulated the HIF1a-p53 axis. A, B 8-oHdG staining of femurs and tibias. Black bar= 100 pM; red bar= 25 uM. C Quantitative analysis of
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(Fig. 8C). In addition, the change in Superoxide dis- in contrast to that of ROS (Fig. 8D, E). Subsequent west-
mutase-2 (SOD, an important antioxidation marker) was  ern blot assays showed a bilateral HIF1a-p53 relationship
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under different oxidative stress conditions. In YBMSCs or
H,0,-induced ABMSCs, HIF1a knockout promoted p53
accumulation and impaired osteogenesis—angiogenesis
coupling (Fig. 8F-I). In addition, in ABMSCs or NAC-
induced YBMSCs, the p53 expression level and osteo-
genesis—angiogenesis coupling markers were reversed by
HIF1a-siRNA (Fig. 8F-I).

Discussion
The features of senile osteoporosis, including decreased
bone mass, degenerative bone quality and impaired ves-
sel formation, are being validated by multiple animal
models [21]. A concurrent hotspot in research for alle-
viating degenerative osteogenesis—angiogenesis coupling
is the investigation of gene therapy based on the under-
lying pathogenic mechanisms [22, 23]. HIFla is one of
the essential factors in mediating bone-vessel crosstalk.
Interestingly, we found that HIFla increased with age
in the long bone and that inhibition of HIFla in bone
could improve damaged osteogenesis and angiogenesis.
Moreover, HIF1a was demonstrated to play a dual role in
regulating osteogenesis—angiogenesis coupling, and the
effect was age-related and closely associated with ROS-
mediated HIF1a/p53 axis (Fig. 9).

Physiologically, hypoxia is believed to be critical for
activating the HIFla signaling pathway, which initi-
ates angiogenesis and impinges on the occurrence of
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endochondral ossification in the long bone [17]. A dra-
matic result was reported by Clemens et al., in which
mice overexpressing or lacking HIFla in mature osteo-
blasts developed dense or thin skeleton phenotypes,
respectively, and this effect could only be realized in the
presence of blood vessels. Moreover, HIFla is activated
during the process of bone repair. With genetic editing or
pharmacological methods used to change HIF1a expres-
sion, multiple pathological bone metabolism diseases are
attenuated, including oral periapical lesions, osteoporo-
sis caused by estrogen or androgen deficiency, pathologic
bone fractures and cranial defects [1, 24—28]. However,
age, an important factor affecting bone metabolism, has
not been fully considered in HIFla-related bone regula-
tion. It was recently proposed that chronic hypoxia may
develop in the physiologically aging retina and that age-
related macular degeneration is induced by the subse-
quent increased activity of HIFla- and HIFla-targeted
genes [29]. However, in this study, upregulated HIFla
and downregulated osteogenesis and angiogenesis were
discovered in aged bone and ABMSCs. Thin and less vas-
cularized bone in aging mice may impair oxygen delivery
to the osteoblast-vascular niche and then constantly acti-
vate HIF1la in BMSCs. However, an inhibitor of HIF1a
successfully improved damaged bone-vessel metabolism
in aged mice.
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Fig. 9 A sketch map of HIF1a -regulated osteogenesis—angiogenesis coupling
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In the case of the opposite variation between HIFla
and osteogenesis—angiogenesis coupled with age, it is
intriguing to further unravel the role of HIFla in regu-
lating bone metabolism. Ordered production of ossi-
fication and blood vessels constitute bone formation
and bone remodeling [30, 31]. At the molecular level,
multiple osteogenic and angiogenic factors secreted by
autocrine and/or paracrine mechanisms are involved in
linking BMSCs and vascular endothelial cells and impact-
ing their biological properties, such as recruitment, pro-
liferation and differentiation [32]. VEGF, an important
factor mediating osteogenesis—angiogenesis coupling,
has already been reported as a key reference marker to
evaluate the angiogenic potential of BMSCs [33-35];
hence, the angiogenesis of CM-BMSC-treated HUVECs
was detected to further test the effect of BMSCs on oste-
ogenesis—angiogenesis coupling. Here, we found that
YBMSCs performed identically to these previous studies,
which reported a positive correlation between HIF1a and
the bone-vascular phenotype, while ABMSCs had the
opposite phenotype.

