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1  | INTRODUC TION

As one of the biggest and most complex organ systems in mammals, 
the skeleton is full of cracks and undergoes continuous shaping, re-
modelling and repair throughout adulthood.1-5 Bone can self-heal 
robustly in most cases; however, accelerating bone regeneration to 

meet clinical need would be advantageous.1,6-9 Bone regeneration 
is a highly complex and temporally coordinated process comprising 
various cellular and molecular processes.2,10-12

Blood vessels transport oxygen, nutrients, and waste, and also 
act as a passageway for cell-signalling molecules.13-15 Specialized 
vessels formed in different tissues participate in the formation of 
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Abstract
Objectives: CD31hiEMCNhi vessels (CD31, also known as PECAM1 [platelet and 
endothelial cell adhesion molecule 1]; EMCN, endomucin), which are strongly posi-
tive for CD31 and endomucin, couple angiogenesis and osteogenesis. However, the 
role of CD31hiEMCNhi vessels in bone regeneration remains unknown. In the pre-
sent study, we investigated the role of CD31hiEMCNhi vessels in the process of bone 
regeneration.
Materials and Methods: We used endothelial-specific Krüppel like factor 3 (Klf3) 
knockout mice and ophiopogonin D treatment to interfere with CD31hiEMCNhi ves-
sel formation. We constructed a bone regeneration model by surgical ablation of the 
trabecular bone. Immunofluorescence and micro-computed tomography (CT) were 
used to detect CD31hiEMCNhi vessels and bone formation.
Results: CD31hiEMCNhi vessels participate in the process of bone regeneration, such 
that endothelial-specific Klf3 knockout mice showed increased CD31hiEMCNhi ves-
sels and osteoprogenitors in the bone regeneration area, and further accelerated 
bone formation. We also demonstrated that the natural compound, ophiopogonin 
D,	acts	as	a	KLF3	inhibitor	to	promote	vessels	formation	both	 in	vitro	and	 in	vivo.	
Administration of ophiopogonin D increased the abundance of CD31hiEmcnhi vessels 
and accelerated bone healing.
Conclusions: Our findings confirmed the important role of CD31hiEmcnhi vessels in 
bone regeneration and provided a new target to treat bone fracture or promote bone 
regeneration.
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a specific microenvironment that decides the fate of progenitor 
cells.15-20 Therefore, it is important to investigate the effects of 
vessels on tissue regeneration. CD31hiEMCNhi vessels (CD31, also 
known as PECAM1 [platelet and endothelial cell adhesion molecule 
1]; EMCN, endomucin), which are strongly positive for CD31 and en-
domucin, are specific vessels in the skeletal system that couple an-
giogenesis and osteogenesis.18 Our previous studies demonstrated 
that inducing CD31hiEMCNhi vessels could stimulate bone forma-
tion.21-23 Angiogenesis coupled with osteogenesis plays an import-
ant role in bone metabolism; however, the role of CD31hiEMCNhi 
vessels in bone regeneration remains unknown.

Our previous study demonstrated that mutant REG1CP (regen-
erating family member 1 gamma) increased the formation of the 
CD31hiEmcnhi endothelium in bone marrow by binding to Krüppel-
like	factor	3	(KLF3)	to	inhibit	its	activity.	We	also	identified	a	natural	
compound,	ophiopogonin	D,	which	functions	as	a	KLF3	inhibitor.23 
Administration of ophiopogonin D increased the abundance of 
CD31hiEmcnhi vessels and bone formation.23 In the present study, 
we expanded our research and demonstrated that ophiopogonin 
D	 acts	 as	 a	 KLF3	 inhibitor	 to	 promote	 vessel	 formation	 and	 fur-
ther stimulate bone regeneration in young (3 months old) and mid-
dle-aged (12 months old) mice.

2  | MATERIAL S AND METHODS

2.1 | Mice

To specific knockout Klf3 in endothelium, we crossed mice carrying 
loxP-flanked Klf3 alleles (Klf3flox/flox) with Cdh5-Cre transgenics to get 
Cdh5-Cre: Klf3flox/floxmice (Klf3cdh5

−/−). The Klf3flox/flox littermates were 
used as controls. The Cdh5-Cre transgenic mice (Stock No. 017968) 
were purchased from Jackson Laboratory, and loxP-flanked Klf3 mice 
were purchased from Cyagen Biosciences Inc (China). The bone regen-
eration model was established as described before.24,25 A longitudinal 
incision was made on each knee to expose the femoral condyle by pa-
tella dislocation. Then, we used a dental drill to make a hole was at the 
intercondylar notch of the femur. A 0.6-mm-diameter Kirschner wire 
was placed from the proximal end of the femur. We confirmed the 
bone ablation of trabecular bone by radiography. Bone samples were 
collected	 1	week	 after	 the	 surgery.	 For	 ophiopogonin	D	 treatment	
experiment, mice under surgical ablation of trabecular bone were in-
traperitoneally treated with ophiopogonin D at dosage of 20 mg/kg 
every day for 7 days. All mice we used were C57BL/6J background. 
Male mice at indicated age were used in our experiments. All mice 
were maintained in standard, specific pathogen-free facility of the 
Laboratory Animal Research Center of Central South University.

2.2 | Isolate primary BMSCs

We isolated primary BMSCs as reported previously.26,27 We col-
lected	 all	 bone	 marrow	 cells	 and	 incubated	 them	 with	 FITC-,	

APC- and PE-conjugated antibodies which recognized mouse 
Sca-1 (BioLegend, 108108), CD29 (BioLegend, 102206), CD45 
(BioLegend, 103132) and CD11b (BioLegend, 101226) for 30 min-
utes at 4°C. Then, we performed fluorescence-activated cell 
sorting	 (FACS)	 and	 analysis	 the	 results	 using	 FACS	 DIVE	 soft-
ware version 6.1.3 (BD Biosciences). The sorted mouse Sca-
1+CD29+CD45−CD11b− BMSCs were cultured with α-MEM 
(Gibco-BRL	Co.)	supplemented	with	10%	FBS,	100	U/mL	penicillin	
and 100 μg/mL streptomycin.

