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ABSTRACT
Background. Postmenopausal osteoporosis and osteoporosis-related fractures are
world-wide serious public health problem. Recent studies demonstrated that inhibiting
caveolin-1 leads to osteoclastogenesis suppression and protection againstOVX-induced
osteoporosis. This study aimed to explore the mechanism of caveolin-1 mediating bone
loss and the potential therapeutic target.
Methods. ThirtyC57BL/6 femalemicewere allocated randomly into three groups: sham
or bilateral ovariectomy (OVX) surgeries were performed for mice and subsequently
daidzein or vehicle was administrated to animals (control, OVX + vehicle and OVX
+ daidzein). After 8-week administration, femurs were harvested for Micro-CT scan,
histological staining including H&E, immunohistochemistry, immunofluorescence,
TRAP. Bone marrow endothelial cells (BMECs) were cultured and treated with
inhibitors of caveolin-1 (daidzein) or EGFR (erlotinib) and then scratch wound healing
and ki67 assays were performed. In addition, cells were harvested for western blot and
PCR analysis.
Results. Micro-CT showed inhibiting caveolin-1with daidzein alleviated OVX-induced
osteoporosis and osteogenesis suppression. Further investigations revealed H-type
vessels in cancellous bonewere decreased inOVX-inducedmice, which can be alleviated
by daidzein. It was subsequently proved that daidzein improved migration and
proliferation of BMECs hence improved H-type vessels formation through inhibiting
caveolin-1, which suppressed EGFR/AKT/PI3K signaling in BMECs.
Conclusions. This study demonstrated that daidzein alleviates OVX-induced os-
teoporosis by promoting H-type vessels formation in cancellous bone, which then
promotes bone formation. Activating EGFR/AKT/PI3K signaling could be the critical
reason.

Subjects Cell Biology, Orthopedics
Keywords Osteoporosis, Angiogenesis, EGFR, Daidzein, Caveolin-1

How to cite this article Jia J, He R, Yao Z, Su J, Deng S, Chen K, Yu B. 2023. Daidzein alleviates osteoporosis by promoting osteogenesis
and angiogenesis coupling. PeerJ 11:e16121 http://doi.org/10.7717/peerj.16121

https://peerj.com
mailto:yubin@smu.edu.cn
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.16121
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://doi.org/10.7717/peerj.16121


INTRODUCTION
Osteoporosis is a systematic skeletal disease characterized by low bone mass and weakened
microarchitecture of bone tissue which results a consequent increase in bone fragility and
fracture risk (Compston, McClung & Leslie, 2019; Reid, 2020). One in three women aged 50
or over will have a bone fracture due to osteoporosis, comparedwith one in fivemen in their
remaining lifetime (Brown, 2017). Postmenopausal osteoporosis and osteoporosis-related
fractures are world-wide serious public health problem, among which hip and vertebral
fractures are associated with increased mortality, up one-quarter of hip fractures die
within one year (Brown, 2017; Fink et al., 2019). Nevertheless, as life expectancy increasing,
postmenopausal osteoporosis fosters more need for research.

The occurrence of osteoporosis can be attributed to the unbalance of bone metabolism;
both impaired osteogenesis and overactivated osteoclastogenesis. Recently, osteoporosis
development has been reported to be concerned with caveolin, a protein mostly locates at
caveolae and functions in various physiological processes (Powter et al., 2015; Simon et al.,
2020; Zhou et al., 2021). Caveolin-1 (Cav-1), the most studied member in caveolin protein
family, is recently identified as a functional factor for regulating osteoclast differentiation
(Hada et al., 2012; Huang et al., 2018; Zou et al., 2020). Silencing caveolin-1 results in
inhibition of osteoclast formation and protection against ovariectomy (OVX)-induced
osteoporosis (Lee et al., 2015a; Lee et al., 2015b; Zou et al., 2021). Studies have shown that
the flavonoid daidzein has a wide range of pharmacodynamic properties in the treatment
of osteoporosis (Bellavia et al., 2021; Laddha & Kulkarni, 2023). Interestingly, daidzein
has been proved to be a specific inhibitor of caveolin-1 (Liu et al., 2020; Xie et al., 2019).
However, it remains to be seen whether daidzein ameliorates bone loss by inhibiting Cav-1.

That skeletal homeostasis is tightly coupled to growth of blood vessels has been widely
studied (Kusumbe, Ramasamy & Adams, 2014). Certain capillaries support perivascular
osteoprogenitor cells and thereby promote bone formation (Ramasamy et al., 2016).
Alterations in the skeletal microvasculature might be the critical cause of impaired
hematopoiesis and osteogenesis in human subjects with primary osteoporosis (Kusumbe,
Ramasamy & Adams, 2014). Recently, a specific vessel subtype in bone, which was termed
as H-type vessels, has been proved that it can stimulate proliferation and differentiation
of osteoprogenitors near the growth plate in the metaphysis and both the periosteum
and endosteum of the diaphysis (Peng et al., 2020). Furthermore, postmenopausal and
age-related osteoporosis is associated with decreases in H-type vessels (Ramasamy et al.,
2014). Wang and colleagues reported that the abundance of H-type vessels is an important
indicator of bone loss in aged human subjects and in those with osteogenesis (Wang et al.,
2017; Zhu et al., 2019). Nevertheless, it remains to be clarified whether Cav-1 may mediate
bone metabolism in osteogenesis subjects via H-type vessels formation.
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MATERIALS AND METHODS
Reagents
rat-anti-endomucin (EMCN) (sc-65495; Santa Cruz Biotechnology, Dallax, TX, USA),
tartrate resistant acid phosphatase (TRAP) (No:294-67001; Wako, Richmond, VA,
USA), rabbit-anti-osteocalcin (OCN) (DF12303; Affinity, Jiangsu, China), erlotinib
(HY-50896; MechemExpress, Monmouth Junction, NJ, USA), daidzein (cas#486-66-8;
MechemExpress, Monmouth Junction, NJ, USA); rabbit-anti-p-Cav-1 (AF3386; Affinity,
Jiangsu, China), rabbit-anti-Cav-1 (cat#16447-1-AP; Proteintech, Wuhan, China), rabbit-
anti-p-PI3K (AF3241; Affinity, Jiangsu, China), rabbit-anti-PI3k (cat#20584-1-AP;
Proteintech, Wuhan, China), rabbit-anti-p-AKT (AF4418; Affinity, Jiangsu, China),
rabbit-anti-AKT (cat#10176-2-AP; Proteintech, Wuhan, China), rabbit-anti-p-epidermal
growth factor receptor (EGFR) (cat#ET1606-44; HuaBio, Hangzhou, China), rabbit-anti-
EGFR (cat#ET1603-37; HuaBio, Hangzhou, China), rabbit-anti-GAPDH (cat#10494-1-AP;
Proteintech, Wuhan, China) antibodies.

Animals and intervention
Thirty 3-month-old C57BL/6 female mice were obtained from the Experimental Animal
Center of the Southern Medical University. Animal care and experiments were approved
and conducted in accordance with accepted standards of animal care and use as deemed
appropriate by the Nanfang Hospital Animal Ethic Committee to the animal protocol
(application No: NFYY-2020-0360). Animals were subjected to the following conditions:
normal diet, 20–25 ◦C room temperature, 50–60% relative humidity, and 12 h light/dark
cycle. After acclimatizing for 1 week, mice were allocated randomly into three groups:
sham group (sham operation was performed and intragastric (ig) administration with 1%
methylcellulose 0.1 ml (vehicle) 3 days later), OVX + vehicle group (OVXV) (bilateral
ovariectomyoperationwas performed and ig administrationwith 0.1ml 1%methylcellulose
3 days later), OVX + daidzein group (OVXD) (bilateral ovariectomy operation was
performed and ig administration with daidzein at a dose of 25 mg kg−1 bodyweight 3 days
later). The duration of administration proceeded for 8 weeks (5 days a week). At the end
of intervention, femurs were harvested for micro-CT imaging and histology staining.

