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Abstract 

Background Endothelium-derived exosomes has been reported to enhanced osteogenesis. However, the role 
of endothelial exosomes on osteoclastgenesis is still unknown.

Methods Human umbilical vein endothelial cells (HUVECs) were used to isolate exosomes. PBS or HUVEC-Exos were 
used to treat RAW 264.7 cells. Then, the preconditioned RAW 264.7 cells were subjected to TRAP staining and RT-qPCR 
assays. In vivo, we constracted osteoporosis mice model. PBS or HUVEC-Exos were injected through tail vein after ova-
riectomy surgery. Bone mass was assessed by micro-CT and TRAP staining. Furthermore, we conducted RNA sequenc-
ing and found the genes that were differentially expressed.

Results Osteoclast differentiation was inhibited by endothelium-derived exosomes in this study. Moreover, HUVEC-
Exos demonstrated a specific action on bones to promote in vivo bone resorption. Furthermore, exosomal Manf 
promoted bone resorption via down-regulating NF-κB signaling, and HUVEC-Exos Manf inhibited osteoclast differen-
tiation in vivo.

Conclusion HUVEC-exosomal Manf suppressed osteoclastogenesis via down-regulating NF-κB signaling.
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Introduction
Low bone mass, the breakdown of the bone’s microstruc-
ture, and increased bone fragility leading to fractures are 
the hallmarks of osteoporosis (OP), a disease that affects 
the entire bone [1]. Osteoporosis primarily affects older 

individuals and postmenopausal women [2, 3]. With the 
population aging, osteoporosis-induced fractures not 
only present challenges for patients and their families but 
also impose a significant burden on society and health-
care systems [4]. The processes of osteoblast-mediated 
bone production and osteoclast-mediated bone resorp-
tion are in a state of dynamic balance [5]. However, 
excessive osteoclast activation can cause bone loss, which 
in turn causes osteoporosis. Originating from the haema-
topoietic lineage of monocytes or macrophages, osteo-
clasts possess the ability to adhere to the bone matrix and 
break down it by secreting lytic enzymes and acids [6]. 
Thus, inhibition of osteoblast differentiation can delay 
bone loss caused by osteoporosis.

Extracellular vesicles range from 30 to 200 nm in diam-
eter and are known as exosomes [7]. They comprise 
a plethora of active constituents, including proteins, 
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nucleic acids, and growth factors, which facilitate inter-
cellular communication [8]. Additionally, exosomes are 
highly stable and exhibit low immunogenicity [9–11]. 
These characteristics render exosomes a promising thera-
peutic modality for various diseases [12–14]. Further-
more, Extracellular vesicles can be potential cell therapy 
for COVID-19 management and regenerative medicine 
[15, 16]. Vascular endothelial cell-derived exosomes have 
been shown to target bone and block osteoclast activity, 
which delays the onset of osteoporosis [17–19]. However, 
the mechanism of osteoclast differentiation by umbilical 
vein vascular endothelial stem cells remains unclear.

Thus, it was demonstrated that HUVEC-Exos played an 
important role in osteoclast differentiation. Furthermore, 
HUVEC-Exos were found to inhibited osteoclastgenesis 
in vitro and in vivo. Therefore, the present investigation 
primarily focused on the impact of HUVEC-Exos on 
bone resorption.

Methods and materials
Cell culture
HUVECs were obtained from Cyagen Biotechnology 
(USA) and were subjected to culturing Dulbecco’s Modi-
fied Eagle’s Medium (DMEM high glucose, Sigma, USA) 
rich in glucose. In the medium, penicillin–streptomycin 
(1%, Gibco, USA) and bovine serum (10%, FBS; Viva-
Cell, Shanghai, China) were added to form a complete 
medium. RAW 264.7 cells were acquired from the Amer-
ican Type Culture Collection (USA), which were then 
cultured in a complete DMEM medium. Both cell lines 
were cultivated at 37 °C with 5%  CO2.

