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Vascular endothelial cells-derived
exosomes synergize with curcumin
to prevent osteoporosis development

Jiaojiao Wang,'? Xinyan Xie,"® Hang Li,"? Qiyue Zheng,"? Yun Chen,'? Wenjie Chen,"? Yajun Chen,'?
Jieyu He,* and Qiong Lu'-2>*

SUMMARY

Osteoporosis has gradually become a major public health problem. Further elucidation of the pathophys-
iological mechanisms that induce osteoporosis and identification of more effective therapeutic targets
will have important clinical significance. Experiments in vitro on bone marrow stem cells (BMSCs) sub-
jected to osteogenic and adipogenic differentiation and in vivo on surgical bilateral ovariectomy (OVX)
mouse models revealed that exosomes of vascular endothelial cells (EC-EXOs) can promote osteogenic
differentiation of BMSCs and inhibit BMSC adipogenic differentiation through miR-3p-975_4191. Both
miR-3p-975_4191 and curcumin can target tumor necrosis factor (TNF) and act synergistically to regulate
BMSCs fate differentiation and delay the progression of osteoporosis. Our findings suggest that EC-EXOs
may exert a synergistic effect with curcumin in reversing the progression of osteoporosis by targeting
TNF via miR-3p-975_4191. Our study may provide therapeutic options and potential therapeutic targets
for osteoporosis and thus has important clinical implications.

INTRODUCTION

Osteoporosis is a disease characterized by low bone mass and deterioration of the microarchitecture and mechanical properties of bone
tissue." Enhanced adipogenic differentiation and reduced osteogenic differentiation of bone marrow stem cells (BMSCs) in the bone
marrow are major causes of osteoporosis.” Bone is a highly vascularized tissue, and the close spatial and temporal connection between
bone and angiogenesis is known as angiogenic-osteogenesis coupling.® Vascular endothelial cells (ECs) play essential roles in the biolog-
ical processes that couple vascular and osteogenic mechanisms and thus help to regulate the proliferation and differentiation of BMSCs.
Vascular ECs are themselves regulated by the secretory proteins vasoactive endothelial growth factor (VEGF), platelet-derived growth fac-
tor beta polypeptide (PDGF-B), and semaphorin3 (SLIT3) and signaling pathways such as the hypoxia inducible factor-1 (HIF 1a), and Notch
pathways.” Overall, growth factors and pathways in osteoblasts, osteoclasts, and vascular ECs control the interaction between osteogen-
esis and angiogenesis.

Exosomes are a class of paracrine factors that are regarded as important tools for cell-cell communication.® Exosomes target specific cells
ortissues, and they can deliver short interfering RNAs, antisense oligonucleotides, chemotherapeutic agents, and immunomodulators to their
desired targets for the treatment of various diseases.”® Whether human vascular endothelial cell-derived exosomes (EC-EXOs) can regulate
the osteogenic-adipogenic fate differentiation of BMSCs and the related mechanisms have not yet been reported. In the current study, based
on the existing evidence regarding vascular ECs and exosomes, we investigated the mechanisms by which EC-EXOs regulate the osteogenic-
adipogenic fate differentiation of BMSCs via miRNA in osteoporosis.

Combined treatment with exosomes and drugs may become an effective strategy to treat diseases. In our study, miR-3p-975_4191 was
found to act on tumor necrosis factor (TNF), and bioinformatics analysis revealed that curcumin also acted on TNF. We therefore combined
exosomes with curcumin. Compared with drugs used in the clinical treatment of osteoporosis, the active ingredients of Chinese medicines
have the advantages of low cost and safety without side effects. Curcumin is a natural polyphenolic compound derived from turmeric.” Pre-
vious studies by our group have confirmed the effect of curcumin in promoting the osteogenic differentiation of BMSCs.'” Therefore, in this
study, we further explored whether EC-EXOs can act synergistically with curcumin to regulate the fate differentiation of BMSCs. Targeting this
fundamental mechanism to prevent bone aging may be an effective therapeutic strategy not only for osteoporosis but also for various age-
related diseases.
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Figure 1. Characterization of exosomes derived from HMEC-1 cells

(A) EC-EXOs observed by transmission electron microscopy (scale bar: 100 nm).

(B) The particle sizes of exosomes were analyzed.

(C) Western blotting was performed to detect the expression of the exosomal markers CD63, CD9 and TSG101.
(D) The internalization of PKH26-labeled exosomes by BMSCs was observed under a fluorescence microscope.

RESULTS
Isolation and identification of EC-EXOs from HMEC-1 cells

EC-EXOs were isolated by ultracentrifugation and photographed with transmission electron microscopy (TEM). Some round or oval vesicles
with a double-membrane structure and uniform size were visible (Figure 1A). The average particle size of EC-EXOs was 148.9 nm, as shown by
nanoparticle tracking analysis (NTA), and most of the exosomes were in the size range of 30~200 nm (Figure 1B). Western blot analysis
showed that the EC-EXOs expressed exosome-specific positive protein markers, including calnexin, CD63, CD9, and TSG101 (Figure 1C).
Next, we tested whether EC-EXOs could be absorbed by BMSCs. EC-EXOs were labeled with the fluorescent dye PKH26 and added to
BMSC culture medium. Laser confocal microscopy showed that PKH67-labeled exosomes were absorbed by BMSCs (Figure 1D).