OVX surgeries were performed as previously described (Johnson et al., 2010). Briefly,
mice were anesthetized with narcolan which was kept at (125 mg kg−1) during surgery.
A 1.5 cm incision at midline of the dorsal surface was made, followed by two bilateral
incisions through the muscle layer to expose the ovaries. Following ovary removal, the
skin incision was closed with sutures, and acetaminophen (50 mg kg−1) was administered.
The same surgical procedures were performed in the sham group without ovary removal.
The duration of administration proceeded for 8 weeks (5 days a week). At the end of
intervention, mice were then immediately sacrificed by carbon dioxide inhalation method
since multiple parts of bone samples ought to be harvested for further analysis. Femurs
and tibias were disarticulated and soft tissue was excised. Left femurs were fixed with 4%
paraformaldehyde for 48 h, then scanned with micro-CT. Left tibias were dissected free of
soft tissue and stored at −80 ◦C for mRNA expression analysis. Tibias and femurs from
the right side were dissected free of soft tissue and processed for histological analysis.
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Micro-CT for bone mass and microstructure
After anesthesia, animals were sacrificed, left femurs were harvested and fixed overnight
in 4% paraformaldehyde, and analyzed by a high-resolution micro-CT (µCT 80; Scanco
Medical, AG, Switzerland). The scan was performed at an isotropic voxel size of 12 µm, a
voltage of 55 kVp, a current of 145 µA and an integration time of 400 ms. The software CT
Analyser (Bruker, Belgium) was used tomap the region of interest (ROI) of trabecular bone
for analysis of relevant parameters. We analysed the following parameters in the same way
as before (Yao et al., 2021): bone volume fraction (BV/TV), bone mineral density (BMD),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.
Sp) were calculated.

HE and TRAP staining
The right femurs were isolated and fixed in 4% paraformaldehyde (pH 7.0) for 48 h,
then femurs were decalcified in 10% Ethylene Diamine Tetraacetic Acid (EDTA) (pH
7.2) at 4 ◦C for 2 weeks. Then, each bone sample was dehydrated in a series of ethanol
solutions (75%, 80%, 90%, 95%, 100%), and embedded in paraffin. After cut coronally
into 5 µm sections, tissue slides were prepared for staining with Hematoxylin and Eosin
(H&E). Tartrate resistant acid phosphatase (TRAP) staining was performed according to
the instructions of the acid phosphatase leukocyte kit (29467001; Wako, Osaka, Japan)
and TRAP-positive cells were quantified under a microscope (Nikon Eclipse 80i; Nikon,
Tokyo, Japan) to assess osteoclast active. In addition, the average number of osteoclasts
was calculated by an independent observer, who was blinded to the groups.

Immunohistochemical staining/Immunofluorescent staining
Right femurs were collected for analysis of histological changes in response to daidzein
intervention. The samples were processed and immunohistochemically stained as per
previous methods (Yao et al., 2021). The following antibodies were used: Osteocalcin
Antibody (1: 150, Affinity, DF12303, OH, USA), Goat anti-Rabbit IgG-HRP Antibody
(1: 200, HA1001; HuaBio), DAB kit (ZLI-9018; ZSGB-BIO, Beijing, China). We counted
OCN-positive cells per unit length of bone trabeculae in ROI.

For immunofluorescence, sections were deparaffinized after paraffin embedded,
antigen retrieved and permeabilized as described above, and then they were subjected
to incubation with primary antibody at 4 ◦C overnight. The following antibodies were
used: rabbit-anti-Cav-1 primary antibody (cat#16447-1-AP; Proteintech, Wuhan, China);
rabbit-anti-p-EGFR primary antibody (cat#ET1606-44; HuaBio); rat-anti-EMCN primary
antibody (V.7C7, Sc-65495, SantaCruz, Dallas, USA); rabbit-anti-CD31 primary antibody
(ab222783; Abcam, Cambridge, England); rabbit-anti-Ki67 primary antibody (AF4426;
Affinity); goat-anti-rabbit secondary antibody (594, SA00006-4; Proteintech); goat-anti-rat
secondary antibody (488, A23240; Abbkine); goat-anti-rabbit secondary antibody (488,
Servicebio, GB25303, Wuhan, China); goat-anti-rat secondary antibody (594, HA1112;
HuaBio). After washing with PBS, sections were incubated with secondary antibody
respectively. We counted positive cells per unit length of bone trabeculae in the ROI by
fluorescence microscopy.
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Cell wound scratch assay
Rat bone marrow endothelial cells (BMECs) (Seyotin, Guangzhou, China) in logarithmic
growth phase were placed in 3.5 cm cell-culture dish at a concentration of 2 × 105/ml
and cultured in a humid cell incubator with 5% CO2 at 37 ◦C. Two horizontal lines were
drawn at the back of 3.5 cm cell-culture dish using marker pens, and 200 µl tips were
utilized to draw two vertical lines which were perpendicular to the previous horizontal
lines at the bottom of dish. The dish was rinsed with PBS 3 times to eliminate the cells
peeled off during wounding. Daidzein was added at concentrations of 0, 10 and 20 µM
(the control group had a concentration of 0 µM, and others were experimental groups; n
= 3/concentration). BMECs were then cultured in humid incubator with 5% CO2 at 37 ◦C
for 12 and 24 h, respectively. Images were taken at 0, 12, and 24 h after adding drug using
an Olympus BX73 (Olympus Corporation, Tokyo, Japan). The migration rate is calculated
with reference to previous studies(Yao et al., 2019).

Ki67 cell proliferation assay
To investigate the effect of daidzein and erlotinib (EGFR inhibitor) on endothelial cell,
we performed Ki67 staining assay. Rat BMECs were seeded on 12-well culture plate with
pre-placed glass coverslips at a density of 4×105 cells/well (Corning, NY, USA), and were
maintained in growth medium (DMEM supplemented with 10% FBS and 100 µg/ml
streptomycin and 100 U/ml penicillin). When their confluence rate reached 80–90% after
drug intervention (daidzein or erlotinib), cells were incubated in 100% methanol (frozen
at −20 ◦C) for 5 min after rinsed with PBS. Washed with PBS, samples were incubated
in PBS (containing 0.1% Triton X-100) for 10 min. Next, washed by PBS, cells were
incubated with 1% BSA and 22.52 mg/mL glycine PBST (PBS + 0.1% Tween 20) for 30
min to block the non-specific binding sites of antibodies. In the next step, the method
of immuneofluorescence refers to our previous protocol (Yao et al., 2021). The following
antibodies were used: anti-Ki67 primary antibody (1: 300, ab16667-100; Abcam) and
secondary antibody (1: 400, 488, A23240; Abbkine).

Western Blot assay
Protein samples were subjected to western blot according to our previously described
methods (Yao et al., 2019). The following antibodies were used: rabbit-anti-p-Cav-1
(AF3386; Affinity), rabbit-anti-Cav-1 (cat#16447-1-AP; Proteintech), rabbit-anti-p-PI3K
(AF3241; Affinity), rabbit-anti-PI3K (cat#20584-1-AP; Proteintech), rabbit-anti-p-AKT
(AF4418; Affinity), rabbit-anti-AKT (cat#10176-2-AP; Proteintech), rabbit-anti-p-EGFR
(cat#ET1606-44; HuaBio), rabbit-anti-EGFR (cat#ET1603-37; HuaBio), rabbit-anti-
Angiopoietin1 (AF5184; Affinity) , rabbit-anti- p-VEGFR2 (AF4426; Affinity), rabbit-anti-
VEGFR2 (AF4726; Affinity), rabbit-anti-GAPDH (cat#10494-1-AP; Proteintech). Then,
the blots were visualised by exposure to X-ray film.