Exosome isolation
Exosome isolation and characterization were performed 
following the previously reported method [10]. Briefly, 
HUVEC cells were cultivated in complete media with 
EV-free FBS (SBI) for over 24  h. The supernatant con-
taining HUVEC-Exos was subjected to centrifugation at 
3,000 rpm for 40 min, followed by 20,000 rpm for 60 min. 
The supernatant was filtered out and subsequently cen-
trifuged at 120,000 × g for 70  min and rinsed with PBS. 
Finally, suspended HUVEC-Exos in PBS were kept at 
−4 °C for future use.

Exosome identification
The properties of HUVEC-Exos, including shape, particle 
size, and markers, were determined by utilizing transmis-
sion electron microscopy (TEM), western blotting (WB), 
and nanoparticle tracking analysis (NTA), which were 
performed as previously described [10].

Western blot experiment
The Beyotime protein extraction kit was employed to 
extract the total proteins from the collected cells. The 
equal volume of protein samples was loaded, separated 
using SDS-PAGE, and then moved onto polyvinylidene 
difluoride (PVDF) membranes measuring 0.22-μm in 
diameter. The membranes underwent an overnight 
treatment with specific antibodies after being blocked 
with 5% skim milk. The primary antibodies employed 
were GAPDH (1:1000), HSP70 (1:1000), CD9 (1:1000), 
and CD63 (1:1000), all sourced from Abcam. After that, 
the membranes were exposed to secondary antibodies 
labeled with horseradish peroxidase (HRP) for an hour at 
the ambient temperature.

Osteoclast differentiation in vitro
In a 96-well plate, the RAW 264.7 cells were cultivated 
(1 ×  105 cells/well) to stimulate osteoclast differentiation. 
Following this, the cultured cells in complete DMEM 
media were supplemented with 30  ng/mL M-CSF (Pep-
roTech) and 100 ng/mL soluble RANKL (PeproTech) for 
7 days, with the medium being changed every 2 days. On 
Day 7, TRAP staining was conducted via a commercial 
kit (Sigma). Quantitive positive TRAP staining cells anal-
ysis was used by ImageJ software.

Real‑time PCR
The extractraction of total RNA from cells was carried 
out after their harvesting and treatment with Trizol rea-
gent. The concentration of RNA was determined while 
employing a Thermo Fisher Scientific NanoDrop-2000 
spectrophotometer. Subsequently, a stem-loop reverse 
transcriptase primer kit (Ribobio, Guangzhou, China) 
was used to reverse-transcribe miRNA samples. SYBR 
Prime Script kit (Takara Bio Inc., Shiga, Japan) was used 
to conduct a triplicate quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR). The relative 
expression variation was determined using the compara-
tive Ct  (2− ΔΔCt) method. The primers used for real-time 
PCR are listed in Table 1.

Animals
The General Hospital of the Southern Theatre Com-
mand of the PLA, located in Guangzhou, China, pro-
vided the female C57BL/6 mice. Within the animal 
center’s specific pathogen-free (SPF) facilities, each 
mouse was kept. The Experimental Animal Centre of 
the General Hospital of the Southern Theatre Com-
mand of the PLA, Guangzhou, China, approved all 
animal care procedures and tests performed in this 
study. We constructed the osteoporosis (OP) model by 
bilateral removal of mice ovaries after adaptive feeding 
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for one week. Following this, OVX mice were injected 
with HUVEC-Exos or PBS intravenously via the tail 
vein once weekly for 6 weeks (n = 8 in each group).

Micro‑CT experiment
The SkyScan1178 apparatus and related software 
(Bruker MicroCT, Kontich, Belgium) were used to per-
form micro-CT scanning and femur analysis. With an 
energy setting of 35  kV and an intensity of 220  mA, 
images with a voxel size of 14 microns were acquired. 
DataViewer and CTVox were used to execute the two- 
and three-dimensional reconstructions, respectively. 
As the region of interest (ROI), the trabecular bone at 
the distal femur’s metaphysis under the growth plate 
was selected. Using CTAn software, the following 
parameters were found: trabecular number (Tb. N), 
trabecular thickness (Tb. Th), trabecular separation 
(Tb. Sp), trabecular bone volume percentage (BV/TV), 
and bone mineral density (BMD).