2.3 | Osteogenic differentiation assay

Isolated BMSCs were cultured with α-MEM (Gibco-BRL Co.) supple-
mented	with	10%	FBS,	100	U/mL	penicillin,	100	μg/mL streptomy-
cin, 0.1 mmol/L dexamethasone, 10 mmol/L b-glycerol phosphate 
and 50 mmol/L ascorbate-2-phosphate for 21 days. Culture medium 
was changed every three days. Cells were collected for RNA extrac-
tion or stained with 2% Alizarin Red S (Sigma-Aldrich) at pH 4.2 to 
evaluate the cell matrix mineralization.

2.4 | Osteoclasts differentiation assay

Osteoclasts differentiation assay was performed as reported pre-
viously.28 Monocytes and macrophages were collected from bone 
marrow of mice by flushing the marrow space of femora and tibiae. 
The isolated bone marrow cells were cultured with α-MEM (Gibco-
BRL	Co.)	supplemented	with	10%	FBS,	100	U/mL	penicillin,	100	μg/
mL streptomycin for 12 hours; then, the floating cells were cultured 
with α-MEM	(Gibco-BRL	Co.)	supplemented	with	10%	FBS,	100	U/
mL penicillin, 100 μg/mL	streptomycin	and	30	ng/mL	M-CSF	(R&D	
Systems Inc) for 3 days to obtain pure monocytes and macrophages. 
Then, these cells were cultured with α-MEM (Gibco-BRL Co.) sup-
plemented	with	 10%	 FBS,	 100	U/mL	 penicillin,	 100	 μg/mL strep-
tomycin,	 30	 ng/mL	M-CSF	 and	 60	 ng/mL	RANKL	 (PeproTech)	 for	
8 days. Cells were collected for RNA extraction or stained with 
TRAP (Sigma-Aldrich).

2.5 | Migration assay

Human microvascular endothelial cells (HMECs) were cultured 
with	MCDB131	medium	(Gibco)	supplemented	10%	FBS,	100	U/
mL penicillin and 100 μg/mL streptomycin. Endothelial cell migra-
tion assay was set up in transwell 24-well plates with 8-μ m pore 
filters. 1 × 105 cells were seeded per well in the upper chamber 
after 1-hour serum starvation. After 12 hours incubation, the 
cells in the upper surface of each filter were moved using cotton 
swabs, and the cells migrated into the lower surface were fixed 
with	4%	PFA	 for	 30	minutes	 and	 then	 stained	with	 crystal	 vio-
let. The cell number was counted in 4 random microscope visual 
fields in each well.
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2.6 | Tube formation assay

Tube formation assay was performed as reported previously.29 
Endothelial cell tube formation assay was conducted in 48-well 
plates precoated with Matrigel (BD). 1 × 105 cells were seeded per 
well after 1-hour serum starvation. After 5-, 7-, 9- and 12-hour in-
cubation at 37°C, the tube formation of HMECs was observed and 
the number of tube branches was quantified by counting 4 random 
microscope visual fields in each well.

2.7 | Wound healing assay

Human microvascular endothelial cells or BMSCs were grown to 
confluency. A linear wound was made by scraping a non-opening 
Pasteur pipette across the confluent cell layer. 5, 7, 9 and 12 hours 
after wound, the migrate cells were observed and measured by 
counting 4 random microscope visual fields in each well.

2.8 | qRT-PCR analysis

Total RNA from cells was extracted using TRIzol reagent (Invitrogen). 
1 μg total RNA was used to perform reverse transcription using the 
PrimeScript RT reagent Kit (Takara). Amplification reactions were set 
up in 25 μL reaction volumes containing SYBR Green PCR Master 
Mix (PE Applied Biosystems). Relative quantification was calculated 
by normalizing the test crossing thresholds (Ct) with the β-actin am-
plified control Ct. The results were normalized to β-actin.

2.9 | Western blot

Total cell lysates were separated by SDS-PAGE (sodium dodecyl 
sulphate polyacrylamide gel electrophoresis) and blotted on poly-
vinylidene difluoride membranes (Millipore). Then, the membranes 
were blocked with 5% milk (170-6404, Bio-Rad Laboratories, Inc) 
and incubated with specific antibodies to Klf3 (Invitrogen Antibodies, 
PA5-18030, 1:1000), JunB (Cell Signaling Technology, 3753, 1:1000), 
VEGFA	(Proteintech,	19003-1-AP,	1:1000)	and	α-Tublin (Proteintech, 
11224-1-AP, 1:2000). Blots were visualized using SuperSignal West 
Pico	PLUS	Chemiluminescent	Substrate	(SD251210,	Thermo	Fisher	
Scientific, Inc).

2.10 | Flow cytometry

We isolated femora and tibia from mice, then crushed the meta-
physis region in ice-cold PBS. Bone pieces were digested using 
1 mg/mL type I A collagenase at 37°C for 20 minutes to obtain 
single-cell suspensions. Then, the cells were counted and incu-
bated for 45 minutes at 4°C with endomucin antibody (Santa 
Cruz, SC-65495, 1:100) and APC-conjugated CD31 antibody (R&D 

Systems,	 FAB3628A,	 1:100).	We	 performed	 acquisition	 on	 a	 flu-
orescence-activated	 cell	 sorting	 (FACS)	 FACScan	 cytometer	 (BD	
Immunocytometry Systems).