In fact, senescence status may determine the various
reactions of BMSCs to HIF1la. There is no sex difference
in the rate of bone loss in 5-10 years after the menopau-
sal phase, suggesting that the common pathogenesis for
senile osteoporosis, in both females and males, is the
aging process of bone cells and the bone marrow micro-
environment [36]. In this study, normally aging mice
(18 months old) were utilized to study senile osteopo-
rosis due to their similarity to humans in terms of age-
related changes in bone [37, 38]. More positive reactions
for SA-B-gal staining and higher expression of p53, p21
and p16 were discovered in vitro and in vivo, signifying
an increase in senescent cells in aged tissue. The accumu-
lation of senescent cells impairs skeletal homeostasis and
executes age-related bone loss [36]. Mechanistically, the
initiation and maintenance of senescence are both regu-
lated by p53. In replicative senescence, p53 is activated
by the progressive erosion of telomeres to elicit genomic
instability, which leads to a plethora of aging-related phe-
notypes, including osteoporosis [39, 40]. Mice with p53
deletion systemically or specifically in BMSCs showed a
remarkable increase in bone density and trabecular thick-
ness compared with control littermates [41]. As observed
in this research, promotion or suppression of p53 directly
intervened in the effect of HIFla on osteogenesis and
angiogenesis, which further hinted at the possibility that
p53 worked as a downstream signal of HIFla in its effect
on bone metabolism.

Notably, p53 was negatively related to HIFla in YBM-
SCs and was positively related to HIFla in ABMSCs.
The regulating effect of a third factor was implied in the
opposite HIF1a-p53 link between the two cells. Redox
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homeostasis maintains stemness and prevents cell senes-
cence [42]. In view of the intensified 8-OhdG staining
in vivo and destroyed redox equilibrium in vitro, it was
apparent that ROS accumulated in the aged bone and
ABMSCs. In addition, additional alterations in ROS
reversed the HIFla-p53 link. It has been conclusively
demonstrated that p53 responds to HIFla differently
according to the degree of hypoxic status [43]. Under
mild hypoxia, partially activated HIFla was insufficient
to inhibit the Mdm2-dependent degradation of p53,
thus leading to the downregulation of p53. Neverthe-
less, under moderate and even severe hypoxia, HIFla
became fully activated and promoted the stabilization of
p53. Analogous to hypoxia, it could be speculated that
the degree of oxidative stress may also modulate the rela-
tionship between HIFla and p53. Increasing amounts of
evidence has suggested that ROS can mediate the stabi-
lization, transactivation, transcription and translation of
HIF1la by regulating signaling molecules such as ERK and
PI3K/AKT [44]. From the moderate ROS in YBMSCs to
the severe ROS in ABMSCs, the stabilized and transac-
tivated HIFla gradually became sufficient to retard the
degeneration of p53, thus explaining the converted regu-
latory effect of HIF1a on p53.

Conclusions

Cell senescence, a concomitant factor of age, compli-
cates the properties of BMSCs and challenges the treat-
ment of senile osteoporosis. Here, we initially proved
that HIFla regulated the osteogenesis—angiogenesis
coupling of long bone bidirectionally and that this func-
tion was mediated through the ROS-HIFla/p53 axis.
With the above premise, a new idea for treating senile
osteoporosis is revealed. However, a secure clinical
application of HIF1la depends on a deeper investigation
into the protein, requiring more study in the future.