TRAP‑Staining in vivo
Samples of femur bones from different groups were 
kept for 24 h in ice-cold 4% paraformaldehyde. For three 
weeks, bone specimens were decalcified with 10% eth-
ylene diamine tetraacetic acid (EDTA). Following a pre-
vious methodology, bone samples were sectioned into 
10-μm slices and stained for TRAP [20].

Statistical analysis
GraphPad Prism 8 was used to examine the data, which 
were then presented as the mean ± standard deviation. It 
used a one-way analysis of variance or the Student’s t-test 
to assess group data. When the p-value was less than 
0.05, the data was deemed statistically significant.

Results
Features of HUVEC‑Exos
To explore the function of HUVEC-Exos in osteoclast 
differentiation, TEM, NTA, and WB were performed to 
identify HUVEC-Exos. HUVEC-Exos showed a distinc-
tive cup-shaped morphology measuring 90–150 nm, as 

Table 1 Primers list

Gene name Sequence 5′−3′ Length Tm Accession

Gapdh Forward primer 5′−3′ AAT GGA TTT GGA CGC ATT GGT 21 60.6 PrimerBank ID 6679938c1

Reverse primer 5′−3′ TTT GCA CTG GTA CGT GTT GAT 21 60.2

Ctsk Forward primer 5′−3′ CTC GGC GTT TAA TTT GGG AGA 21 60.4 PrimerBank ID 142352209c1

Reverse primer 5′−3′ TCG AGA GGG AGG TAT TCT GAG T 22 61.2

Nfatc1 Forward primer 5′−3′ GGA GAG TCC GAG AAT CGA GAT 21 60.2 PrimerBank ID 255759924c1

Reverse primer 5′−3′ TTG CAG CTA GGA AGT ACG TCT 21 60.6

Manf Forward primer 5′−3′ TCT GGG ACG ATT TTA CCA GGA 21 60.2 PrimerBank ID 142365315c1

Reverse primer 5′−3′ CTT GCT TCA CGG CAA AAC TTT 21 60.2

Fig. 1 Characteristics of HUVEC exos. A Representative TEM image of HUVEC-Exos (scale bar = 600 nm). B Nanoparticle tracking analysis of the size 
distribution of HUVEC-Exos. C HUVEC exos surface markers (CD9, CD63 and HSP70) were detected by WB analysis
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shown by TEM and NTA (Fig.  1A, B). The expression 
of specific protein markers HSP70, CD9, and CD63 in 
HUVEC-EXos was confirmed by WB analysis (Fig. 1C). 
The results indicate that the Exos were successfully iso-
lated and purified.

HUVEC‑Exos inhibited differentiation of osteoclast in vitro
To investigate the impact on osteoclast differentiation 
of exosomes produced from HUVEC, The HUVEC-
derived exosomes were initially tagged with the Dio, a 
lipophilic dye. This demonstrated the effective transport 
of HUVEC-Exos to RAW264.7 cells (Fig. 2A). After that, 

Fig. 2 HUVEC-exos inhibited osteoclast differentiation in vitro. A Representative images of PKH67 (green) and DAPI (Blue) immunostaining, scale 
bar = 100 nm. B Representative images of TRAP staining of RAW264.7 cells treated with RANKL or RANKL + HUVEC Exos in vitro, scale bar = 100 nm. 
C quantiative analysis of positive TRAP staining in Fig. 2B (*P < 0.05). D Expression levels of Ctsk and Nfatc1 in RAW264.7 cells treated with RANKL 
or RANKL + HUVEC Exos in vitro (*P < 0.05)
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we treated RAW 264.7 cells with PBS or HUVEC-Exos in 
the same volume. We found that HUVEC-Exos inhibited 
TRAP staining (Fig.  2B, C). Furthermore, in compari-
son to the negative control, HUVEC-Exos decreased the 
expression of Ctsk and Nfatc1. Thus, osteoclast differen-
tiation was inhibited by HUVEC-Exos.

HUVEC‑exos target bone in vivo
PKH67-labelled HUVEC-Exos were injected intrave-
nously into 8-week-old male C57BL/6  J mice to investi-
gate whether HUVEC-Exos may target bone in vivo. We 
evaluated the distribution of PKH67-exosomes by bio-
photonic imaging at 8 h after injections. The liver exhib-
ited the highest fluorescence signals, whereas detectable 
signals were seen in the bone tissue (Fig. 3). When com-
bined, HUVEC-Exos may target bone in vivo.