RT-PCR assay
Total RNA of BMECs was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to manufacturer instructions. Reverse transcription into cDNA was performed
using Evo Moloney Murine Leukemia Virus RT Premix (AG11706, Accurate Biology).
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Quantitative real-time PCR was performed using SYBR Premix Ex Taq &#x2161; PCR
(Takara, Shiga, Japan) on QuantStudio5 (Applied Biosystems, Waltham, MA, USA)
according to manufacturer protocol. The Gapdh genes were used as internal control. The
relative amount of each gene was calculated using the 2-11CTmethod. Primer sequences
used were as follows: vascular endothelial growth factor (Vegf): (forward 5′-3′, reverse 5′-3′:
ACAGAAGGGGAGCAGAAAGC, CTTCATCATTGCAGCAGCCC), (angiopoietin)-1 and
Vegf (vascular endothelial growth factor), angiopoietin (Angpt) 1 (forward5′-3′, reverse 5′-
3′: ATGCGGTTCAAAACCACACG, TCTGTGAGCTTTCGGGTCTG), Gapdh (forward5′-
3′, reverse5′-3′: ACCACAGTCCATGCCATCAC, TCCACCACCCTGTTGCTGTA).

Statistical analysis
Data in each group were expressed as individual value and means±standard error (SE).
To compare the two groups, we used a two-tailed unpaired t -test for parametric variables.
Comparisons between different groups were conducted using one-way analysis of variance
(ANOVA), followed by LSD tests. SPSS v13.0 (SPSS Inc., Chicago, IL, USA) was used for
statistical analysis in the study. The level of significance was set at 5%.

RESULTS
Cav-1 is involved in OVX-induced osteoporosis and osteogenesis
suppression
In order to identify the role of Cav-1 in the occurrence and development of osteoporosis,
sham-operation or ovariectomywas performed and bonemicro architecture was analysized
by micro-CT. We observed OVX-mice showed significantly reduced cancellous bone mass,
inducing decreased BV/TV, BMD, Tb.N and Tb.Pf and increased Tb.Sp compared to
the sham-operation group (Figs. 1A and 1B). When we intraperitoneally administrated
with daidzein, the pharmacological inhibitor of Cav-1, we found it evidently reversed
aforementioned changes (BMD: F = 43.742, p< 0.001; BV/TV: F = 70.112, p< 0.001;
Tb.N: F = 74.418, p< 0.001; Tb.Pf: F = 29.115, p< 0.001; Tb.Sp: F = 19.463, p< 0.001;
sham vs. OVXV, p< 0.001; OVXV vs. OVXD, p< 0.001 in all these microstructure
parameters; n= 6/group). H&E staining and immunohistochemistry staining for OCN,
a bone formation marker, were performed and the results revealed daidzein remarkably
alleviated the OVX-induced decrease of osteoblast number (Figs. 1C and 1D) (F = 40.631,
p< 0.001; sham vs. OVXV, p< 0.001; OVXV vs. OVXD, p< 0.001; n= 4 /group) and
osteogenic activity (Figs. 1E and 1F) (F = 38.19, p< 0.001; sham vs. OVXV, p< 0.001;
OVXV vs. OVXD, p< 0.001; n= 4 /group) on trabecula bone surface. In addition, we
observed the inhibiting effect of daidzein on the OVX-induced increase of osteoclastic
activity, according to the TRAP staining (Figs. 1G and 1H) (F = 11.265, p= 0.001; sham
vs. OVXV, p= 0.004; OVXV vs. OVXD, p< 0.001; n= 6/group).

Daidzein alleviates OVX-induced decreases in H-type vessels in
cancellous bone
As accumulating studies argued that the growth of H-type vessels is pivotal to cancellous
bone homeostasis (Kusumbe, Ramasamy & Adams, 2014; Liu et al., 2021; Ramasamy et al.,
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Figure 1 Cav-1 is involved in OVX-induced osteoporosis and osteogenesis suppression. (A) Repre-
sentative micro-CT images of bone microarchitecture at the femurs from three different groups (control,
OVX mice administrated with vehicle or daidzein). (B) Quantitative analysis of trabecular bone parame-
ters, including bone volume fraction (BV/TV), bone mineral density (BMD), trabecular number (Tb.N),
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and trabecular pattern factor (Tb.Pf) . Scale
bar, 0.5 mm. (C, E, G) Representative images of hematoxylin and eosin (HE) staining (C) and quantifica-
tion of osteoblasts relative to trabecular bone surface (D). Black arrows show osteoblasts on the surface of
trabecular bone. Scale bar, 50 µm. Representative images of immunohistochemistry staining for osteocal-
cin (OCN) (E) and quantification of OCN+ cells on the trabecular bone surface (F) in the femurs of mice.
Black arrows show OCN+ cells on the surface of trabecular bone. Scale bar, 20 µm. Representative images
of tartrate-resistance acid phosphate (TRAP) staining (G) and quantification of TRAP+ cells relative to
trabecular bone surface (H) in femurs. Black arrows show TRAP+ cells. Scale bar, 20 µm. Data were pre-
sented as mean± SE. **p< 0.01 and ***p< 0.001 as determined by One way ANOVA.

Full-size DOI: 10.7717/peerj.16121/fig-1

2014; Xie et al., 2014), we subsequently performed immunofluorescence assays to explore
the underlying role of Cav-1 on OVX-induced osteoporosis. The result revealed that Cav-1
expression was upregulated in the OVXV group and daidzein effectively suppressed the
Cav-1 expression in cancellous bone (Figs. 2A and 2B) (F = 28.804, p< 0.001; sham vs.
OVXV, p< 0.001; OVXV vs. OVXD, p< 0.001; n= 5/group). According reported study
(Kusumbe, Ramasamy & Adams, 2014), EMCN andCD31were used in this study as specific
markers of endothelial cells in H-type vessel. We observed that CD31/EMCN-positive
endothelial cells were reduced sharply in the OVXV group, which was effectively alleviated
by administration of daidzein (Figs. 2C and 2F) (EMCN: F = 23.013, p< 0.001; sham
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Figure 2 Daidzein alleviates OVX-induced decreases in H-type vessels in cancellous bone.
Immunofluorescence staining for Cav-1 (Cav-1) (A), EMCN (C) and double staining for EMCN and
CD31 (E) in mice femoral sections in three different groups (control, OVX mice administrated with
vehicle or daidzein) and white arrows indicate Cav-1+ cells, EMCN+ cells and EMCN+/CD31+ cells
respectively in A, C and E. Scale bar, 20 µm. (B, D and F) Quantitative analysis of Cav-1+ cells, EMCN+

cells and EMCN+/CD31+ cells respectively per area of trabecular bone surface. Data were presented as
mean± SE . ***p< 0.001 as determined by one-way ANOVA.

Full-size DOI: 10.7717/peerj.16121/fig-2

vs. OVXV, p< 0.001; OVXV vs. OVXD, p< 0.001; CD31/EMCN: F = 25.739, p< 0.001;
sham vs. OVXV, p< 0.001; OVXV vs. OVXD, p< 0.001; n= 5/group).