2.11 | μCT analysis

We used the high-resolution μCT (Skyscan 1172, Bruker microCT, 
Kontich, Belgium) to perform the µCT analysis. The scanner was set 
at	a	voltage	of	65	kV,	a	current	of	153	μA and a resolution of 15 μm 
per pixel. We used the image reconstruction software (NRecon, ver-
sion 1.6, Bioz, Inc, Palo Alto, CA, USA), data analysis software (CT 
Analyser, version 1.9, Bruker microCT) and 3-dimensional model 
visualization software (μCT	Volume,	 version	 2.0,	 Bruker	microCT)	
to analyse the parameters of the trabecular bone. Trabecular bone 
volume	per	tissue	volume	(Tb.	BV/TV)	were	measured.

2.12 | Histochemistry

Histochemistry staining was performed as reported previously.30,31 
Femora	were	dissected	from	mice.	After	fixing	overnight	with	10%	
formalin at 4°C, the samples were decalcified at 4°C using 10% 
EDTA	 (pH	 7.4)	 for	 21	 days	 and	 then	 embedded	 in	 paraffin.	 Four-
micrometre-thick femora were used for staining. The slides were 
processed for TRAP, and HE staining was performed using a stand-
ard protocol (Sigma-Aldrich).

2.13 | Immunocytochemistry

Immunocytochemistry staining was performed as reported previ-
ously.32	Femora	were	dissected	from	mice.	After	fixing	overnight	
with 10% formalin at 4°C, the samples were decalcified at 4°C 
using 10% EDTA (pH 7.4) for 21 days and then embedded in par-
affin.	 Four-micrometre-thick	 femora	were	 used	 for	 staining.	 The	
slides were stained with individual primary antibodies to OCN 
(Takara Bio Inc M137) at 4°C overnight. Horseradish peroxidase-
streptavidin detection system (Dako) was used to detect immuno-
activity. Then, we counterstained the sections with haematoxylin 
(Sigma-Aldrich).

2.14 | Immunofluorescence

Immunofluorescence staining was performed as reported previ-
ously.33,34	 Femora	 were	 dissected	 from	 mice.	 After	 fixing	 with	
ice-cold 4% paraformaldehyde solution for 4 hours, the samples 
were decalcified in 0.5 mol/L EDTA (pH 7.4) at 4℃ for 24 hours (1- 
and 3-month-old mice) or for 48 hours (12-month-old mice). The 
bone samples were then incubated in 20% sucrose and 2% polyvi-
nylpyrrolidone	(PVP)	solution	overnight,	as	described	previously.35 
For	 CD31hiEMCNhi vessels staining, the tissues were embedded 
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F I G U R E  1   CD31hiEmcnhi vessel and bone formation decreased during ageing but increased in bone regeneration. A, Representative 
images of CD31 (green), EMCN (red) and Osterix (white) immunostaining. Scale bar, 100 μm. G, growth plate. B, Quantification of CD31 
and EMCN positive vessel volume in distal femora. C, Quantitative analysis of Osterix-positive (OSX+) osteoprogenitors in distal femora. 
D	and	E,	FACS	analysis	dot	plot	(D)	and	quantification	(E)	of	CD31hiEMCNhi	ECs.	F,	Representative	images	of	CD31	(green)	and	EMCN	
(red) immunostaining in bone regeneration area after femoral trabecular bone ablation. Nuclei, DAPI (blue). Scale bar, 100 μm. G and H, 
Representative μCT images (G) and quantitative μCT analysis (H) of bone regeneration after femoral trabecular bone ablation. Selected areas 
for	the	measurements	of	bone	volume	(BV)/tissue	volume	(TV)	were	indicated	with	a	yellow	square.	Data	are	shown	as	mean	±	SD,	(n	=	6	in	
B, C, E and H). *P < .05; **P	<	.01	by	one-way	ANOVA
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F I G U R E  2   Endothelial-specific Klf3 knockout mice show increased CD31hiEMCNhi vessels and accelerated bone regeneration. A and B, 
Representative images (A) and quantification (B) of CD31 (green) and EMCN (red) immunostaining in bone regeneration area after femoral 
trabecular bone ablation of 3-month-old mice. Nuclei, DAPI (blue). Scale bar, 100 μm. C and D, Representative images (C) and quantification 
(D) of alkaline phosphatase (ALP, green) immunostaining in bone regeneration area of 3-month-old mice. Nuclei, DAPI (blue). Scale bar, 
100 μm.	E	and	F,	Immunohistochemical	staining	(E)	and	quantification	(F)	of	osteocalcin	positive	cells	(OCN+, brown) in bone regeneration 
area of 3-month-old mice. Red arrows point at positive cells. Scale bar, 100 μm. G and H, Representative images (G) and quantification 
(H) of TRAP (red) staining in bone regeneration area of 3-month-old mice. Scale bar, 100 μm. I, Representative images of HE staining in 
distal femora of 3-month-old mice. Scale bar, 200 μm. J and K, Representative μCT images (J) and quantitative μCT analysis (K) of bone 
regeneration	after	femoral	trabecular	bone	ablation	of	3-month-old	mice.	Selected	areas	for	the	measurements	of	bone	volume	(BV)/tissue	
volume	(TV)	were	indicated	with	a	yellow	square.	Data	are	shown	as	mean	±	SD.	(n	=	6	in	B,	D,	F,	H	and	K).	*P < .05; **P < .01 by two-tailed 
Student's t test
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in	8%	gelatin	 (porcine)	 in	presence	of	20%	sucrose	and	2%	PVP.	
Forty-micrometre-thick	bone	sections	were	stained	with	primary	
antibodies to mouse CD31 (Abcam, ab28364, 1:100) and endomu-
cin	(Santa	Cruz,	V.7C7,	1:50)	overnight	at	4°C.	For	other	immuno-
fluorescence staining, we embedded the tissues in optimal cutting 
temperature compound. Ten-micrometre-thick longitudinally ori-
ented bone sections were stained with individual primary antibod-
ies to mouse Alkaline phosphatase (Abcam, ab108337, 1:200) and 
Osterix (Abcam, ab22552, 1:100) overnight at 4°C. The slides were 
stained with secondary antibodies conjugated with fluorescence 
at room temperature for 1 hour while avoiding light subsequently. 
We used isotype-matched controls, such as polyclonal rabbit IgG 
(R&D Systems, AB-105-C), polyclonal goat IgG (R&D Systems, AB-
108-C) and monoclonal rat IgG2A (R&D Systems, 54447) under 
the same concentrations and conditions as negative controls.