Abbreviations

SA-B-gal: Senescence-associated-B-galactosidase; ROS: Reactive oxidative
stress; HIF-1: Hypoxia-inducible factor-1; 2-ME2: 2-Methoxyestradiol; Micro-CT:
Microcomputed tomography; BV/TV: Bone volume/tissue volume; Tb. Th:
Trabecular thickness; Tb. N: Trabecular number; Tb. Sp: Trabecular separa-

tion; BMSCs: Bone mesenchymal stem cell; FBS: Fetal bovine serum; HUVEC:
Human umbilical vein endothelial cell; CCK-8: Cell Counting Kit-8; ALP: Alkaline
phosphatase; ARS: Alizarin red-S; H,DCF-DA: 2/,7"-Dichlorofluorescin diacetate;
PFT-a: Pifithrin-a; SOD,: Superoxide dismutase-2.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-022-02742-1.

Additional file 1: Fig. S1. A diagram of quantitative analysis for wound
healing assay.



https://doi.org/10.1186/s13287-022-02742-1
https://doi.org/10.1186/s13287-022-02742-1

Shao et al. Stem Cell Research & Therapy (2022) 13:59

Additional file 2: Fig. S2. Separated images of HIF1a-staining in YBMSCs
and ABMSCs.

Additional file 3: Table S1. Information of antibody used in
the experiment.

Additional file 4: Table S2. Information of primer sequences used in
the experiment.

Acknowledgements
Not applicable.

Authors’ contributions

ZZ and LL contributed to conceptualization, supervision and writing—review
and editing; JS was involved in conceptualization, design, investigation,
methodology, data analysis and interpretation and manuscript writing; SL
contributed to investigation, methodology, data collection and writing—
review; MZ and SC were involved in data analysis and interpretation; and SG,
CCand WC contributed to writing—review and editing. All authors read and
approved the final manuscript.

Funding
This research was supported by Science & Technology Department of Sichuan
Province (2021YJ0148).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

Animal investigations were performed under the approval of the Animal
Research Bioethics Committee, West China School of Stomatology, Sichuan
University, and the State Key Laboratory of Oral Diseases. The animal studies
were approved by the Panel on Laboratory Animal Care of the State Key Labo-
ratory of Oral Diseases, Sichuan University (WCHSIRB-D-2021-534).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'State Key Laboratory of Oral Diseases, National Clinical Research Center

for Oral Diseases, Department of Prosthodontics, West China Hospital of Stom-
atology, Sichuan University, No 14, Sec. 3, Renminnan Road, Chengdu 610041,
People’s Republic of China. ?Department of Oral Prosthodontics, West China
Hospital of Stomatology, Sichuan University, Chengdu, Sichuan, China.
3Department of Oral and Maxillofacial Surgery, West China Hospital of Stoma-
tology, Sichuan University, Chengdu, Sichuan, China.

Received: 28 October 2021 Accepted: 17 January 2022
Published online: 05 February 2022

References

1. Wan C, Shao J, Gilbert SR, Riddle RC, Long F, Johnson RS, et al. Role of HIF-
T1alpha in skeletal development. Ann N'Y Acad Sci. 2010;1192:322-6.

2. Chen Q Liu K, Robinson AR, Clauson CL, Blair HC, Robbins PD, et al. DNA
damage drives accelerated bone aging via an NF-kB-dependent mecha-
nism. J Bone Miner Res. 2013;28(5):1214-28.

3. Wang J, Clauson CL, Robbins PD, Niedernhofer LJ, Wang Y. The oxidative
DNA lesions 8,5"-cyclopurines accumulate with aging in a tissue-specific
manner. Aging Cell. 2012;11(4):714-6.

20.

21.

22.

23.

24.

25.

26.

Page 13 of 14

Jing H, Liao L, Su X, ShuaiY, Zhang X, Deng Z, et al. Declining histone
acetyltransferase GCN5 represses BMSC-mediated angiogenesis during
osteoporosis. FASEB J. 2017,31(10):4422-33.