EC-EXOs promote osteogenic differentiation of BMSCs

Next, we investigated whether EC-EXOs affect the osteogenic differentiation of BMSCs in vitro. BMSCs were treated with different concentra-
tions of EC-EXOs (0 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL). The different groups of BMSCs were continuously cultured with osteogenic
induction medium for 21 days and then stained with Alizarinred S dye. The results showed that EC-EXOs promoted calcium nodule formation in
BMSCs in a concentration-dependent manner (Figures 2A and 2B). To further confirm the effect of EC-EXOs on the osteogenic differentiation
of BMSCs, we tested the expression of the osteogenic-related genes OPN, RUNX2, osteocalcin (OCN), and OC in BMSCs after treatment with
EC-EXOs for 7 days by RT-gPCR analysis. OPN, RUNX2, OCN, and OC mRNA levels were significantly increased in the EC-EXO group
compared to the control group (Figures 2C-2G). These results indicate that EC-EXOs can induce osteogenic differentiation of BMSCs in vitro.

EC-EXOs inhibit adipogenic differentiation of BMSCs

BMSCs are a group of pluripotent stem cells with osteogenic or adipogenic differentiation potential. To investigate the effect of EC-EXOs on
the adipogenic differentiation of BMSCs, we treated BMSCs with different concentrations of EC-EXOs (0 ng/mL, 25 pg/mL, 50 pg/mL, and
100 ng/mL). The different groups of BMSCs were continuously cultured with adipogenic induction medium for 14 days and stained with
Oil red O. The results showed that EC-EXOs inhibited lipid droplet formation in a concentration-dependent manner (Figures 2H and 2l).
The effect of EC-EXOs on the adipogenic differentiation of BMSCs was further verified by RT-gPCR, which showed that EC-EXO treatment
significantly reduced the expression of adipogenic differentiation-related genes, including Pparg, CD36, and Cebpa (Figures 2J-2L). What's
more, we induced osteoclast precursor Raw264.7 cells using macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear
factor kappa-B ligand (RANKL), and simultaneously treated with PBS and EC-EXOs. gPCR results showed that EC-EXOs could significantly
downregulate the expression of osteoclast-related genes c-Fos and NFATc1 (Figure S1). These results demonstrate that EC-EXOs signifi-
cantly inhibit the adipogenic differentiation of BMSCs.

EC-EXOs increase bone formation and reduce bone marrow fat accumulation in aged mice

To explore whether EC-EXOs affect bone formation, we injected 15-month-old mice with EC-EXOs (150 ug/100ul) three times a week by tail
vein. One month after injection, the femurs were collected and scanned by a micro-CT system. Both 2D and 3D maps of Micro-CT analysis
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Figure 2. EC-EXOs can promote osteogenic differentiation and inhibit adipogenic differentiation of BMSCs
(A) Representative images of Alizarin red staining after 21 days of osteogenic induction and (B) quantification of calcification of BMSCs among different groups.
Scale bar, 100 um.
(C-G) The mRNA expression levels of osteogenic biomarkers (OPN, RUNX2, OCN, OC, and OSTERIX) in osteogenically differentiated BMSCs in different groups
on Day 7 were detected by RT-qPCR.
(H) Oil red O staining and (I) quantification of BMSCs among the different groups after adipogenic induction for 14 days. Scale bar, 100 um.
(J-L) The mRNA expression levels of adipogenic biomarkers (mPparg, CD36, and Cebpa) in adipogenically differentiated BMSCs in different groups on Day 7
were detected by RT-qPCR. B-Actin was used as an internal control. The values were expressed as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

showed that EC-EXOs promoted bone formation in aged mice (Figures 3A and 3B). Osteometric parameter analysis showed that EC-EXOs
increased bone volume (BV/TV) and trabecular thickness (Tb.Th) but had no effect on trabecular number (Tb.N) and trabecular separation
(Tb.Sp) (Figures 3C-3F). HE staining showed that EC-EXO treatment caused no damage to various organs, including the heart, liver, spleen,
lungs, and kidneys, in aged mice with slowed metabolism (Figure 3G). The physiological condition of all organs was normal, and the biocom-
patibility of EC-EXOs was not abnormal in aged mice. HE staining showed that there were significantly fewer fat vacuoles in the bone marrow
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Figure 3. EC-EXOs increase bone formation and reduce bone marrow fat accumulation in aged mice

(A) Representative nCT images. Scale bar: 1 mm.

(B) 3D reconstruction figures of representative pCT.

(C-F) Quantitative analysis of the trabecular bone microarchitecture in the distal femurs of 15-month-old mice treated with PBS or EC-EXOs (BV/TV, Tb.N, Th.Sp,

and Tb.Th).

(G) Representative images of HE-stained heart, liver, spleen, lung, and kidney sections from 15-month-old mice treated with PBS or EC-EXOs. Scale bars: 50 pm.
(H) Representative images of HE staining of the distal femurs of 15-month-old mice treated with EC-EXOs or PBS and (I) quantification of the number of
adipocytes associated with the tissue area (N.adipocytes/T.Ar) in the distal femur. Scale bar: 50 pm.
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Figure 3. Continued

(J) Representative images of OCN staining and (K) quantification of osteoblast bone surface density (N.Ob/B.Pm) in the distal femurs of 15-month-old mice
treated with PBS or EC-EXOs. Scale bar: 50 um.