2.15 | Statistics

The	data	are	presented	as	the	mean	±	SD;	For	comparisons	of	two	
groups, two-tailed Student's t	 test	 was	 used.	 For	 comparisons	 of	
multiple	groups,	one-way	ANOVA	was	used.	Differences	were	con-
sidered significant at P < .05. No randomization or blinding was used, 
and no animals were excluded from analysis. Sample sizes were se-
lected on the basis of previous experiments.

2.16 | Study approval

All animal care protocols and experiments were reviewed and ap-
proved by the Animal Care and Use Committees of the Laboratory 
Animal Research Center at Xiangya Medical School of Central South 
University.

3  | RESULTS

3.1 | The amount of CD31hiEMCNhi vessels 
decreased during ageing but increased in bone 
regeneration

As animals age, the decrease in the number of osterix-positive (OSX+) 
osteoprogenitors and bone mass correlates with the pronounced 
reduction in CD31hiEmcnhi	 vessels	 (Figure	 1A-C	 and	 G-H).	 The	
amount of CD31hiEmcnhi vessels, which mainly appear in the meta-
physis just below the growth plate in 1 month old, was significantly 

decreased in adults (3 months old) and was nearly absent in aged 
(12	months	old)	mice	(Figure	1A,B).	Flow	cytometry	analysis	con-
firmed the age-dependent reduction of CD31hiEmcnhi endothelial 
cells	(Figure	1D,E).	To	investigate	the	role	of	CD31hiEMCNhi vessels 
in bone regeneration, we constructed a bone regeneration model 
after surgical ablation of the trabecular bone.24,25 We found that 
abundant CD31hiEMCNhi vessels, as well as alkaline phosphatase-
positive (ALP+) osteoprogenitors and OSX+ osteoprogenitors, 
emerged in the bone regeneration area in the 3-month-old mice 
at	1	week	after	surgery	(Figure	1F	and	Figure	S1).	The	amount	of	
CD31hiEMCNhi vessels in the femur of the 12-month-old mice was 
also	increased	at	1	week	after	trabecular	bone	ablation	(Figure	1F).	
The bone volume in the regeneration area was increased together 
with the number of CD31hiEMCNhi vessels and osteoprogenitors 
cells	 (Figure	 1G-H	 and	 Figure	 S1).	 These	 results	 indicated	 that	
the CD31hiEMCNhi vessels might play an important role in bone 
regeneration.

3.2 | Endothelial-specific Klf3 knockout mice 
show increased numbers CD31hiEMCNhi vessel and 
accelerated bone regeneration

Krüppel like factor 3 is a potent transcriptional repressor with di-
verse roles in differentiation. Our previous research demonstrated 
that specific knockout of Klf3 in endothelial cells could significantly 
promote CD31hiEMCNhi vessel formation in bone tissues.23 To in-
vestigate the role of CD31hiEMCNhi vessels in bone regeneration 
in vivo, we crossed Cdh5 (PAC)-Cre transgenic mice with Klf3flox/flox 
mice to specifically knock out Klf3 in endothelial cells (Klf3cdh5

−/−). 
The Klf3cdh5

−/− mice and their Klf3flox/flox littermates were subjected 
to surgical ablation of the trabecular bone to generate the bone 
regeneration model at 3 months old and 12 months old. One 
week after surgery, femurs of these mice were collected to detect 
CD31hiEMCNhi vessels and bone formation. Co-immunostaining 
of CD31 and endomucin (EMCN) identified higher levels of the 
CD31hiEMCNhi endothelium and increased numbers of ALP+ and 
OSX+ osteoprogenitors in the bone regeneration area of 3-month-
old Klf3cdh5

−/− mice compared with that of their age-matched Klf3flox/

flox	 littermates	 (Figure	 2A-D	 and	 Figure	 S2A-B).	 The	 numbers	 of	
osteoblasts and osteoclasts were increased in the bone regenera-
tion area of the Klf3cdh5

−/−	mice	(Figure	2E-H),	which	indicated	an	
increase in bone modelling and remodelling. Microcomputed to-
mography (μCT) and haematoxylin and eosin (HE) staining showed 
significantly increased bone regeneration in Klf3cdh5

−/− mice com-
pare with that in their Klf3flox/flox	littermates	(Figure	2I-K).	We	also	

F I G U R E  3  Ophiopogonin	D	acts	as	a	KLF3	inhibitor	and	promotes	vessel	formation	in	vitro.	A-G,	qRT-PCR	analysis	of	the	relative	levels	
of CD31 (A), EMCN (B), JUNB (C), VEGFA (D), VEGFB (E), PDGFA	(F)	and	PDGFB	(G).	H,	Western	blotting	analysis	of	the	KLF3,	JUNB	and	
VEGFA	expression	in	HMECs	treated	with	vehicle	or	different	doses	of	ophiopogonin	D.	I	and	J,	Representative	images	(I)	and	quantification	
(J) of migration HMECs in wound healing assay. Scale bar, 500 μm. K-L, Representative images (K) and quantification (L) of a transwell 
migration assay. Scale bar, 200 μm. M and N, Representative images (M) and quantification (N) of tube branch numbers of a matrigel tube 
formation assay. Scale bar, 200 μm.	Data	are	shown	as	mean	±	SD,	(The	cell	experiments	were	repeated	for	three	times,	n	=	6	in	A-G,	J,	L	and	
N). *P < .05; **P	<	.01	by	one-way	ANOVA
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found increased CD31hiEMCNhi endothelium formation and bone 
regeneration in 12-month-old Klf3cdh5

−/− mice compared with those 
in their age-matched Klf3flox/flox littermates at 1 week after surgi-
cal	 ablation	of	 the	 trabecular	 bone	 (Figure	S2C-F).	 These	 results	

indicated that promoting the formation of CD31hiEMCNhi vessels 
by specific knockout Klf3 in endothelia cells could stimulate bone 
regeneration.