Wilson A, Shehadeh LA, Yu H, Webster KA. Age-related molecular genetic
changes of murine bone marrow mesenchymal stem cells. BMC Genom-
ics. 2010;11:229.

Beauséjour CM, Krtolica A, Galimi F, Narita M, Lowe SW, Yaswen P, et al.
Reversal of human cellular senescence: roles of the p53 and p16 path-
ways. EMBO J. 2003;22(16):4212-22.

Demidenko ZN, Korotchkina LG, Gudkov AV, Blagosklonny MV. Paradoxi-
cal suppression of cellular senescence by p53. Proc Natl Acad Sci USA.
2010;107(21):9660-4.

Fujita K. p53 isoforms in cellular senescence- and ageing-associated
biological and physiological functions. Int J Mol Sci. 2019;20(23):6023.
MaY, Qi M, AnY, Zhang L, Yang R, Doro DH, et al. Autophagy controls
mesenchymal stem cell properties and senescence during bone aging.
Aging Cell. 2018;17(1):e12709.

. Davalli P, Mitic T, Caporali A, Lauriola A, D'Arca D. ROS, cell senescence,

and novel molecular mechanisms in aging and age-related diseases. Oxid
Med Cell Longev. 2016;16:3565127.

. Zhang W, Huang C, Sun A, Qiao L, Zhang X, Huang J, et al. Hydrogen

alleviates cellular senescence via regulation of ROS/p53/p21 pathway in
bone marrow-derived mesenchymal stem cells in vivo. Biomed Pharma-
cother. 2018;106:1126-34.

. Yang F,Yang L, LiY, Yan G, Feng C, Liu T, et al. Melatonin protects bone

marrow mesenchymal stem cells against iron overload-induced aberrant
differentiation and senescence. J Pineal Res. 2017;63(3):e12422.

. Riddle RC, Khatri R, Schipani E, Clemens TL. Role of hypoxia-inducible

factor-1alpha in angiogenic-osteogenic coupling. J Mol Med (Berl).
2009;87(6):583-90.

. Morrison SJ, Spradling AC. Stem cells and niches: mechanisms that pro-

mote stem cell maintenance throughout life. Cell. 2008;132(4):598-611.

. Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S, Saggio |, et al.

Self-renewing osteoprogenitors in bone marrow sinusoids can organize a
hematopoietic microenvironment. Cell. 2007;131(2):324-36.

Zou D, Han' W, You S, Ye D, Wang L, Wang S, et al. In vitro study of
enhanced osteogenesis induced by HIF-1a-transduced bone marrow
stem cells. Cell Prolif. 2011;44(3):234-43.

Wang Y, Wan C, Deng L, Liu X, Cao X, Gilbert SR, et al. The hypoxia-induc-
ible factor alpha pathway couples angiogenesis to osteogenesis during
skeletal development. J Clin Investig. 2007;117(6):1616-26.

Rohrbach S, Simm A, Pregla R, Franke C, Katschinski DM. Age-dependent
increase of prolyl-4-hydroxylase domain (PHD) 3 expression in human
and mouse heart. Biogerontology. 2005;6(3):165-71.

Ebersole JL, Novak MJ, Orraca L, Martinez-Gonzalez J, Kirakodu S, Chen
KC, et al. Hypoxia-inducible transcription factors, HIF1A and HIF2A,
increase in aging mucosal tissues. Immunology. 2018;154(3):452-64.
Peng J, Lai ZG, Fang ZL, Xing S, Hui K, Hao C, et al. Dimethyloxalylglycine
prevents bone loss in ovariectomized C57BL/6J mice through enhanced
angiogenesis and osteogenesis. PLoS ONE. 2014;9(11):e112744.

Yang R, Chen J, Zhang J, Qin R, Wang R, Qiu Y, et al. 1,25-Dihydroxyvitamin
D protects against age-related osteoporosis by a novel VDR-Ezh2-p16
signal axis. Aging Cell. 2020;19(2):e13095.