(L) Representative images of TRAP staining and (M) quantification of osteoclast bone surface density (N.Oc/B.Pm) in the distal femurs of 15-month-old mice
treated with EC-EXOs or PBS. Scale bar: 50 um. The values were expressed as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

cavity in the EC-EXO-treated mice than in the PBS-treated mice (Figures 3H and 3l). Immunohistochemical staining of OCN showed that
EC-EXOs increased osteoblast cell formation in aged mice (Figures 3J and 3K). TRAP staining showed that fewer osteoclasts were deposited
on the surface of cancellous bone in the experimental group than in the control group (Figures 3L and 3M). These results show that EC-EXOs
promote bone formation, reduce fat formation, and inhibit osteoclast differentiation in aged mice.

EC-EXOs promote bone formation and reduce fat formation in OVX mice

To test the effect of EC-EXOs on ovariectomy (OVX) mice, we injected OVX mice with EC-EXOs (150 pg/100ul) three times a week via the tail
vein. The ovaries of the OVX mice had obvious atrophy compared with those of the sham-operated mice (Figure 4A). Micro-CT analysis of 2D
and 3D maps showed that bone mass was significantly greater in the EC-EXO-treated OVX mice than in the PBS-treated OVX mice (Figures 4B
and 4C). Osteometric parameter analysis showed that the BV/TV, Tb.N, and Tb.Th values were greater, whereas the Tb.Sp value was lower, in
the EC-EXO-treated OVX and sham groups of mice than in the PBS-treated OVX group of mice (Figures 4D-4G). HE staining showed that
EC-EXOs had no effect on the physiological condition of the various organs of the OVX mouse model and resulted in no biocompatibility
issues in OVX mice (Figure 4H). HE staining and quantification of femoral sections from OVX mice showed that EC-EXOs inhibited adipocyte
formation in OVX mice (Figures 4l and 4J). EC-EXOs also promoted osteoblast deposition in OVX mice, as shown by OCN staining
(Figures 4K-4L). Furthermore, TRAP staining showed that EC-EXOs inhibited osteoclast formation in OVX mice (Figures 4AM-4N).

MiR-3p-975_4191 may be the critical factor in EC-EXOs mediating cell fate differentiation in BMSCs

Next, miRNA sequencing was used to screen the key factors regulating BMSC differentiation. miRNA sequencing analysis showed that
68 miRNAs were significantly upregulated, whereas 238 miRNAs were significantly downregulated, in HMEC-1-derived EC-EXOs compared
with HMEC-1 cells (Figures 5A-5C). We also found that miR-3p-975_4191 had more notable changes in HMEC-1-derived EC-EXOs than in
HMEC-1 cells (Figure 5D). RT-gPCR analysis showed that the miR-3p-975_4191 level was higher in EC-EXOs than in HMEC-1 cells, which
was consistent with the sequencing results (Figure 5E). In addition, miR-3p-975_4191 upregulation was observed in BMSCs after treatment
with EC-EXOs (Figure 5F). The previous results indicate that EC-EXOs may play a critical role in regulating the differentiation of BMSCs
through miR-3p-975_4191.

Overexpression of miR-3p-975_4191 stimulates osteogenic differentiation of BMSCs

We further confirmed the regulatory effect of miR-3p-975_4191 on BMSC differentiation. After transfection with miR-3p-975_4191 mimic for 48
h, the level of miR-3p-975_4191 in BMSCs was approximately 40-fold higher than that in the negative control group, confirming the successful
transfection of miR-3p-975_4191 mimic into BMSCs (Figure 6A). To elucidate the role of miR-3p-975_4191 in BMSC differentiation, we applied
Alizarin red to measure the deposition of stromal calcium. As shown in the micrographs of Alizarin red staining, compared to the negative
control, the miR-3p-975_4191 mimic greatly stimulated the osteogenic differentiation of BMSCs and increased calcium deposition
(Figures 6B and 6C). In addition, miR-3p-975_4191 mimic treatment strongly increased the expression of osteogenesis-related genes,
including ALP, POSTN, OC, COL1, BMP8a, and BSP, as shown by RT-gPCR analysis (Figures 6D-6l). We found that overexpression of miR-
3p-975_4191 significantly promoted the osteogenic differentiation of BMSCs.

Overexpression of miR-3p-975_4191 inhibits adipogenic differentiation of BMSCs

To determine whether miR-3p-975_4191 has a regulatory role in the adipogenic differentiation of BMSCs, we transfected BMSCs with miR-3p-
975_4191 mimic and stained them with Oil red O. Our results showed that overexpression of miR-3p-975_4191 decreased the formation of
lipid droplets (Figures 6J and 6K). Furthermore, RT-gPCR analysis showed that overexpression of miR-3p-975_4191 significantly reduced the
expression of the adipogenesis-related genes mPparg, CD36, and Cebpua. (Figures 6L-6N). Together, these results confirm the inhibitory ef-
fect of miR-3p-975_4191 on BMSC adipogenic differentiation.