Daidzein improves migration and proliferation of BMECs
In order to explore the underlying mechanism of daidzein promoting H-type vessel
formation, we performed wound scratch assay with BMECs. The results revealed inhibiting
Cav-1 by daidzein could promote migration of BMECs (Figs. 3A and 3B) (F = 7.56,
p= 0.003; 0 vs. 10 µm, p< 0.014; 0 vs. 20 µm, p= 0.001; n= 6 /group). Moreover,
Ki67 assay was performed and we found daidzein also promoted proliferation of BMECs
(Figs. 3C and 3D) (0 vs. 10 µm in 24 h, t =−3.055, p= 0.022, n= 4 /group). Two
critical biomarkers for angiogenesis, Angpt-1 and Vegf, were found upregulated in daidzein
group, according the PCR assay (Figs. 3E and 3F) (Angpt-1: t =−6.818, p= 0.002; Vegf :
t =−3.369, p= 0.028; n= 3 /group). Furthermore, we performed western blotting and
foundANGPT-1 andphospho-VEGFR inBMECswere upregulated after the administration
with 10 µM daidzein (Figs. 3G and 3H) (ANGPT-1: t = 6.812, p= 0.029; p-VEGFR: t =
8.444, p= 0.018; n= 3/group).
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Figure 3 Daidzein improves migration and proliferation of BMECs. (A) BMECs were cultured and
treated with different dose of daidzein (0, 10, 20 µM). Scratch wound healing assay was performed to
observe the effect of daidzein on the migration of BMECs. Scale bar, 100 µm. (B) Quantitative analysis
of wound healing rate. (C) Representative images of immunofluorescence staining for Ki67 (green) in
BMECs treated with different dose of daidzein (0, 10 µM). Nuclei were stained with DAPI (blue). White
arrows indicate Ki67+ cells. Scale bar, 100 µm. (D) Quantification of the percentage of Ki67+ nuclei
among the total nuclei. (E, F) RNA was isolated from BMECs in the control and daidzein groups, and
the mRNA expression of Angpt-1 and Vegf was detected with qRT-PCR. (G) BMECs were cultured
and treated with different dose of daidzein, protein was harvested at indicated time points, western
blotting was performed to detect the expression and ANGPT-1 phospho-VEGFR and GAPDH was used
as reference proteins for data normalization. (H) ANGPT-1 and phosphorylation levels of VEGFR were
quantified and normalized to total VEGFR. Data were presented as mean± SE. *p< 0.05 and **p< 0.01
as determined by One way ANOVA or two-tailed unpaired t -test.

Full-size DOI: 10.7717/peerj.16121/fig-3

Daidzein improves H-type vessels formation through the AKT/EGFR
signaling pathway
The underlying mechanism of the improved migration and proliferation of BMECs by
daidzein remains to be established. Reported literatures were reviewed and we concluded
the PI3K/AKT and EGFR signaling was observed mostly in study on migration and
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proliferation of endothelial cells (Bouvard et al., 2015; Gu et al., 2009; Murphrey, Quaim
& Varacallo, 2022; Zhang et al., 2018). On this context, we performed western blotting
and found phosphorylation of AKT, EGFR and PI3Kin BMECs were upregulated after
the administration with 5 µM or 10 µM daidzein (Figs. 4A and 4D) (AKT: F = 7.131,
p= 0.026; 0 vs. 60 min, p= 0.009; EGFR: F = 14.114, p= 0.005; 0 vs. 30 min, p= 0.009;
0 vs. 60 min, p= 0.002; PI3K: F = 7.971, p= 0.02; 0 vs. 30 min, p= 0.032; 0 vs. 60 min,
p= 0.008; n= 3/group). Immunofluorescence results confirmed daidzein suppressed the
OVX-induced elevation of Cav-1 in endothelial cells in femoral cancellous bone (Figs. 4E
and 4F) (F = 50.145, p< 0.001; sham vs. OVXV, p< 0.001; OVXV vs. OVXD, p= 0.001;
n= 5/group). We also observed OVX suppressed activation of EGFR in endothelial cells
while daidzein attenuated this effect (Figs. 4G and 4H) (F = 28.541, p< 0.001; sham vs.
OVXV, p< 0.015; OVXV vs. OVXD, p< 0.001; n= 5/group). These results demonstrated
daidzein improved proliferation and migration of BMECs through the AKT/PI3K and
EGFR signaling pathways.

Cav-1 inhibits migration and proliferation of BMECs through the
suppressing EGFR/AKT/PI3K signaling
Subsequently, in order to fulfill the episode of daidzein promoting migration and
proliferation of endothelial cells, we performed wound scratch assay and Ki67 assay
and found suppressing EGFR with erlotinib improved BMECs migration (Figs. 5A and 5B)
(F = 11.174, p= 0.009; 0 vs. 10 µm, p= 0.003; n= 3/group) and proliferation (Figs. 5C
and 5D) (0 vs. 10 µm in 12 h, t = 6.259, p= 0.001; 0 vs. 10 µm in 24 h, t = 3.938, p= 0.008;
n= 4/group) We then performed western blot to explore the relationship between EGFR
and AKT/PI3K. The results revealed inhibiting EGFR upregulated the activity of AKT/PI3K
signaling (Figs. 5E and 5F) (AKT: F = 7.716, p= 0.022; 0 vs. 4 h, p= 0.02; 0 vs. 8 h, p= 0.011;
PI3K: F = 6.763, p= 0.029; 0 vs. 8 h, p= 0.012; n= 3/group), while the expression of Cav-1
remained unchanged (F = 3.33, p= 0.106, n= 3/group). Further, immunofluorescence
staining for EMCN/Ki67 showed that Cav-1 inhibited the proliferation of EMCN-positive
endothelial cells in the bone marrow (F = 14.249, p= 0.002, n= 4/group). These results
proved that Cav-1 ought to be the upstream of EGFR/AKT/PI3K signaling in regulating
migration and proliferation of endothelial cells.

DISCUSSION
Several recent investigations had reported that the prevalence of osteoporosis increases
with age and differs by race, and it is a major health problem that affects over 200
million people worldwide (Cheng, Wentworth & Shoback, 2020). Osteoporotic fracture, the
main complication of osteoporosis, is frequently associated with chronic pain, disability,
decreased quality of life and 21% to 30% of patients who suffer hip fractures die in a
year (Jin, 2018). One treatment for osteoporosis is hormone replacement therapy, studies
have shown that phytoestrogens like daidzein exhibit protective effects on bone loss
(Akhlaghi et al., 2020; Kim, Kim & Yang, 2021; Mansoori et al., 2016). Bone loss induced
by estrogen deficiency is a complex effect of a congregation of pathways and cytokines
which work in a cooperative fashion to regulate processes like osteoblastogenesis and
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Figure 4 Daidzein improves H-type vessels formation through the AKT/EGFR signaling pathway. (A
and C) BMECs were cultured and treated with different dose of daidzein, protein was harvested at indi-
cated time points, western blotting was performed to detect the expression and phosphorylation of AKT,
EGFR, PI3K and GAPDH was used as reference proteins for data normalization. (B and D) The phospho-
rylation levels of aforementioned protein were quantified and normalized to total EGFR, AKT and PI3K
respectively. (E and F) Representative images of double immunofluorescence staining for EMCN /Cav-1
(E) and EMCN/p-EGFR (G). White arrows indicate EMCN+/Cav-1+ and EMCN+/p-EGFR+ cells. Scale
bar, 50 µm. (F and H) Quantitative analysis of EMCN+/Cav-1+ cells and EMCN+/p-EGFR+ cells respec-
tively per area of trabecular bone surface. Data were presented as mean± SE. *p < 0.05, **p < 0.01 and
***p< 0.001 as determined by one-way ANOVA.

Full-size DOI: 10.7717/peerj.16121/fig-4

osteoclastogenesis (Faienza et al., 2013). In order to confirmed the anti-osteoporosis effect
of daidzein and explore the underlying mechanism, we launched the investigation. In this
study, we creatively found the Cav-1 inhibitor; daidzein alleviates OVX-induced bone loss
through preventing EGFR/AKT/PI3K signaling inactivation in vascular endothelial cells
and consequent promoting in H-type vessels in cancellous bone. This finding suggests a
potential therapy for osteoporosis.