Bone loss was inhibited by HUVEC‑exos in vivo
To examine the function of HUVEC-derived exosomes 
in vivo, an osteoporosis (OP) mice model was generated 
to confirm whether HUVEC-Exos could relieve bone loss 
from osteoporosis. Then, we administered HUVEC-Exos 
or PBS into OVX mice. Micro-CT examination revealed 
a significant reduction in trabecular separation and 

increased trabecular bone volume, number, and thick-
ness in OVX mice treated with HUVEC-Exos compared 
to the PBS group (Fig. 4A, B). Moreover, TRAP staining 
revealed that the HUVEC-Exos group had a lower osteo-
clast count than the PBS group (Fig. 4C, D). In a conclu-
sion, HUVEC-Exos could inhibit bone loss in vivo.

HUVEC‑exos derived Manf inhibited osteoclast 
differentiation by targeting NF‑κB signaling pathway
To investigate the molecular mechanism through which 
HUVEC-exos relieve bone loss, we conducted RNA 
sequencing and statistical analysis of the genes that were 
differentially expressed. We found that Manf was greater 
in HUVEC-Exos group than in PBS group (Fig.  5A). 
Moreover, on day 7, Manf expression was higher in 
RAW264.7 cells treated with HUVEC-Exos in compari-
son to the corresponding negative controls (Fig.  5B). 
Then, to determine the role of Manf in vitro, we treated 
RAW 264.7 cells with Manf-siRNA or negative control 
(N.C.). We found that Manf-siRNA promoted TRAP 
staining in comparsion with its negative control (Fig. 5C, 
D). Furthermore, Ctsk and Nfatc1expression were 
increased by Manf-siRNA in comparison with negative 
control (Fig. 5E).

Fig. 3 HUVEC-exos target bone in vivo. Representative images of fluorescence signals in organs harvested from mice treated with PBS or HUVEC 
exos
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Furthermore, Manf has been reported to fuction 
through NF-κB pathway. Here, we found that Manf inhib-
ited endogenous levels of P65 protein expression (Fig. 5F, 
G). Taken together, HUVEC-exosomal Manf inhibited 
osteoclast differentiation.

HUVEC‑exosomal Manf relieved bone loss 
from osteoporosis
In order to examine Manf ’s potential as a treatment for 
osteoporosis, Manf was ultrasonically encapsulated into 
exosomes generated from HUVEC. The OP mouse model 
was given HUVEC-exosomal Manf or PBS (negative con-
trol) every two weeks for a total of eight weeks. Mice 
administered HUVEC-exosomal Manf had a significant 
increase in trabecular bone volume, thickness, and num-
ber, along with a decrease in trabecular separation when 
compared to their negative controls (Fig.  6A, B). Fur-
thermore, P65 expression was lower in femur of OP mice 
treated with HUVEC-exosomal Manf in comparison to 
the corresponding negative controls (Fig.  6C). Moreo-
ver, TRAP staining revealed that the number of osteo-
clasts were lower in HUVEC-exosomal Manf group than 
in negative control group (Fig.  6D, E). Thus, the above 

data indicates that HUVEC-exosomal Manf suppresses 
osteoclast differentiation in vivo and alleviates bone loss 
caused by osteoporosis.

Discussion
By successfully identifying exosomes from HUVEC 
supernatant cultures, this study showed that exosomes 
produced from HUVECs may target bone tissue and 
inhibit the production of osteoclasts in  vivo as well as 
in vitro. Then, We found that HUVEC exosomes upregu-
late Manf expression in RAW264.7 cells by transcriptome 
sequencing. Subsequently, we found that Manf inhib-
ited osteoclastgenesis through NF-κB Pathway. Manf 
was then loaded into HUVEC exosomes. Then, In  vivo 
experiments, HUVEC-ExoManf rescued bone loss caused 
by osteoporosis. Our results showed that Manf could be 
delivered to bone tissue by HUVEC-Exo and was a poten-
tial treatment for osteoporosis.