Knockdown of miR-3p-975_4191 inhibits BMSCs osteogenic differentiation

The regulatory effect of miR-3p-975_4191 on BMSC differentiation was verified by knocking down miR-3p-975_4191. After transfection with
miR-3p-975_4191 inhibitor for 48 h, the level of miR-3p-975_4191 in BMSCs was about 10-fold lower than that of the negative control group,
confirming that miR-3p-975_4191 inhibitor successfully transfected BMSCs (Figure 7A). Alizarin red-stained micrographs showed that miR-3p-
975_4191 inhibitor greatly inhibited osteogenic differentiation of BMSCs and reduced calcium deposition compared with negative control
(Figures 7B and 7C). In addition, RT-qPCR analysis showed that miR-3p-975_4191 inhibitor treatment strongly reduced the expression of os-
teogenesis-related genes, including RUNX2, BMP2, BSP, and COL1 (Figures 7D-7G). Thus, we found that knockdown of miR-3p-975_4191
significantly inhibited osteogenic differentiation of BMSCs.
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Figure 4. EC-EXOs promote bone formation and reduce fat formation in OVX mice

(A) Representative images of sham-operated mice and OVX mice.

(B) Representative pCT images. Scale bar: 1 mm.

(C) 3D reconstruction figures of representative pCT.

(D-G) Quantitative analysis of the trabecular bone microarchitecture in sham-operated mice and OVX mice treated with PBS or EC-EXOs (BV/TV, Th.N, Tb.Sp,

and Tb.Th).
(H) Representative images of HE-stained heart, liver, spleen, lung, and kidney sections from sham-operated mice and OVX mice treated with PBS or EC-EXOs.

Scale bars: 50 pm.
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Figure 4. Continued

() Representative images of HE staining of the distal femurs of sham-operated mice and OVX mice treated with PBS or EC-EXOs and (J) quantification of the
number of adipocytes associated with the tissue area (N.adipocytes/T. Ar) in the distal femur. Scale bar: 50 um.

(K) Representative images of OCN staining and (L) quantification of the osteoblast bone surface density (N.Ob/B.Pm) in the distal femurs of sham-operated mice
and OVX mice treated with PBS or EC-EXOs. Scale bar: 50 um.

(M) Representative images of TRAP staining and (N) quantification of osteoclast bone surface density (N.Oc/B.Pm) in the distal femurs of sham-operated mice and
OVX mice treated with PBS or EC-EXOs. Scale bar: 50 um. The values were expressed as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

Knockdown of miR-3p-975_4191 promotes lipidogenic differentiation of BMSCs

Knockdown of miR-3p-975_4191 further confirmed whether miR-3p-975_4191 has a regulatory role in lipidogenic differentiation of BMSCs.
We transfected BMSCs with miR-3p-975_41%1inhibitor and stained them with oil red O staining. The results showed that knockdown of
miR-3p-975_4191 increased lipid droplet formation (Figures 7H and 71). RT-gPCR analysis indicated that knockdown of miR-3p-975_4191
significantly enhanced the expression of adipogenesis-related genes mPparg, mFabp4, CD36, Hdipg, ID4, and LPL (Figures 7J-70). Collec-
tively, these results confirmed that knockdown of miR-3p-975_4191 promoted BMSC adipogenic differentiation.

MiR-3p-975_4191 regulates the differentiation of BMSCs through inhibition of TNF

To further confirm the mechanism by which miR-3p-975_4191 regulates the osteogenic differentiation and adipogenic differentiation of
BMSCs, we conducted bioinformatics analysis. Venn diagram analysis identified 93 possible target genes shared by miR-3p-975_4191 and
osteoporosis (Figure 8A). GO analysis (Figure 8B) of the selected miRNA target genes was performed to analyze the biological processes
(Figure 8C), cellular components (Figure 8D), and molecular functions (Figure 8E) associated with the target genes. The target genes shared
by miR-3p-975_4191 and osteoporosis was further analyzed by protein-protein interaction (PPIl) network mapping, excluding nodes without
protein interactions (Figure 8F). Visualization of the PPl network map was optimized by Cytoscape software (Figure 8G). The top 10 core target
genes were then predicted based on the maximal clique centrality (MCC) algorithm (Figure 8H). By combining the previous bioinformatics
results, we identified the core target gene TNF. TNF-a promotes osteoblast growth and DNA synthesis, inhibits alkaline phosphatase activity
and contributes to impaired bone formation, so TNF may be a potential target of miR-3p-975_4191. Overexpression of miR-3p-975_4191
significantly downregulated TNF mRNA expression (Figure 8l). Western blot also confirmed that overexpression of miRNAs could downre-
gulate TNF protein expression (Figure 8J). Knockdown of miR-3p-975_4191 during osteogenic induction and lipogenic induction of
BMSCs, respectively, showed that both significantly upregulated TNF mRNA expression (Figure S2). To determine whether miR-3p-
975_4191 directly binds to the 3'UTR of TNF and causes translational repression, we used dual-luciferase reporter assays in BMSCs. The
miR-3p-975_4191 mimics significantly decreased the luciferase activity of the wild-type (WT) reporter, but did not affect the luciferase activity
of the mutant reporter (Figures 8K and 8L). Taken together, these results suggest that miR-3p-975_4191 directly regulates the osteogenic-
adipogenic fate differentiation of BMSCs by targeting TNF.