F I G U R E  4   Ophiopogonin D do not affect BMSC migration and osteoblastic differentiation in vitro. A, Representative images of Alizarin 
Red S staining in BMSCs treated with or without ophiopogonin D under osteogenic induction. Scale bar, 100 μm. B-D, qRT-PCR analysis of 
the relative levels of Runx2 (B), Alp (C) and Sp7	(D).	E	and	F,	Representative	images	(E)	and	quantification	(F)	of	migration	BMSCs	in	wound	
healing assay. Scale bar, 500 μm. G, Images of TRAP staining of bone marrow monocytes treated with 30 ng mL−1	of	M-CSF,	200	ng	mL−1 
of RANKL and with or without ophiopogonin D for 8 d. Scale bar, 200 μm. H, qRT-PCR analysis of the relative levels of Trap. (The cell 
experiments	were	repeated	for	three	times,	n	=	6	in	B-D	and	F-H).	N.S,	no	significance	by	one-way	ANOVA
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3.3 | Ophiopogonin D acts as a KLF3 inhibitor and 
promotes vessels formation in vitro

Our	previous	research	demonstrated	that	KLF3	represses	the	ex-
pression of JUNB (JunB proto-oncogene, AP-1 transcription factor 
subunit) as well as its downstream factor VEGFA (vascular endothe-
lial growth factor A) in endothelial cells, and further inhibited the 
process of angiogenesis.23 We also identified a natural compound 
from Radix Ophiopogon japonicus, ophiopogonin D, which acts as 
a	KLF3	inhibitor	to	abolish	the	transcriptional	repression	function	
of	KLF3	and	further	 increase	the	expression	of	JUNB and VEGFA 
in endothelial cells.23 As expected, we observed that CD31, EMCN, 
and JUNB and vessel growth factors (VEGFA, VEGFB, PDGFA 
(platelet derived growth factor subunit A), and PDGFB) transcripts 
were expressed at higher level in human microvascular endothe-
lial cells (HMECs) treated with ophiopogonin D compared with 
that	 in	DMSO	 control	 treated	HMECs	 (Figure	 3A-G).	 Chromatin	
immunoprecipitation-PCR (ChIP-PCR) assays showed that ophi-
opogonin	D	 treatment	 affected	 the	 binding	 of	KLF3	 to	 the	 pro-
moter of JUNB.23 Western blotting also showed increased protein 
levels	of	JUNB	and	VEGFA	in	HMECs	treated	with	ophiopogonin	
D,	without	affect	the	expression	of	KLF3	(Figure	3H).	We	further	
confirmed the angiogenesis stimulating function of ophiopogonin 
D using migration and tube formation assays. The results showed 
that ophiopogonin D treatment could increase the migration and 
tube	formation	ability	of	HMECs	(Figure	3I-N).	These	data	demon-
strated	that	ophiopogonin	D	works	as	a	KLF3	inhibitor	and	has	a	
positive effect on angiogenesis in vitro.

3.4 | Ophiopogonin D does not affect BMSC 
migration and osteoblastic differentiation in vitro

To investigate the role of ophiopogonin D in bone formation 
in vitro, we isolated primary bone marrow-derived stem cells 
(BMSCs) and carried out migration and osteogenic differentiation 
assays. Alizarin Red staining showed no difference between the 
ophiopogonin D and DMSO control treatment groups in the BMSC 
osteogenic	differentiation	assays	(Figure	4A).	The	expression	lev-
els of the osteoblastic markers Runx2 (RUNX family transcription 
factor 2), Alp (alkaline phosphatase) and Sp7 (SP7 transcription 
factor) remained unchanged after ophiopogonin D treatment 
(Figure	4B-D).	The	results	of	BMSC	migration	assays	indicated	that	
ophiopogonin	D	could	not	promote	BMSCs	migration	(Figure	4E,	
F).	Ophiopogonin	D	also	did	not	affect	osteoclast	differentiation,	
as indicated by the evaluation of tartrate-resistant acid phos-
phatase (TRAP) staining and the expression levels of the osteo-
clast transcription factors Trap of bone marrow monocytes and 
macrophages, which underwent stimulation of osteoclast differ-
entiation	(Figure	4G,	H).	This	result	 indicated	that	Ophiopogonin	
D treatment does not affect BMSC migration, osteoblastic differ-
entiation and osteoclast differentiation in vitro.

3.5 | Ophiopogonin D treatment promotes 
CD31hiEMCNhi vessel and bone formation during 
bone regeneration

To investigate whether treatment with ophiopogonin D could pro-
mote CD31hiEMCNhi vessel formation and further stimulate bone 
regeneration in vivo, 3-month-old and 12-month-old C57BL/6J mice, 
after surgical ablation of the trabecular bone, were treated intraperi-
toneally with ophiopogonin D at 20 mg/kg every day for 1 week. 
This treatment did not affect the body weight of either group of mice 
(Figure	5A	and	Figure	S3A).	Treatment	with	ophiopogonin	D	increased	
the amount of CD31hiEMCNhi endothelium in the regeneration area 
of both 3-month-old and 12-month-old mice compared with that in 
vehicle-treated mice, as detected by immunofluorescence staining 
(Figure	5B,C	and	Figure	S3B,C).	The	number	of	ALP+ osteoprogeni-
tors, OSX+ osteoprogenitors, OCN+ osteoblasts and TRAP+ osteo-
clasts in the regeneration area also increased after ophiopogonin D 
treatment in 3-month-old mice, which indicated increased bone mod-
elling	(Figure	5D-I	and	Figure	S3D,E).	HE	staining	and	μCT confirmed 
the significantly increased bone regeneration in the ophiopogonin 
D-treated mice compared with that in the vehicle-treated control 
mice	in	both	the	3-month-old	and	12-month-old	groups	(Figure	5J-L	
and	Figure	S3F,G).	Taken	together,	these	results	suggested	that	ophi-
opogonin D treatment could promote CD31hiEMCNhi vessel forma-
tion and further accelerate bone regeneration.