According to Micro-CT results in this study, we found an increase of trabecular bone
mass after OVX mice treating with daidzein compared with the OVXV group, which
is identical with several studies (Maes et al., 2010; Powter et al., 2015; Ramasamy et al.,
2014). Daidzein demonstrated particular therapeutic effect on cancellous bone, which
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Figure 5 Cav-1 inhibits migration and proliferation of BMECs through suppressing EGFR/AKT/PI3K
signaling. (A) BMECs were cultured and treated with different dose of erlotinib (0, 5, 10 µM). Scratch
wound healing assay was performed to observe the effect of erlotinib on the migration of BMECs. Scale
bar, 100 µm. (B) Quantitative analysis of wound healing rate. (C) Representative images of immunoflu-
orescence staining for Ki67 (green) in BMECs treated with different dose of erlotinib (0, 10 µM). Nuclei
were stained with DAPI (blue). White arrows indicate Ki67+ cells. Scale bar, 100 µm. (D) Quantification
of the percentage of Ki67+ nuclei among the total nuclei. (E) Representative western blot images for p-
AKT, AKT, p-Cav-1, Cav-1, PI3K, and p-PI3K in the BMECs treated with 10 µM erlotinib and GAPDH
was used as reference proteins for data normalization. (F) The phosphorylation levels of AKT, Cav-1, PI3K
protein were quantified and normalized to their total proteins respectively. (G) Representative images of
double immunofluorescence staining for Ki67/EMCN. White arrows indicate Ki67+/EMCN+ cells. Scale
bar, 50 µm. (H) Quantitative analysis of Ki67+/EMCN+ cells respectively per area of trabecular bone sur-
face. Data were presented as mean± SE. *p< 0.05 and **p< 0.01 as determined by one-way ANOVA or
two-tailed unpaired t -test.

Full-size DOI: 10.7717/peerj.16121/fig-5

in cortical bone showed scarcely changed yet (Fonseca & Ward, 2004), suggesting that
daidzein expressed mostly in cancellous bone and exhibited anti-osteoporosis effect on
myeloid-derived cells most.

Cav-1 is an essential structural constituent of caveolae implicated in cellular mitogenic
signaling, angiogenesis and senescence (Ramasamy et al., 2016).Rippe et al. (2012) reported
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both mRNA and protein expression of Cav-1 increased in induced senescent endothelial
cells, which were stained positively with SA-β-gal. In addition, it has been shown that
replicative senescent cells re-enter the cell cycle upon EGF stimulation after down-
regulation of Cav-1 (Schreier, Gekle & Grossmann, 2014). Kong et al. (2018) showed
decreased Cav-1 affects not only the cell morphology and size, but also some important
function of endothelial cells like migration and angiogenesis. Together, these studies
verified the crucial role of Cav-1 in signal transduction and leading to cellular senescence.
In our immunofluorescence assays, we observed Cav-1 was significantly up-regulated in
endothelial cells after mice were ovariectomized. We hypothesized that Cav-1 mediating
senescence of endothelial cells could be an interpretation for impaired H-type vessel
formation and the resultant osteoporosis. Further researches are needed to confirm.

The complex heterogeneous micro-environment of skeletal system is dependent upon
the strict coordination of multiple cell types (e.g., osteoblasts, osteoclast, endothelial
cells) to sustain the constant remodeling process of bone formation and bone resorption
over a lifetime but also to redirect cell populations during periods of bone repair and
regeneration (Park et al., 2017). In addition to historic studies highlighting the close
proximity of vascular and osteoblastic cells, potential roles of angiogenic blood vessel
growth in fracture healing have been proposed (Mizuta et al., 2020). A growing body of
evidence, both in clinical and experimental, demonstrates the crucial role of angiogenesis in
bone hemostasis, and the coupling of angiogenesis-osteogenesis is verified (Gu et al., 2009;
Jin, 2018; Quan et al., 2019). In this study, we speculated skeletal vasculature may have a
link to osteoporosis and its alleviation. Then we performed immunofluorescent staining
of EMCN and colocalization of EMCN with Cav-1 and p-EGFR. The result of EMCN
staining revealed a decreased expression of EMCN in the OVXV group compared with
sham group. Concurrently, its restoration was observed after daidzein administration in
the OVXD group. Previous studies have shown that daidzein can bind to α and β estrogen
receptors, which cause estrogen like effects and thus is able to counteract the discrepancy
between bone growth and resorption in osteoporotic bone (Setchell & Lydeking-Olsen,
2003). Another research argued daidzein could bind receptor activator of NF- κB ligand
(RANKL) and support osteoprotegerin (OPG) function to prevent bone resorption, as well
as regulate osteogenic differentiation markers (Zaklos-Szyda et al., 2020). In our study, we
found daidzein can alleviate osteoporosis in OVX mice through promoting angiogenesis.
We speculated OVX-induced osteoporosis may be caused by decreased intramedullary
vascular number, H-type vessel particularly, and the number of blood vessels and bone
volume in mice increased when treated with daidzein. Therefore, we concluded that
daidzein ameliorates osteoporosis development through up-regulating intramedullary
blood vessels formation in cancellous bone.

The activated EGFR can bind to several signaling proteins and stimulate the activation of
many signaling pathways involving in cellular proliferation, differentiation, migration and
apoptosis (Liu et al., 2018). EGFR signaling promotes endochondral ossification process
which regulates long bone development, and also has a great effect on angiogenesis of
multi-type cells (Cheng et al., 2021).

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 13/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.16121


Several researches sentence that EGFR has demonstrated expression on vascular
endothelial cell and binding by various ligands results in routine cellular processes such
as proliferation, differentiation and cellular development (Jiang et al., 2000). In addition,
the EGFR is a versatile signaling pathway integrator associated with vascular homeostasis,
modulating basal vascular tone and tissue homeostasis (Bouvard et al., 2015). According
to the colocalization staining of EMCN and Cav-1, we observed daidzein rescued OVX-
induced osteoporosis by inhibiting Cav-1 and promoting blood vessels formation. Next,
we conducted colocalization of EMCN with p-EGFR staining, and observed a decrease of
EMCN as well as p-EGFR in the OVXV group than in the sham group, meanwhile; we
discovered an up-regulation of EMCN and p-EGFR after daidzein administration in the
OVXD group compared with the OVXV group. In conclusion, we argued the expression
of EMCN is probably modulated by EGFR, and they show a positive correlation manner
in our assays.

In order to elucidate the bone-sparing mechanism of daidzein, we performed OCN
immunohistochemical staining and TRAP staining. The results demonstrated a prominent
decrease of OCN+cells as well as an increase of TARP+cells in the OVXV group, and it was
reversed by treating with daidzein, showing a significant increase of OCN +cells as well as
a decrease of TARP +cells in the OVXD group, which represented the promoting effect
of daidzein on osteoblasts and inhibiting effect on osteoclasts. Consequently, our findings
are in line with a selection of articles that report the promoting effects of daidzein on
osteoblasts and inhibiting effects on osteoclasts (Akhlaghi et al., 2020; Faienza et al., 2013;
Fonseca & Ward, 2004;Mansoori et al., 2016; Ramasamy et al., 2014)

It was reported that the PI3K/AKT signaling pathway has crucial roles in vascular
endothelial cell proliferation and migration (Carmeliet & Jain, 2011; Han et al., 2015;
Mazzieri et al., 2011; Semenza, 2007). Hence, constitutively active PI3K/AKT induced
angiogenesis and that inhibition of PI3K/AKT signaling interfered with angiogenesis
(Bouvard et al., 2015; Jiang et al., 2000). In western blot assay, we demonstrated a decrease
of Cav-1 as well as an increase of p-EGFR and p-AKT concurrently.

Angiogenesis is a physiological or pathological process from which new blood vessels
develop from pre-existing vessels, and in which ECs is the key (Semenza, 2007). During this
process, one of the most potent pro-angiogenic factors is VEGF and its receptors VEGFR
(Carmeliet & Jain, 2011). In addition to VEGF, other angiogenic factors including FGF,
HGF, TSP-1, endostatin and phospholipids such as lysophosphatidic acid all act on ECs
directly or indirectly by inducing the expression of angiogenic factors (Fonseca & Ward,
2004). Apart from VEGF, ANGPT1 and ANGPT2, which bind to receptor tyrosine kinase
Tie-2, are also important factors in the process of regulating and controlling angiogenesis
(Mazzieri et al., 2011). ANGPT1 is fundamental to physiological angiogenesis, including
endothelial cell survival, vascular branching, and pericyte recruitment. Increasing amounts
of experimental data have suggested that ANGPT1 contributes to the stabilization of
newly organized blood vessels (Han et al., 2015). Hence, we focused on detecting VEGF
and ANGPT1 genes and found daidzein dramatically up-regulated the expression of
both markers and promoted H-type vessels formation. We also found that ANGPT1 and
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Phospho-VEGFR protein levels in BMEC were upregulated by daidzein. We uncovered
another interpretation for daidzein ameliorating osteoporosis by inhibiting Cav-1.