JiH, Cui X, Yang Y, Zhou X. CircRNA hsa_circ_0006215 promotes osteo-
genic differentiation of BMSCs and enhances osteogenesis-angiogenesis
coupling by competitively binding to miR-942-5p and regulating RUNX2
and VEGF. Aging (Albany NY). 2021;13(7):10275-88.

Wang Z, Ge X, Wang Y, Liang Y, Shi H, Zhao T. Mechanism of dexme-
detomidine regulating osteogenesis-angiogenesis coupling through

the miR-361-5p/VEGFA axis in postmenopausal osteoporosis. Life Sci.
2021;275:119273.

Miyauchi Y, Sato'Y, KobayashiT, Yoshida S, Mori T, Kanagawa H, et al. HIF 1a
is required for osteoclast activation by estrogen deficiency in postmeno-
pausal osteoporosis. Proc Natl Acad Sci USA. 2013;110(41):16568-73.
Tando T, Sato Y, Miyamoto K, Morita M, Kobayashi T, Funayama A, et al.
Hif1a'is required for osteoclast activation and bone loss in male osteopo-
rosis. Biochem Biophys Res Commun. 2016;470(2):391-6.

Hirai K, Furusho H, Hirota K, Sasaki H. Activation of hypoxia-inducible
factor 1 attenuates periapical inflammation and bone loss. Int J Oral Sci.
2018;10(2):12.



Shao et al. Stem Cell Research & Therapy (2022) 13:59

27. LiuP LiuJ, Xia K, Chen L, Wu X. Effect of leptin combined with CoCI2 on
healing in Sprague Dawley Rat fracture model. Sci Rep. 2016;6:30754.

28. LiD,HuQ Tan G, Xie X, Yang Z, Kang P. Erythropoietin enhances
bone repair effects via the hypoxia-inducible factor signal pathway in
glucocorticoid-induced osteonecrosis of the femoral head. Am J Med Sci.
2018,;355(6):597-606.

29. Barben M, Ail D, Storti F, Klee K, Schori C, Samardzija M, et al. Hif1a
inactivation rescues photoreceptor degeneration induced by a chronic
hypoxia-like stress. Cell Death Differ. 2018,;25(12):2071-85.

30. Huang B, Wang W, Li Q Wang Z, Yan B, Zhang Z, et al. Osteoblasts secrete
Cxcl9 to regulate angiogenesis in bone. Nat Commun. 2016;7:13885.

31. Grellier M, Granja PL, Fricain JC, Bidarra SJ, Renard M, Bareille R, et al.

The effect of the co-immobilization of human osteoprogenitors and
endothelial cells within alginate microspheres on mineralization in a
bone defect. Biomaterials. 2009;30(19):3271-8.

32. Clarkin CE, Emery RJ, Pitsillides AA, Wheeler-Jones CP. Evaluation of VEGF-
mediated signaling in primary human cells reveals a paracrine action for
VEGF in osteoblast-mediated crosstalk to endothelial cells. J Cell Physiol.
2008,214(2):537-44.

33. ChenL, Zhang RY, Xie J, Yang JY, Fang KH, Hong CX, et al. STAT3 activation
by catalpol promotes osteogenesis-angiogenesis coupling, thus acceler-
ating osteoporotic bone repair. Stem Cell Res Ther. 2021;12(1):108.

34, Ouyang Z,TanT, Zhang X, Wan J, Zhou Y, Jiang G, et al. LncRNA
ENST00000563492 promoting the osteogenesis-angiogenesis coupling
process in bone mesenchymal stem cells (BMSCs) by functions as a
ceRNA for miR-205-5p. Cell Death Dis. 2020;11(6):486.

35. Xiao F,Wang C,Wang C, GaoY, Zhang X, Chen X. BMPER enhances
bone formation by promoting the osteogenesis-angiogenesis
coupling process in mesenchymal stem cells. Cell Physiol Biochem.
2018;45(5):1927-39.