4  | DISCUSSION

Blood vessels play an important role in tissue regeneration by re-
cruiting progenitor cells.36-39 In skeleton tissue, CD31hiEMCNhi ves-
sels generate distinct metabolic and molecular microenvironments, 
maintain perivascular osteoprogenitors and couple angiogenesis to 
osteogenesis.18,40 Osteoblast derived Slit guidance ligand 3 (SLIT3) 
could increase the formation of the CD31hiEMCNhi endothelium. 
Pre-osteoclasts could induce the CD31hiEMCNhi vessel subtype, 
subsequently preventing bone loss in osteoporosis.21 Our previous 
study revealed that the microRNA miR-497∼195 cluster contrib-
utes to the increase in CD31hiEMCNhi vessels and bone formation 
in aged mice.22 However, few studies have investigated the role 
of CD31hiEMCNhi vessels in bone regeneration. The results of the 
present study showed that many CD31hiEMCNhi vessels emerged 
after bone injury in mice at the age at which CD31hiEMCNhi ves-
sels	 are	 nearly	 absent	 physiologically.	 Furthermore,	 promoting	
CD31hiEMCNhi vessel formation could stimulate bone regeneration 
in mice. These results indicated the important role of CD31hiEMCNhi 
vessels, not only in bone formation, but also in bone regeneration.

Krüppel like factor 3, which is a potent transcriptional repres-
sor that mediates transcriptional silencing via recruiting the core-
pressor C-terminal binding protein (CTBP), could modulate diverse 
physiological processes in various tissues, such as angiogenesis, 
B lymphopoiesis, adipogenesis, erythropoiesis, myogenesis and 
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cardiac development.41-45 JunB	 is	 one	 of	 the	 KLF3	 downstream	
genes and acts as a critical regulator of Vegfa.46-48 Our previous 
studies	 have	 shown	 that	 KLF3	 inhibited	 the	 expression	 of	 JUNB 
and VEGFA, and further repressed angiogenesis.23 We also demon-
strated that specific knockout of Klf3 in endothelial cells increased 
the formation of CD31hiEMCNhi vessels and increased bone for-
mation.23 Here, we extended our study and confirmed that spe-
cific knockout of Klf3 in endothelial cells also could stimulate 
CD31hiEMCNhi vessel formation after bone injury and could accel-
erate bone regeneration.

Ophiopogonin D is a natural compound isolated from the tra-
ditional Chinese herbal agent Radix Ophiopogon japonicus,49 which 
showed	anti-osteoporotic	effects	in	a	murine	ovariectomized	(OVX)	
model.50 Previously, we identified that ophiopogonin D could bind to 
KLF3	and	suppress	its	function,	thus	further	promoting	angiogene-
sis.23 In the present study, we further demonstrated that ophiopogo-
nin D also could increase CD31hiEMCNhi vessel formation and bone 
regeneration after bone injury.

In summary, we revealed the important role of CD31hiEMCNhi 
vessels in bone regeneration and demonstrated the natural com-
pound ophiopogonin D could increase the number of CD31hiEMCNhi 
vessels and promoted bone regeneration after bone injury. Our 
findings provide a potentially novel strategy to accelerate bone 
healing.

ACKNOWLEDG EMENTS
This work was supported by grants from National Natural Science 
Foundation	 of	 China	 (No.	 81570806,	 81770877,	 81520108008,	
91749105, 81930022, 81700785, 81873670).

CONFLIC T OF INTERE S T
The authors have declared that no conflict of interest exists.

AUTHOR CONTRIBUTIONS
TJ.J and M.Y designed the experiments; M.Y carried out most of the 
experiments, generated data and drafted the manuscript; Q.G, Y.X, 
Y.H, CJ.L and T.S helped to collect the samples. TJ.J, XH.L and M.Y 
proofread the manuscript; TJ.J supervised the experiments, ana-
lysed results, co-wrote the manuscript, and is the guarantor of this 
work and has full access to all the data in this study and takes the 
responsibility for data accuracy.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available within 
the	 article	 and	 Supplementary	 Files	 or	 available	 from	 the	 authors	
upon request.

ORCID
Mi Yang  https://orcid.org/0000-0003-3015-672X 

R E FE R E N C E S
 1. Taylor D, Hazenberg JG, Lee TC. Living with cracks: damage and 

repair in human bone. Nat Mater. 2007;6:263-268.
 2. Hankenson KD, Gagne K, Shaughnessy M. Extracellular signaling 

molecules to promote fracture healing and bone regeneration. Adv 
Drug Deliv Rev. 2015;94:3-12.

 3. Rosen CJ. Bone remodeling, energy metabolism, and the molecular 
clock. Cell Metab. 2008;7:7-10.

 4. Yu Y, Newman H, Shen L, et al. Glutamine metabolism regulates 
proliferation and lineage allocation in skeletal stem cells. Cell Metab. 
2019;29(4):966-978.e4.

 5. Hayashi M, Nakashima T, Yoshimura N, et al. Autoregulation of 
Osteocyte Sema3A orchestrates estrogen action and counteracts 
bone aging. Cell Metab. 2019;29(3):627-637.e5.

 6. Abarrategi A, Mian SA, Passaro D, et al. Modeling the human bone 
marrow	niche	in	mice:	From	host	bone	marrow	engraftment	to	bio-
engineering approaches. J Exp Med. 2018;215:729-743.

 7. Ehninger A, Trumpp A. The bone marrow stem cell niche grows 
up: mesenchymal stem cells and macrophages move in. J Exp Med. 
2011;208:421-428.