The results of this study should be interpreted in the context of its potential limitations.
Firstly, we did not verify the effect of EGFR/AKT/PI3K signaling on Cav-1-induced bone
loss in vivo, while it is certain that daidzein promotes endothelial cells proliferation and
migration. Secondly, we observed both promoting effect of daidzein on osteoblasts and
inhibiting effect on osteoclasts. Further investigation is needed to uncover the mechanism
of daidzein alleviating osteoporosis in terms of osteoclastogenesis.

CONCLUSIONS
In this study, we discovered a novel anti-osteoporosis effect of daidzein in terms of coupling
of angiogenesis and osteogenesis. Inhibiting Cav-1, daidzein activates EGFR/PI3K/AKT
signaling in endothelial cells and hence promotes H-type vessel formation in cancellous
bone, which is the critical mechanism of its protection fromOVX-induced bone loss. In this
case, we expect Cav-1/EGFR signaling pathway may be another potential anti-osteoporosis
therapeutic target.

ACKNOWLEDGEMENTS
We are grateful to Professor Xianrong Zhang for her careful review of the raw data in this
study and for her suggestions on improving this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This study was supported by the National Natural Science Foundation of China
(81830079), the Guangdong Basic and Applied Research Foundation (Grant Number:
2019A1515110818) and the President Foundation of Nanfang Hospital, Southern Medical
University (2019Z012). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The National Natural Science Foundation of China: 81830079.
Guangdong Basic and Applied Research Foundation: 2019A1515110818.
President Foundation of Nanfang Hospital, Southern Medical University: 2019Z012.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Junjie Jia performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 15/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.16121


• Ruiyi He performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.
• Zilong Yao analyzed the data, prepared figures and/or tables, authored or reviewed drafts
of the article, and approved the final draft.
• Jianwen Su performed the experiments, prepared figures and/or tables, and approved
the final draft.
• Songyun Deng performed the experiments, prepared figures and/or tables, and approved
the final draft.
• Kun Chen performed the experiments, prepared figures and/or tables, and approved the
final draft.
• Bin Yu conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Nanfang Hospital Animal Ethic Committee (application No: NFYY-2020-0360).

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in Supplementary File 1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.16121#supplemental-information.

REFERENCES
Akhlaghi M, Ghasemi NasabM, RiasatianM, Sadeghi F. 2020. Soy isoflavones prevent

bone resorption and loss, a systematic review and meta-analysis of randomized
controlled trials. Critical Reviews in Food Science and Nutrition 60:2327–2341
DOI 10.1080/10408398.2019.1635078.

Bellavia D, Dimarco E, Costa V, Carina V, De Luca A, Raimondi L, Fini M, Gentile
C, Caradonna F, Giavaresi G. 2021. Flavonoids in bone erosive diseases: perspec-
tives in osteoporosis treatment. Trends in Endocrinology & Metabolism 32:76–94
DOI 10.1016/j.tem.2020.11.007.

Bouvard C, Galy-Fauroux I, Grelac F, CarpentierW, Lokajczyk A, Gandrille S,
Colliec-Jouault S, Fischer AM, Helley D. 2015. Low-molecular-weight fucoidan
induces endothelial cell migration via the PI3K/AKT pathway and modulates
the transcription of genes involved in angiogenesis.Marine Drugs 13:7446–7462
DOI 10.3390/md13127075.

Brown C. 2017. Osteoporosis: staying strong. Nature 550:S15–S17 DOI 10.1038/550S15a.
Carmeliet P, Jain RK. 2011.Molecular mechanisms and clinical applications of angio-

genesis. Nature 473:298–307 DOI 10.1038/nature10144.

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 16/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.16121#supplemental-information
http://dx.doi.org/10.7717/peerj.16121#supplemental-information
http://dx.doi.org/10.7717/peerj.16121#supplemental-information
http://dx.doi.org/10.1080/10408398.2019.1635078
http://dx.doi.org/10.1016/j.tem.2020.11.007
http://dx.doi.org/10.3390/md13127075
http://dx.doi.org/10.1038/550S15a
http://dx.doi.org/10.1038/nature10144
http://dx.doi.org/10.7717/peerj.16121


ChengWL, Feng PH, Lee KY, Chen KY, SunWL, Van Hiep N, Luo CS,Wu SM. 2021.
The role of EREG/EGFR pathway in tumor progression. International Journal of
Molecular Sciences 22(23):12828 DOI 10.3390/ijms222312828.

Cheng C,Wentworth K, Shoback DM. 2020. New frontiers in osteoporosis therapy.
Annual Review of Medicine 71:277–288 DOI 10.1146/annurev-med-052218-020620.

Compston JE, McClungMR, LeslieWD. 2019. Osteoporosis. Lancet 393:364–376
DOI 10.1016/S0140-6736(18)32112-3.

FaienzaMF, Ventura A, Marzano F, Cavallo L. 2013. Postmenopausal osteoporosis: the
role of immune system cells. Clinical & Developmental Immunology 2013:575936
DOI 10.1155/2013/575936.

Fink HA, MacDonald R, Forte ML, Rosebush CE, Ensrud KE, Schousboe JT, Nelson
VA, Ullman K, Butler M, Olson CM, Taylor BC, Brasure M,Wilt TJ. 2019.
Long-term drug therapy and drug discontinuations and holidays for osteoporosis
fracture prevention: a systematic review. Annals of Internal Medicine 171:37–50
DOI 10.7326/M19-0533.

Fonseca D,WardWE. 2004. Daidzein together with high calcium preserve bone
mass and biomechanical strength at multiple sites in ovariectomized mice. Bone
35:489–497 DOI 10.1016/j.bone.2004.03.031.

GuM, Roy S, Raina K, Agarwal C, Agarwal R. 2009. Inositol hexaphosphate suppresses
growth and induces apoptosis in prostate carcinoma cells in culture and nude mouse
xenograft: PI3K-Akt pathway as potential target. Cancer Research 69:9465–9472
DOI 10.1158/0008-5472.CAN-09-2805.

Hada N, OkayasuM, Ito J, Nakayachi M, Hayashida C, Kaneda T, Uchida N, Mura-
matsu T, Koike C, Masuhara M, Sato T, Hakeda Y. 2012. Receptor activator of
NF-kappaB ligand-dependent expression of caveolin-1 in osteoclast precursors, and
high dependency of osteoclastogenesis on exogenous lipoprotein. Bone 50:226–236
DOI 10.1016/j.bone.2011.10.028.

Han A, Chae YC, Park JW, Kim KB, Kim JY, Seo SB. 2015. Transcriptional repression
of ANGPT1 by histone H3K9 demethylase KDM3B. BMB Reports 48:401–406
DOI 10.5483/bmbrep.2015.48.7.188.

Huang X, Lv Y, He P,Wang Z, Xiong F, He L, Zheng X, Zhang D, Cao Q, Tang C.
2018.HDL impairs osteoclastogenesis and induces osteoclast apoptosis via upreg-
ulation of ABCG1 expression. Acta Biochim Biophys Sin (Shanghai) 50:853–861
DOI 10.1093/abbs/gmy081.

Jiang BH, Zheng JZ, Aoki M, Vogt PK. 2000. Phosphatidylinositol 3-kinase signaling
mediates angiogenesis and expression of vascular endothelial growth factor in
endothelial cells. Proceedings of the National Academy of Sciences of the United States
of America 97:1749–1753 DOI 10.1073/pnas.040560897.