Curcumin inhibits adipogenic differentiation of BMSCs

To further explore treatment options for osteoporosis based on the therapeutic strategy of combining traditional Chinese medicine mono-
mers with exosomes, we searched for traditional Chinese medicine monomers that can target TNF through the ETCM, Herb, and TCMSP
databases. As shown in Table S1, 60 traditional Chinese medicine monomers were identified that can act on TNF. TNF is known to participate
in the bone remodeling process through the MAPK, BMP/Smad, NF-kB, Wnt, Notch, and other signaling pathways."'™'* Thus, our results sug-
gested that the identified active ingredients of traditional Chinese medicines may affect the aforementioned signaling pathways by targeting
TNF and thus treat osteoporosis. We next constructed a traditional Chinese medicine monomer—TNF signaling pathway—osteoporosis
network with Cytoscape (Figure 9A). The detailed interactions between curcumin and TNF proteins were further investigated by molecular
docking to predict their binding patterns and affinity in order to determine whether curcumin can influence the TNF pathway by binding
to TNF proteins. The 2D interaction map (Figure 9B) of curcumin with TNF and the visualized 3D molecular docking map (Figure 9C) indicate
that curcumin can stably bind to TNF. Our previous study confirmed that curcumin treats aging-related osteoporosis by promoting the oste-
ogenic differentiation of BMSCs. Therefore, we selected curcumin, an active component of a Chinese medicine, for subsequent investigation
of its ability to act in concert with EC-EXOs to achieve osteogenic and adipogenic differentiation of BMSCs. The CCK-8 results showed that
curcumin below 5 uM was less toxic to BMSCs than the control (Figure 9D). To further study the effect of curcumin on the adipogenic differ-
entiation of BMSCs, we treated BMSCs with PBS, 1 uM curcumin, 2 uM curcumin, and 5 pM curcumin and investigated the formation of lipid
droplets. BMSCs in different groups were cultured in adipogenic induction medium for 14 days, stained with Oil red O, and examined. The
results showed that compared to PBS, curcumin dose-dependently decreased lipid droplet formation in the BMSCs (Figures 9E and 9F). In
addition, RT-gPCR showed that curcumin significantly reduced the expression of mFabp4, mPparg, Cebp-a, and GPD1, which are related to
adipogenic differentiation (Figures 9G-9J). Thus, the results show that curcumin can significantly inhibit the adipogenic differentiation of
BMSCs.

Curcumin combined with EC-EXOs synergistically promotes the osteogenic differentiation of BMSCs

To further investigate whether curcumin has a synergistic effect on the differentiation of BMSCs by binding with EC-EXOs, we treated BMSCs
with curcumin and EC-EXOs (25 pg/ml) for 21 days in osteogenic induction medium. Alizarin red staining and quantitative analysis showed
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Figure 5. Identification of differentially expressed miRNAs between HMEC-1 cells and EC-EXOs
(A) Venn diagram showing the overlap of shared miRNAs in HMEC-1 cells and EC-EXOs.

(B) Histogram showing the number of differentially expressed miRNAs between HMEC-1 cells and EC-EXOs. Blue and red indicate downregulation and
upregulation, respectively.

(C) Volcano plot of sequencing analysis of miRNAs differentially expressed between HMEC-1 cells and EC-EXOs. Blue and red indicate downregulation and
upregulation, respectively.

(D) Heatmap of cluster analysis of differential expression of miRNAs between HMEC-1 cells and EC-EXOs. miRNA expression is presented as the log10(norm
value). Red indicates strongly expressed genes, and blue indicates weakly expressed genes.

(E) Expression of miR-3p-975_4191 in BMSCs, HMEC-1 cells and EC-EXOs as verified by RT-gPCR.

(F) Expression of miR-3p-975_4191 in BMSCs and BMSCs treated with EC-EXOs as verified by RT-gPCR. The values were expressed as mean + SEM, *p < 0.05,
**p < 0.01, ***p < 0.001.

that curcumin coactivated the osteogenic differentiation of BMSCs with EC-EXOs (Figures 10A and 10B). RT-qPCR experiments further
confirmed that the expression of osteogenesis-related genes, including ALP, OPN, and OC, was activated to a greater extent in the cotreat-
ment group than in the groups treated with either curcumin or EC-EXOs alone (Figures 10C-10E). Taken together, these results suggest that
curcumin and EC-EXOs can act synergistically to promote the osteogenic differentiation of BMSCs.

Curcumin combined with EC-EXOs exerts a synergistic effect to inhibit the adipogenic differentiation of BMSCs

Next, we investigated the synergistic effect of curcumin and EC-EXOs on the adipogenic differentiation of BMSCs. BMSCs were treated with
curcumin and EC-EXOs (25 pg/mL) for 21 days in adipogenic induction medium. The results of Oil red O staining and quantification showed
that curcumin combined with EC-EXO treatment inhibited adipogenic differentiation of BMSCs more effectively than curcumin or EC-EXO
treatment alone, with a significant reduction in lipid droplet formation (Figures 10F and 10G). This finding was also confirmed by RT-gPCR
experiments, in which the expression levels of the lipid-related genes mFabp4, mPparg, and Cebpa were all lower in the combined treatment
group than in the individual treatment groups (Figures 10H-10J). In summary, these results suggest that curcumin and EC-EXOs can act syn-
ergistically to inhibit the adipogenic differentiation of BMSCs.