 8. Berger JM, Singh P, Khrimian L, et al. Mediation of the Acute Stress 
Response by the Skeleton. Cell Metab. 2019;30:890-902.e8.

	 9.	 Fan	Y,	Hanai	J-I,	Le	PT,	et	al.	parathyroid	hormone	directs	bone	mar-
row mesenchymal cell fate. Cell Metab. 2017;25:661-672.

 10. Malhotra A, Habibovic P. Calcium phosphates and angiogenesis: 
implications and advances for bone regeneration. Trends Biotechnol. 
2016;34:983-992.

	11.	 Almubarak	S,	Nethercott	H,	Freeberg	M,	et	al.	Tissue	engineering	
strategies for promoting vascularized bone regeneration. Bone. 
2016;83:197-209.

	12.	 Stegen	S,	van	Gastel	N,	Eelen	G,	et	al.	HIF-1alpha	promotes	gluta-
mine-mediated redox homeostasis and glycogen-dependent bioen-
ergetics to support Postimplantation bone cell survival. Cell Metab. 
2016;23:265-279.

 13. Gupta RK, Mepani RJ, Kleiner S, et al. Zfp423 expression identifies 
committed preadipocytes and localizes to adipose endothelial and 
perivascular cells. Cell Metab. 2012;15:230-239.

 14. Cao Y. Angiogenesis and vascular functions in modulation of 
obesity, adipose metabolism, and insulin sensitivity. Cell Metab. 
2013;18:478-489.

F I G U R E  5   Ophiopogonin D treatment promotes CD31hiEMCNhi vessel formation and bone regeneration. A, The body weight of 
3-month-old mice after surgical ablation of trabecular bone and further treated with ophiopogonin D and vehicle controls. B and C, 
Representative images (B) and quantification (C) of CD31 (green) and EMCN (red) immunostaining in bone regeneration area of 3-month-old 
mice after femoral trabecular bone ablation. Nuclei, DAPI (blue). Scale bar, 100 μm. D and E, Representative images (D) and quantification (E) 
of alkaline phosphatase (ALP, green) immunostaining in bone regeneration area of 3-month-old mice. Nuclei, DAPI (blue). Scale bar, 100 μm. 
F	and	G,	Immunohistochemical	staining	(F)	and	quantification	(G)	of	osteocalcin	positive	cells	(OCN+, brown) in bone regeneration area of 
3-month-old mice. Red arrows point at positive cells. Scale bar, 100 μm. H and I, Representative images (H) and quantification (I) of TRAP 
(red) staining in bone regeneration area of 3-month-old mice. Scale bar, 100 μm. J, Representative images of HE staining in distal femora of 
3-month-old mice. Scale bar, 200 μm. K and L, Representative μCT images (K) and quantitative μCT analysis (L) of bone regeneration after 
femoral	trabecular	bone	ablation	of	3-month-old	mice.	Selected	areas	for	the	measurements	of	bone	volume	(BV)/tissue	volume	(TV)	were	
indicated	with	a	yellow	square.	Data	are	shown	as	mean	±	SD.	(n	=	6	in	A,	C,	E,	G,	I	and	L).	*P < .05; **P < .01; N.S, no significance by one-way 
ANOVA	or	two-tailed	Student's	t test

https://orcid.org/0000-0003-3015-672X
https://orcid.org/0000-0003-3015-672X


12 of 12  |     YANG et Al.

 15. Li X, Sun X, Carmeliet P. Hallmarks of Endothelial Cell Metabolism 
in Health and Disease. Cell Metab. 2019;30:414-433.

 16. Rafii S, Butler JM, Ding BS. Angiocrine functions of organ-specific 
endothelial cells. Nature. 2016;529:316-325.

	17.	 Fujita	Y,	Kawamoto	A.	Stem	cell-based	peripheral	vascular	regener-
ation. Adv Drug Deliv Rev. 2017;120:25-40.

 18. Kusumbe AP, Ramasamy SK, Adams RH. Coupling of angiogene-
sis and osteogenesis by a specific vessel subtype in bone. Nature. 
2014;507:323-328.

 19. Sung HK, Doh K-O, Son JE, et al. Adipose vascular endothelial 
growth factor regulates metabolic homeostasis through angiogen-
esis. Cell Metab. 2013;17:61-72.

	20.	 Tran	KV,	Gealekman	O,	Frontini	A,	et	al.	The	vascular	endothelium	
of the adipose tissue gives rise to both white and brown fat cells. 
Cell Metab. 2012;15:222-229.

	21.	 Xie	H,	Cui	Z,	Wang	L,	et	al.	PDGF-BB	secreted	by	preosteoclasts	
induces angiogenesis during coupling with osteogenesis. Nat Med. 
2014;20:1270-1278.

 22. Yang M, Li CJ, Sun X, et al. MiR-497 approximately 195 cluster 
regulates angiogenesis during coupling with osteogenesis by main-
taining	 endothelial	 Notch	 and	 HIF-1alpha	 activity.	 Nat Commun. 
2017;8:16003.

 23. Yang M, Guo Q, Peng H, et al. Kruppel-like factor 3 inhibition by 
mutated lncRNA Reg1cp results in human high bone mass syn-
drome. J Exp Med. 2019;216:1944-1964.

	24.	 Fukuda	T,	Takeda	S,	Xu	R,	et	al.	Sema3A	regulates	bone-mass	ac-
crual through sensory innervations. Nature. 2013;497:490-493.

 25. Chen H, Hu B, Lv X, et al. Prostaglandin E2 mediates sensory nerve 
regulation of bone homeostasis. Nat Commun. 2019;10:181.

 26. Raz Y, Cohen N, Shani O, et al. Bone marrow-derived fibroblasts are 
a functionally distinct stromal cell population in breast cancer. J Exp 
Med. 2018;215:3075-3093.

 27. Li CJ, Xiao Y, Yang M, et al. Long noncoding RNA Bmncr regulates 
mesenchymal stem cell fate during skeletal aging. J Clin Invest. 
2018;128:5251-5266. 