Jin J. 2018. Screening for osteoporosis to prevent fractures. Journal of the American
Medical Association 319:2566 DOI 10.1001/jama.2018.8361.

JohnsonML, Ho CC, Day AE,Walker QD, Francis R, Kuhn CM. 2010. Oestrogen
receptors enhance dopamine neurone survival in rat midbrain. Journal of Neuroen-
docrinology 22:226–237 DOI 10.1111/j.1365-2826.2010.01964.x.

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 17/20

https://peerj.com
http://dx.doi.org/10.3390/ijms222312828
http://dx.doi.org/10.1146/annurev-med-052218-020620
http://dx.doi.org/10.1016/S0140-6736(18)32112-3
http://dx.doi.org/10.1155/2013/575936
http://dx.doi.org/10.7326/M19-0533
http://dx.doi.org/10.1016/j.bone.2004.03.031
http://dx.doi.org/10.1158/0008-5472.CAN-09-2805
http://dx.doi.org/10.1016/j.bone.2011.10.028
http://dx.doi.org/10.5483/bmbrep.2015.48.7.188
http://dx.doi.org/10.1093/abbs/gmy081
http://dx.doi.org/10.1073/pnas.040560897
http://dx.doi.org/10.1001/jama.2018.8361
http://dx.doi.org/10.1111/j.1365-2826.2010.01964.x
http://dx.doi.org/10.7717/peerj.16121


Kim IS, Kim CH, YangWS. 2021. Physiologically active molecules and functional
properties of soybeans in human health—a current perspective. International Journal
of Molecular Sciences 22(8):4054 DOI 10.3390/ijms22084054.

Kong X,Wang F, Niu Y,Wu X, Pan Y. 2018. A comparative study on the effect of
promoting the osteogenic function of osteoblasts using isoflavones from Radix
Astragalus. Phytotherapy Research 32:115–124 DOI 10.1002/ptr.5955.

Kusumbe AP, Ramasamy SK, Adams RH. 2014. Coupling of angiogenesis and osteogen-
esis by a specific vessel subtype in bone. Nature 507:323–328
DOI 10.1038/nature13145.

Laddha AP, Kulkarni YA. 2023. Pharmacokinetics, pharmacodynamics, toxicity, and for-
mulations of daidzein: an important isoflavone. Phytotherapy Research 37:2578–2604
DOI 10.1002/ptr.7852.

Lee YD, Yoon SH, Ji E, KimHH. 2015a. Caveolin-1 regulates osteoclast differentiation
by suppressing cFms degradation. Experimental and Molecular Medicine 47:e192
DOI 10.1038/emm.2015.77.

Lee YD, Yoon SH, Park CK, Lee J, Lee ZH, KimHH. 2015b. Caveolin-1 regulates
osteoclastogenesis and bone metabolism in a sex-dependent manner. Journal of
Biological Chemistry 290:6522–6530 DOI 10.1074/jbc.M114.598581.

Liu X, Chai Y, Liu G, SuW, Guo Q, Lv X, Gao P, Yu B, Ferbeyre G, Cao X,Wan
M. 2021. Osteoclasts protect bone blood vessels against senescence through the
angiogenin/plexin-B2 axis. Nature Communications 12:1832
DOI 10.1038/s41467-021-22131-1.

Liu G, Cheng C, Guan X, Ji Z, Su J, Zhang X, Yu B. 2020. alpha-Hemolysin suppresses
osteogenesis by inducing lipid rafts accumulation in bone marrow stromal cells. Food
and Chemical Toxicology 145:111689 DOI 10.1016/j.fct.2020.111689.

Liu Q, Yu S, ZhaoW, Qin S, Chu Q,Wu K. 2018. EGFR-TKIs resistance via EGFR-
independent signaling pathways.Molecular Cancer 17:53
DOI 10.1186/s12943-018-0793-1.

Maes C, Kobayashi T, Selig MK, Torrekens S, Roth SI, Mackem S, Carmeliet G, Kro-
nenberg HM. 2010. Osteoblast precursors, but not mature osteoblasts, move into
developing and fractured bones along with invading blood vessels. Developmental
Cell 19:329–344 DOI 10.1016/j.devcel.2010.07.010.

Mansoori MN, Tyagi AM, Shukla P, Srivastava K, Dev K, Chillara R, Maurya R,
Singh D. 2016.Methoxyisoflavones formononetin and isoformononetin in-
hibit the differentiation of Th17 cells and B-cell lymphopoesis to promote os-
teogenesis in estrogen-deficient bone loss conditions.Menopause 23:565–576
DOI 10.1097/GME.0000000000000646.

Mazzieri R, Pucci F, Moi D, Zonari E, Ranghetti A, Berti A, Politi LS, Gentner B,
Brown JL, Naldini L, De PalmaM. 2011. Targeting the ANG2/TIE2 axis inhibits
tumor growth and metastasis by impairing angiogenesis and disabling rebounds of
proangiogenic myeloid cells. Cancer Cell 19:512–526 DOI 10.1016/j.ccr.2011.02.005.

Mizuta Y, Akahoshi T, Guo J, Zhang S, Narahara S, Kawano T, Murata M, Tokuda K,
EtoM, HashizumeM, Yamaura K. 2020. Exosomes from adipose tissue-derived

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 18/20

https://peerj.com
http://dx.doi.org/10.3390/ijms22084054
http://dx.doi.org/10.1002/ptr.5955
http://dx.doi.org/10.1038/nature13145
http://dx.doi.org/10.1002/ptr.7852
http://dx.doi.org/10.1038/emm.2015.77
http://dx.doi.org/10.1074/jbc.M114.598581
http://dx.doi.org/10.1038/s41467-021-22131-1
http://dx.doi.org/10.1016/j.fct.2020.111689
http://dx.doi.org/10.1186/s12943-018-0793-1
http://dx.doi.org/10.1016/j.devcel.2010.07.010
http://dx.doi.org/10.1097/GME.0000000000000646
http://dx.doi.org/10.1016/j.ccr.2011.02.005
http://dx.doi.org/10.7717/peerj.16121


mesenchymal stem cells ameliorate histone-induced acute lung injury by activating
the PI3K/Akt pathway in endothelial cells. Stem Cell Research & Therapy 11:508
DOI 10.1186/s13287-020-02015-9.

MurphreyMB, Quaim L, Varacallo M. 2022. Biochemistry, epidermal growth factor
receptor. Treasure Island (FL): StatPearls.

Park JY, Kang YW, Choi BY, Yang YC, Cho BP, ChoWG. 2017. CCL11 promotes an-
giogenic activity by activating the PI3K/Akt pathway in HUVECs. Journal of Receptor
and Signal Transduction Research 37:416–421 DOI 10.1080/10799893.2017.1298132.

Peng Y,Wu S, Li Y, Crane JL. 2020. Type H blood vessels in bone modeling and
remodeling. Theranostics 10:426–436 DOI 10.7150/thno.34126.

Powter EE, Coleman PR, TranMH, Lay AJ, Bertolino P, Parton RG, Vadas MA, Gamble
JR. 2015. Caveolae control the anti-inflammatory phenotype of senescent endothelial
cells. Aging Cell 14:102–111 DOI 10.1111/acel.12270.

Quan XJ, Liang CL, SunMZ, Zhang L, Li XL. 2019. Overexpression of steroid recep-
tor coactivators alleviates hyperglycemia-induced endothelial cell injury in rats
through activating the PI3K/Akt pathway. Acta Pharmacologica Sinica 40:648–657
DOI 10.1038/s41401-018-0109-4.

Ramasamy SK, Kusumbe AP, Itkin T, Gur-Cohen S, Lapidot T, Adams RH. 2016. Regu-
lation of hematopoiesis and osteogenesis by blood vessel-derived signals. Annual Re-
view of Cell and Developmental Biology 32:649–675
DOI 10.1146/annurev-cellbio-111315-124936.