DISCUSSION

Osteoporosis is a common systemic bone disease that causes bone fragility and an increased risk of fracture.'® Further studies on the bone
marrow microenvironment are essential for the development of strategies to slow the progression of osteoporosis. In this study, EC-EXOs
were found to promote the osteogenic differentiation of BMSCs and inhibit the adipogenic differentiation of BMSCs. Through differential
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Figure 6. Overexpression of miR-3p-975_4191 can promote osteogenic differentiation and inhibit adipogenic differentiation of BMSCs

(A) The overexpression of miR-3p-975_4191 in BMSCs after gene transfection was verified by RT-gPCR. Representative images of Alizarin red staining after
21 days of osteogenic induction (B) and quantification of calcification (C) of BMSCs after overexpression of miR-3p-975_4191. Scale bar, 100 um.

(D-I) The mRNA expression levels of osteogenic biomarkers (ALP, POSTN, OC, COL1, BMP8a and BSP) in osteogenically differentiated BMSCs after
overexpression of miR-3p-975_4191 on Day 7 were detected by RT-gPCR. Oil red O staining (J) and quantification (K) of BMSCs after 14 days of adipogenic
induction after overexpression of miR-3p-975_4191. Scale bar, 100 pm.

(L-N) The mRNA expression levels of adipogenic biomarkers (mPparg, CD36, and Cebpu) in adipogenically differentiated BMSCs in different groups after
overexpression of miR-3p-975_4191 on Day 7 were detected by RT-qPCR. B-Actin was used as an internal control. The values were expressed as mean +
SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Knockdown of miR-3p-975_4191 can inhibit osteogenic differentiation and promote adipogenic differentiation of BMSCs

(A) Knockdown of miR-3p-975_4191 in BMSCs after gene transfection was verified by RT-qPCR. Representative images of Alizarin red staining after 21 days of
osteogenic induction (B) and quantification of calcification (C) of BMSCs after knockdown of miR-3p-975_4191. Scale bar, 100 um.

(D-G) The mRNA expression levels of osteogenic biomarkers (RUNX2, BMP2, BSP, and COL1) in osteogenically differentiated BMSCs after knockdown of miR-3p-
975_4191 on Day 7 were detected by RT-qPCR. Oil red O staining (H) and quantification (I) of BMSCs after 14 days of adipogenic induction after knockdown of
miR-3p-975_4191. Scale bar, 100 pm.

(J-O) The mRNA expression levels of adipogenic biomarkers (mPparg, mFabp4, CD36, Hdipq, ID4, and LPL) in adipogenically differentiated BMSCs in different
groups after knockdown of miR-3p-975_4191 on Day 7 were detected by RT-qPCR. B-Actin was used as an internal control. The values were expressed as mean +
SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

miRNA clustering analysis, we identified miR-3p-975_4191 as a miRNA with higher expression in EC-EXOs than in HMEC-1 cells. MiR-3p-
975_4191 downregulated TNF expression, inhibited osteoblast differentiation and promoted adipogenic differentiation of BMSCs. Based
on the network pharmacology screen and our previous findings, we further investigated whether curcumin also targeted TNF and played
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Figure 8. TNF is a potential target gene for miR-3p-975_4191

(A) Venn diagram showing the shared target genes of miR-3p-975_4191 and osteoporosis.

(B) The corresponding GO annotations of the selected miRNA target genes were determined, and the GO functions of each class were ranked from highest to
lowest according to the number of annotated target genes. The horizontal coordinate is the enrichment score, and the vertical coordinate is the GO classification.
The circle diagram shows the biological process (C), cell component (D) and molecular function (E) terms associated with the miR-3p-975_4191 target genes.
(F) PPI network map of the shared target genes of miR-3p-975_4191 and osteoporosis, excluding nodes without protein interactions. The confidence level was 0.9.
(G) PPI network diagram optimized by Cytoscape software.

(H) Hub network diagram of the top 10 core target genes based on the MCC algorithm.

(I) The expression of TNF after overexpression of miR-3p-975_4191 was verified by RT-qPCR.

(J) The expression of TNF protein was detected by western blot after overexpression of miR-3p-975_4191.

(K) The potential binding sites for miR-3p-975_4191 on the 3'UTR of TNF.

(L) BMSCs were transfected with a luciferase reporter vector containing either the WT or mutant plasmid of the 3'UTR of TNF. The values were expressed as
mean + SEM, *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 9. Curcumin can inhibit adipogenic differentiation of BMSCs
A) Construction of a Chinese medicine monomer active ingredient-TNF signaling pathway-osteoporosis network using Cytoscape.
B) Two-dimensional diagram of the interaction of curcumin with TNF.

D) CCK-8 assay to analyze the cytotoxicity of curcumin.

E) Oil red O staining and (F) quantification of BMSCs after adipogenic induction for 14 days among different groups. Scale bar, 100 um.

G-J) The mRNA expression levels of adipogenic biomarkers (mFabp4, mPparg, Cebpa, and GPD1) in adipogenically differentiated BMSCs in different groups on
Day 7 were detected by RT-gPCR. B-Actin was used as an internal control. The values were expressed as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

(
(
(C) Visualization of the molecular docking of curcumin with TNF in 3D.
(
(
(

a positive role in BMSC fate differentiation. EC-EXOs combined with curcumin even more effectively promoted osteogenic differentiation and
inhibited adipogenic differentiation of BMSCs. Taken together, our results demonstrate that EC-EXOs may exert a synergistic effect with cur-
cumin to regulate the fate differentiation of BMSCs through miR-3p-975_4191-mediated targeting of TNF and may play an essential role in
slowing the process of osteoporosis, providing different ideas for better clinical treatment of osteoporosis.