 28. Greenblatt MB, Park KH, Oh H, et al. CHMP5 controls bone turn-
over	rates	by	dampening	NF-kappaB	activity	 in	osteoclasts.	J Exp 
Med. 2015;212:1283-1301.

 29. Deshane J, Chen S, Caballero S, et al. Stromal cell-derived factor 1 
promotes angiogenesis via a heme oxygenase 1-dependent mecha-
nism. J Exp Med. 2007;204:605-618.

 30. Chen C, Akiyama K, Wang D, et al. mTOR inhibition rescues osteo-
penia in mice with systemic sclerosis. J Exp Med. 2015;212:73-91.

 31. Torres JA, Kruger SL, Broderick C, et al. Ketosis ameliorates renal 
cyst growth in polycystic kidney disease. Cell Metab. 2019;30:1007-
1023.e5.

 32. Ohayon D, De Chiara A, Dang PM-C, et al. Cytosolic PCNA inter-
acts with p47phox and controls NADPH oxidase NOX2 activation 
in neutrophils. J Exp Med. 2019;216:2669-2687.

 33. Shi Y, Manis M, Long J, et al. Microglia drive APOE-dependent 
neurodegeneration in a tauopathy mouse model. J Exp Med. 
2019;216:2546-2561.

 34. Xiao Y-Z, Yang M, Xiao Y, et al. Reducing hypothalamic stem cell 
senescence protects against aging-associated physiological decline. 
Cell Metab. 2020. https ://doi.org/10.1016/j.cmet.2020.01.002. 
[Epub ahead of print]

 35. Kusumbe AP, Ramasamy SK, Starsichova A, Adams RH. Sample 
preparation for high-resolution 3D confocal imaging of mouse skel-
etal tissue. Nat Protoc. 2015;10:1904-1914.

 36. Saran U, Gemini Piperni S, Chatterjee S. Role of angiogenesis in 
bone repair. Arch Biochem Biophys. 2014;561:109-117.

 37. Lafage-Proust MH, Roche B, Langer M, et al. Assessment of bone vas-
cularization and its role in bone remodeling. BoneKEy Rep. 2015;4:662.

 38. Ramasamy SK, Kusumbe AP, Adams RH. Regulation of tissue mor-
phogenesis by endothelial cell-derived signals. Trends Cell Biol. 
2015;25:148-157.

 39. De Bock K, Georgiadou M, Carmeliet P. Role of endothelial cell me-
tabolism in vessel sprouting. Cell Metab. 2013;18:634-647.

 40. Ramasamy SK, Kusumbe AP, Wang L, Adams RH. Endothelial Notch 
activity promotes angiogenesis and osteogenesis in bone. Nature. 
2014;507:376-380.

	41.	 Pearson	 RC,	 Funnell	 AP,	 Crossley	M.	 The	mammalian	 zinc	 finger	
transcription	factor	Kruppel-like	factor	3	(KLF3/BKLF).	IUBMB Life. 
2011;63:86-93.

	42.	 Dewi	V,	Kwok	A,	Lee	S,	et	al.	Phosphorylation	of	Kruppel-like	factor	
3	(KLF3/BKLF)	and	C-terminal	binding	protein	2	(CtBP2)	by	home-
odomain-interacting	 protein	 kinase	 2	 (HIPK2)	 modulates	 KLF3	
DNA binding and activity. J Biol Chem. 2015;290:8591-8605.

 43. Sue N, Jack BHA, Eaton SA, et al. Targeted disruption of the basic 
Kruppel-like factor gene (Klf3) reveals a role in adipogenesis. Mol 
Cell Biol. 2008;28:3967-3978.

 44. Himeda CL, Ranish JA, Pearson RC, Crossley M, Hauschka SD. 
KLF3	 regulates	 muscle-specific	 gene	 expression	 and	 synergizes	
with	 serum	 response	 factor	 on	 KLF	 binding	 sites.	Mol Cell Biol. 
2010;30:3430-3443.

	45.	 Kelsey	L,	Flenniken	AM,	Qu	D,	et	al.	ENU-induced	mutation	in	the	
DNA-binding	 domain	 of	 KLF3	 reveals	 important	 roles	 for	 KLF3	
in cardiovascular development and function in mice. PLoS Genet. 
2013;9:e1003612.

	46.	 Schmidt	D,	 Textor	B,	 Pein	OT,	 et	 al.	 Critical	 role	 for	NF-kappaB-
induced	JunB	in	VEGF	regulation	and	tumor	angiogenesis.	EMBO J. 
2007;26:710-719.

 47. Ilsley MD, Gillinder KR, Magor GW, et al. Kruppel-like factors 
compete for promoters and enhancers to fine-tune transcription. 
Nucleic Acids Res. 2017;45:6572-6588.

	48.	 Chen	 S,	 Yun	 F,	 Yao	 Y,	 et	 al.	 USP38	 critically	 promotes	 asth-
matic pathogenesis by stabilizing JunB protein. J Exp Med. 
2018;215:2850-2867.

 49. Kou J, Yu B, Xu Q. Inhibitory effects of ethanol extract from Radix 
Ophiopogon japonicus on venous thrombosis linked with its endo-
thelium-protective and anti-adhesive activities. Vascul Pharmacol. 
2005;43:157-163.

 50. Huang Q, Gao B, Wang L, et al. Ophiopogonin D: A new herbal 
agent against osteoporosis. Bone. 2015;74:18-28.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.    

How to cite this article: Yang M, Li C-J, Xiao Y, et al. 
Ophiopogonin D promotes bone regeneration by stimulating 
CD31hiEMCNhi vessel formation. Cell Prolif. 2020;53:e12784. 
https ://doi.org/10.1111/cpr.12784 

https://doi.org/10.1016/j.cmet.2020.01.002
https://doi.org/10.1111/cpr.12784