Ramasamy SK, Kusumbe AP,Wang L, Adams RH. 2014. Endothelial Notch ac-
tivity promotes angiogenesis and osteogenesis in bone. Nature 507:376–380
DOI 10.1038/nature13146.

Reid IR. 2020. A broader strategy for osteoporosis interventions. Nature Reviews:
Endocrinology 16:333–339 DOI 10.1038/s41574-020-0339-7.

Rippe C, Blimline M, Magerko KA, Lawson BR, LaRocca TJ, Donato AJ, Seals DR.
2012.MicroRNA changes in human arterial endothelial cells with senescence:
relation to apoptosis, eNOS and inflammation. Experimental Gerontology 47:45–51
DOI 10.1016/j.exger.2011.10.004.

Schreier B, Gekle M, Grossmann C. 2014. Role of epidermal growth factor receptor in
vascular structure and function. Current Opinion in Nephrology and Hypertension
23:113–121 DOI 10.1097/01.mnh.0000441152.62943.29.

Semenza GL. 2007. Vasculogenesis, angiogenesis, and arteriogenesis: mechanisms
of blood vessel formation and remodeling. Journal of Cellular Biochemistry
102:840–847 DOI 10.1002/jcb.21523.

Setchell KD, Lydeking-Olsen E. 2003. Dietary phytoestrogens and their effect on
bone: evidence from in vitro and in vivo, human observational, and dietary
intervention studies. American Journal of Clinical Nutrition 78:593S–609S
DOI 10.1093/ajcn/78.3.593S.

Simon L, Campos A, Leyton L, Quest AFG. 2020. Caveolin-1 function at the plasma
membrane and in intracellular compartments in cancer. Cancer and Metastasis
Reviews 39:435–453 DOI 10.1007/s10555-020-09890-x.

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 19/20

https://peerj.com
http://dx.doi.org/10.1186/s13287-020-02015-9
http://dx.doi.org/10.1080/10799893.2017.1298132
http://dx.doi.org/10.7150/thno.34126
http://dx.doi.org/10.1111/acel.12270
http://dx.doi.org/10.1038/s41401-018-0109-4
http://dx.doi.org/10.1146/annurev-cellbio-111315-124936
http://dx.doi.org/10.1038/nature13146
http://dx.doi.org/10.1038/s41574-020-0339-7
http://dx.doi.org/10.1016/j.exger.2011.10.004
http://dx.doi.org/10.1097/01.mnh.0000441152.62943.29
http://dx.doi.org/10.1002/jcb.21523
http://dx.doi.org/10.1093/ajcn/78.3.593S
http://dx.doi.org/10.1007/s10555-020-09890-x
http://dx.doi.org/10.7717/peerj.16121


Wang L, Zhou F, Zhang P,Wang H, Qu Z, Jia P, Yao Z, Shen G, Li G, Zhao G, Li J, Mao
Y, Xie Z, XuW, Xu Y, Xu Y. 2017.Human type H vessels are a sensitive biomarker
of bone mass. Cell Death & Disease 8:e2760 DOI 10.1038/cddis.2017.36.

Xie Q, Cheng J, Pan G,Wu S, Hu Q, Jiang H,Wang Y, Xiong J, Pang Q, Chen X.
2019. Treadmill exercise ameliorates focal cerebral ischemia/reperfusion-induced
neurological deficit by promoting dendritic modification and synaptic plasticity
via upregulating caveolin-1/VEGF signaling pathways. Experimental Neurology
313:60–78 DOI 10.1016/j.expneurol.2018.12.005.

Xie H, Cui Z,Wang L, Xia Z, Hu Y, Xian L, Li C, Xie L, Crane J, WanM, Zhen G, Bian
Q, Yu B, ChangW, Qiu T, Pickarski M, Duong LT,Windle JJ, Luo X, Liao E, Cao
X. 2014. PDGF-BB secreted by preosteoclasts induces angiogenesis during coupling
with osteogenesis. Nature Medicine 20:1270–1278 DOI 10.1038/nm.3668.

Yao Z, Chen P, Fan L, Chen P, Zhang X, Yu B. 2021. CCL2 is a critical mechano-
responsive mediator in crosstalk between osteoblasts and bone mesenchymal stromal
cells. FASEB Journal 35:e21851 DOI 10.1096/fj.202002808RR.

Yao Z, Chen P,Wang S, Deng G, Hu Y, Lin Q, Zhang X, Yu B. 2019. Reduced PDGF-
AA in subchondral bone leads to articular cartilage degeneration after strenuous
running. Journal of Cellular Physiology 234:17946–17958 DOI 10.1002/jcp.28427.

Zaklos-SzydaM, Budryn G, Grzelczyk J, Perez-Sanchez H, Zyzelewicz D. 2020.
Evaluation of isoflavones as bone resorption inhibitors upon interactions with
receptor activator of nuclear factor-kappaB ligand (RANKL).Molecules 25
DOI 10.3390/molecules25010206.

Zhang C, Ma C, Yao H, Zhang L, Yu X, Liu Y, Shen T, Zhang L, Zhang F, Chen X, Zhu
D. 2018. 12-Lipoxygenase and 12-hydroxyeicosatetraenoic acid regulate hypoxic
angiogenesis and survival of pulmonary artery endothelial cells via PI3K/Akt
pathway. American Journal of Physiology: Lung Cellular and Molecular Physiology
314:L606–L616 DOI 10.1152/ajplung.00049.2017.

Zhou Y, Ariotti N, Rae J, Liang H, Tillu V, Tee S, Bastiani M, Bademosi AT, Collins
BM,Meunier FA, Hancock JF, Parton RG. 2021. Caveolin-1 and cavin1 act
synergistically to generate a unique lipid environment in caveolae. Journal of Cell
Biology 220 DOI 10.1083/jcb.202005138.

Zhu Y, Ruan Z, Lin Z, Long H, Zhao R, Sun B, Cheng L, Tang L, Xia Z, Li C, Zhao S.
2019. The association between CD31(hi)Emcn(hi) endothelial cells and bone min-
eral density in Chinese women. Journal of Bone and Mineral Metabolism 37:987–995
DOI 10.1007/s00774-019-01000-4.

Zou B, Zhang Y, Li T, Liu J, DengW, Tan Y, Yang Q, Ding Z, Liao K, Xu J, Pan H,
Li X, Liu L. 2020. A mutation of cysteine 46 in IKK-beta promotes mPGES-1
and caveolin-1 expression to exacerbate osteoclast differentiation and osteolysis.
Biochemical Pharmacology 172:113762 DOI 10.1016/j.bcp.2019.113762.

Zou B, Zheng J, DengW, Tan Y, Jie L, Qu Y, Yang Q, KeM, Ding Z, Chen Y, Yu Q,
Li X. 2021. Kirenol inhibits RANKL-induced osteoclastogenesis and prevents
ovariectomized-induced osteoporosis via suppressing the Ca(2+)-NFATc1 and Cav-
1 signaling pathways. Phytomedicine 80:153377 DOI 10.1016/j.phymed.2020.153377.

Jia et al. (2023), PeerJ, DOI 10.7717/peerj.16121 20/20

https://peerj.com
http://dx.doi.org/10.1038/cddis.2017.36
http://dx.doi.org/10.1016/j.expneurol.2018.12.005
http://dx.doi.org/10.1038/nm.3668
http://dx.doi.org/10.1096/fj.202002808RR
http://dx.doi.org/10.1002/jcp.28427
http://dx.doi.org/10.3390/molecules25010206
http://dx.doi.org/10.1152/ajplung.00049.2017
http://dx.doi.org/10.1083/jcb.202005138
http://dx.doi.org/10.1007/s00774-019-01000-4
http://dx.doi.org/10.1016/j.bcp.2019.113762
http://dx.doi.org/10.1016/j.phymed.2020.153377
http://dx.doi.org/10.7717/peerj.16121