In recent years, an increasing number of studies have reported on the osteogenic effects of exosomes. Exosome-based delivery of bone-
targeted drugs can alleviate impaired bone formation and bone loss.'® Liu et al. revealed that bone marrow stromal cell-derived exosomes
significantly promote osteogenic differentiation of BMSCs in vitro, and BMSC-specific aptamer-functionalized bone marrow stromal cell-
derived exosomes that target bone are highly effective in promoting bone regeneration.'” Previous studies have suggested that BMSC-
derived exosomes can promote osteogenesis and angiogenesis.'® In addition, research by Song et al. has confirmed that EC-EXOs show
more effective bone targeting than osteoblast-derived or BMSC-derived exosomes and can inhibit osteoclast activity in vitro.'” In our study,
we observed dose-dependent increases in mineral deposition in BMSCs treated with different concentrations of EC-EXOs. The expression of
the osteogenic genes RUNX2 and OPN was also increased in BMSCs after EC-EXO treatment. This finding was consistent with the results of
previous studies on the osteogenic role of exosomes. In contrast, our group identified the important role of EC-EXOs in promoting the oste-
ogenic differentiation of BMSCs. Furthermore, we found a dose-dependent reduction in lipid droplet formation and a decrease in
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Figure 10. Curcumin combined with EC-EXOs synergistically promotes osteogenic differentiation and inhibits adipogenic differentiation of BMSCs
(A) Representative images of Alizarin red staining after 21 days of osteogenic induction and (B) quantification of calcification of BMSCs among different groups.
Scale bar, 100 um.

(C-E) mRNA expression levels of osteogenic biomarkers (ALP, OPN, and OC) in osteogenically differentiated BMSCs in different groups on Day 7 were detected
by RT-GPCR.

(F) Oil red O staining and (G) quantification of BMSCs after adipogenic induction for 14 days among different groups. Scale bar, 100 pm.

(H-J) The mRNA expression levels of adipogenic biomarkers (mFabp4, mPparg, and Cebpa) in adipogenically differentiated BMSCs in different groups on Day 7
were detected by RT-gPCR. B-Actin was used as an internal control. The values were expressed as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

lipogenesis-related gene expression in BMSCs treated with different concentrations of EC-EXOs, confirming that EC-EXOs affect the adipo-

genic differentiation and the osteogenic differentiation of BMSCs in opposite directions. In summary, we confirmed the role of EC-EXOs in
regulating the fate differentiation of BMSCs in vitro. We also constructed an OVX model and a senescent mouse model to further investigate
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the effects of EC-EXOs in vivo. Micro-CT analysis and OCN staining showed that EC-EXOs increased cancellous bone formation and
increased the number of osteoblasts in aged mice and in OVX model mice. Correspondingly, HE and TRAP staining confirmed that
EC-EXO treatment reduced the numbers of adipocytes and osteoclasts. Xin et al. showed that exosomes secreted by human induced plurip-
otent stem cell-derived mesenchymal stem cells (MSC) were effective in promoting osteogenic differentiation in an OVX mouse model and
that the effect increased with increasing exosome concentrations.”” Wang et al. showed that adipocyte-derived exosomes not only improved
bone microarchitecture but also significantly reduced bone marrow fat accumulation.”’ There were similarities between our study and theirs,
but ours demonstrated the role of EC-EXOs in promoting osteogenesis and inhibiting lipogenesis. Our study substantiated through in vitro
and in vivo experiments that EC-EXOs play an instrumental role in slowing the process of osteoporosis.