OP is a skeleton disorder, mainly due to metabolic 
abnormalities, which result in decreased bone mass, 
changes in bone structure, and reduced bone quality.In 
the past, it was believed that the Over-activation of oste-
oclasts causes bone resorption to be greater than bone 

Fig. 4 Bone loss was inhibited by HUVEC-exos in vivo. A Representative μCT images of femora from OVX mice treated with PBS or HUVEC 
exos, scale bar = 300 nm. B Quantitative μCT analysis of Fig. 4A. C Representative images of TRAP staining in OVX mice femora treated with PBS 
or HUVEC-Exos, scale bar = 300 nm. D Quantitative analysis of the number of osteoclasts (OCs) on trabecular bone surface in Fig. 4C. n = 7 per group
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formation, resulting in a reduction in bone mass and the 
eventual development of osteoporosis.

Many studies have supported the role of exosomes 
as a bone-targeting bionanomaterial. Y. Hu et  al. 
fused CXCR4( +) exosomes with antagomir-188 
loaded liposomes to obtain bone-targeting hybrid 
nanoparticles(NPs) [21]. This nanoparticle enhanced 
osteogenesis and suppressed adipogenesis in BMSCs, 
thereby restoring the loss of trabecular bone that occurs 
with age in  vivo. G. Zheng et  al. grafted alendronate 
(ALN) onto polyethylene glycolated phospholipids and 
subsequently modified PL-derived exosomes(PL-exo) 
to achieve bone-targeted aggregation [13]. Bone-tar-
geted PL-exo rescued bone loss in osteoporotic mice 
by promoting osteogenesis and angiogenesis. Further-
more, some exosomes are naturally bone-targeted. 
Exosomes derived from lung adenocarcinoma cells 
containing miR-328 could be enriched for bone tissue 

and promoted osteoclast formation by down-regulating 
Nrp-2 expression [22]. In a separate study, it was found 
that vascular endothelial cell-secreted exosomes (EC-
Exos) had the ability to target bones and counteract 
osteoporosis by inhibiting osteoblastic differentiation 
through miR-155 [17].

Developing targeted drugs is an important part of 
precision medicine [23]. Exosomes are natural carriers 
which offer several advantages, including high stability 
in blood, low immunogenicity, and direct drug deliv-
ery to cells [18, 24, 25]. Bone targeting with exosomes 
often requires surface modifications such as aptamers 
[26], CXCR4 [21] and alendronate (ALN) modification. 
However, these modifications can significantly increase 
the economic cost. In contrast, our delivery of Manf, 
targeted to bone and using natural exosomes from 
HUVEC cells, could reduce economic costs.

Fig. 5 HUVEC-exos derived Manf inhibited osteoclast differentiation by targeting NF-κB signaling pathway A Heatmap of the differentially 
expressed mRNAs in osteoclasts treated with HUVEC-Exos or PBS group. B Expression levels of Manf in RAW264.7 cells treated with RANKL 
or RANKL + HUVEC Exos in vitro. C Representative images of TRAP staining of RAW264.7 cells treated with RANKL + HUVEC Exos or RANKL + HUVEC 
Exos + Manf-siRNA in vitro, scale bar = 100 nm. D quantiative analysis of positive TRAP staining in This figure. E Expression levels of Ctsk and Nfatc1 
in RAW264.7 cells treated with RANKL + HUVEC Exos or RANKL + HUVEC Exos + Manf-siRNA in vitro F Western blot (WB) assay of P65 and GAPDH 
in RAW 264.7 cells treated with RANKL or RANKL + recombinant Manf G quantiative analysis of WB assay in Fig. 5F. (*P < 0.05, **P < 0.01)
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Several limitations to the present study should be 
considered. First, the effectiveness of the results of this 
study has only been validated in mouse and cellular 
models. Other animal models must be used for addi-
tional validation. Second, the use of exosomes is limited 
by the difficulty of obtaining large quantities, the high 
cost of isolating them and the short shelf-life required.

Conclusion
HUVEC-exosomal Manf suppressed osteoclastogenesis 
via downregulating NF-κB signaling.
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