36. Liu X, Wan M. A tale of the good and bad: Cell senescence in bone
homeostasis and disease. Int Rev Cell Mol Biol. 2019;346:97-128.

37. Raggatt LJ, Partridge NC. Cellular and molecular mechanisms of bone
remodeling. J Biol Chem. 2010;285(33):25103-8.

38. Jiang L, Zhang W, Wei L, Zhou Q, Yang G, Qian N, et al. Early effects of
parathyroid hormone on vascularized bone regeneration and implant
osseointegration in aged rats. Biomaterials. 2018;179:15-28.

39. Boregowda SV, Krishnappa V, Strivelli J, Haga CL, Booker CN, Phinney
DG. Basal p53 expression is indispensable for mesenchymal stem cell
integrity. Cell Death Differ. 2018;25(4):679-92.

40. Rufini A, Tucci P, Celardo |, Melino G. Senescence and aging: the critical
roles of p53. Oncogene. 2013;32(43):5129-43.

41. VelletriT, Huang Y, Wang Y, Li Q, Hu M, Xie N, et al. Loss of p53 in mesen-
chymal stem cells promotes alteration of bone remodeling through neg-
ative regulation of osteoprotegerin. Cell Death Differ. 2021;28(1):156-69.

42. Liao N, ShiY, Zhang C, Zheng Y, Wang Y, Zhao B, et al. Antioxidants inhibit
cell senescence and preserve stemness of adipose tissue-derived stem
cells by reducing ROS generation during long-term in vitro expansion.
Stem Cell Res Ther. 2019;10(1):306.

43. Wang P, Guan D, Zhang XP, Liu F, Wang W. Modeling the regulation of p53
activation by HIF-1 upon hypoxia. FEBS Lett. 2019;593(18):2596-611.

44, Movafagh S, Crook S, Vo K. Regulation of hypoxia-inducible factor-1a
by reactive oxygen species: new developments in an old debate. J Cell
Biochem. 2015;116(5):696-703.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	A dual role of HIF1α in regulating osteogenesis–angiogenesis coupling
	Abstract 
	Objectives: 
	Materials and methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Animal preparation and processing
	Animal preparation
	Animal processing

	Microfil perfusion and Micro-CT (microcomputed tomography) assay
	Microfil perfusion
	Micro-CT (microcomputed tomography) assay

	Histological observation and immunostaining
	Senescence β-galactosidase (SA-β-gal) staining
	HE staining and immunostaining

	Cell isolation and culture
	BMSCs
	Human umbilical vein endothelial cells (HUVECs)

	Knockout and overexpression transfection of HIF1α
	Cell phenotypic observation
	SA-β-gal staining
	Cell proliferation assay
	Cell migration assay
	Osteogenic differentiation assay
	Immunofluorescence staining in vitro
	Measurement and intervene of ROS

	qRT-PCR (quantitative real-time PCR)
	Western blot
	Angiogenesis assay
	ELISA assay
	Wound healing assay
	Transwell assay
	Tube formation assay


	Statistics analysis
	Results
	Phenotypic characteristics of bone and vessels declined with age in mice
	Osteogenesis and angiogenesis in vivo are passively related to HIF1α and p53
	Inhibition of HIF1α could improve the bone-vessel metabolism of aged mice and worsen that of young mice
	ABMSCs showed degenerative properties accompanied by the upregulated HIF1α and p53
	HIF1α showed opposite effects on the migration ability of YBMSCs and ABMSCs but no obvious effect on the proliferation of either cell type
	HIF1α played a dual role in regulating the osteogenesis–angiogenesis coupling of YBMSCs and ABMSCs
	p53 mediated the HIF1α-regulated osteogenesis and angiogenesis
	Effect of HIF1α on p53 was concerned with the status of oxidative stress

	Discussion
	Conclusions
	Acknowledgements
	References