MiRNAs that influence translation and mRNA stability have emerged as important regulators of gene expression.””** These molecules
can induce a variety of changes in cellular processes including cell proliferation, cell differentiation, and cellular senescence.”*” Zhu et al.
found that miRNAs contained in exosomes can enhance osteoblast differentiation through paracrine and proximal secretory mechanisms
and have a central coupling function in bone formation.”> MiRNAs may be intertwined with vascular secretory factors released from
vascular-specific ECs to exhibit key functions in the angiogenesis-osteogenesis coupling that is essential to bone remodeling.?® For
example, the role of BMSC-derived exosomal miR-29a in promoting angiogenesis and osteogenesis has been demonstrated both
in vitro and in vivo. BMSCs-Exos loaded with miR-29a may be a potential therapeutic target for osteoporosis.'® In addition, Yang's study
elucidated the potential functional relevance of MALAT1-containing exosomes derived from BMSC in osteoporosis. By mediating miR-34c/
SATB2 binding, BMSC-derived exosomal MALAT1 enhances osteoblast activity in osteoporotic mice.”” The study by Cui et al. developed a
special exosome delivery system that is based on exosomes secreted from MSC of human induced pluripotent stem cells (iPSC). These
engineered exosomes, BT-Exo-si Shn3, utilize the intrinsic anti-osteoporotic function of these particular MSC-derived exosomes and syn-
ergize with the loaded siRNA of the Shn3 gene to enhance the therapeutic effect.”® Another study showed that nanovesicles targeting
bone marrow endothelial cells (BMECs) treat osteoporosis by altering the endothelium-associated secretory phenotype of bone. It was
shown that due to the unique endogenous miRNA cargo of bioinspired nanovesicles (BNVs), these BNVs re-educate BMECs to secrete
cytokines that favor osteogenesis and anti-inflammation. As a result of the secreted phenotypic transformation, osteogenic differentiation
of bone MSC was promoted and the pro-inflammatory microenvironment in osteoporotic bone, dominated by M1 macrophages, was
improved.?’ Li et al. showed that the dual regulatory strategy of physical barrier to bone matrix and intracellular gene regulation generated
by advanced biomaterials is a viable option for the treatment of postmenopausal osteoporosis (PMOP). They designed an osteophilic and
dual-regulated alendronate-gene lipoplex (antagomir@AlIn-Lipo) consisting of alendronate-functionalized liposomal carriers and encapsu-
lated specific microRNAs for bone-targeted delivery of genes to achieve combined relief of bone loss. These functionalized lipid com-
plexes exhibit long-term stability and excellent transfection efficiency. The osteophilic and dually regulated isotype replacement antibody
@ Aln-Lipo provides a bifunctional strategy for precision therapy of PMOP.*® Through miRNA-seq sequencing, we screened for key factors
by which EC-EXOs regulate the fate differentiation of BMSCs. Our study showed that the expression of miR-3p-975_4191 was significantly
greater in EC-EXOs than in BMSCs and HMEC-1 cells. Overexpression of miR-3p-975_4191 greatly stimulated osteoblast differentiation in
BMSCs, and Alizarin red staining showed increased calcium deposition. Moreover, overexpression of miR-3p-975_4191 substantially
increased the expression levels of ALP, POSTN, OC, COL1, BMP8a and BSP, which are markers of osteogenic differentiation. Jih-Yang
Ko's study suggested that reduced miRNA expression levels are associated with fat accumulation in the bone marrow.®’ Our study further
supports this result and reveals that miR-3p-975_4191 overexpression can inhibit the adipogenic differentiation of BMSCs, suppressing the
formation of lipid droplets in BMSCs. Knockdown of miR-3p-975_4191 yielded the exact opposite conclusion, and also laterally confirmed
the important role of miR-3p-975_4191 in BMSCs fate differentiation. To confirm the mechanism of the effect of miR-3p-975_4191 on the
fate differentiation of BMSCs, we performed bioinformatics analysis and screened TNF as the core target gene. Overexpression of miR-3p-
975_4191 derived from EC-EXOs led to decreased TNF expression in BMSCs. Previous studies have shown that TNF is a key cytokine regu-
lator of bone that mediates inflammatory bone loss.* Inactivation of TNF-a has been found to reduce bone loss in a mouse model.*?
Furthermore, clinical trials by Wijbrandts et al. have demonstrated that TNF blockade may lead to a cessation of bone loss.** Our study
confirms the role of TNF.

An in-depth screening of traditional Chinese medicine monomers acting on TNF revealed that curcumin can also target TNF. Our previous
study confirmed that curcumin promoted the osteogenic differentiation of BMSCs. In the present study, we demonstrated that curcumin in-
hibited the adipogenic differentiation of BMSCs. Curcumin has a unique structure, significant activity, high efficacy, and few side effects.”
Research on the use of curcumin for osteoporosis prevention or treatment has been conducted nationally and internationally.**~*® For
example, Heo's study showed that cyclodextrin/curcumin complexes significantly improved bone density and prevented bone loss in an
OVX mouse model.””
induced osteoporosis.”’ The findings of our study were consistent with those of these previous studies. The combination of exosomes
and drugs may be a valid strategy for treating disease. Studies have shown that the combination of neuronal cell-derived exosomes and levo-
dopa could be an effective potential treatment for Parkinson’s disease.”! Mohsen et al. found that exosomes derived from BMSCs in com-
bination with Rosuvastatin were beneficial for functional recovery in ischemic stroke rats.** Imatinib combined with exosomes from mesen-
chymal stromal cells significantly improved the outcome of chronic granulocytic leukemia.*”* However, the combination of exosomes and
drugs for the treatment of osteoporosis has not yet been reported. Based on previous research we treated BMSCs with curcumin in combi-
nation with EC-EXOs and found that the combination had a better bone-enhancing effect than either treatment alone. This proves that cur-
cumin can target TNF and may act synergistically with EC-EXOs to regulate the differentiation of BMSCs. Furthermore, our study

Chen et al. indicated that curcumin may be a promising agent for the prevention and treatment of glucocorticoid-
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demonstrates that the combination of curcumin with EC-EXOs may have crucial implications for improved clinical management of osteopo-
rosis. Our findings suggest that EC-EXOs may exert a synergistic effect with curcumin in reversing the progression of osteoporosis by target-
ing TNF via miR-3p-975_4191. This may provide clinical ideas for more effective prevention and treatment of osteoporosis.

Limitations of the study

In this study, the effect of EC-EXOs on the fate differentiation of BMSCs was verified at the cellular and animal levels, but only at the cellular
level, the effect of EC-EXOs in combination with curcumin on the fate differentiation of BMSCs by acting on TNF targets was verified, and the
subsequent experiments need to be further supplemented with animal experiments on the combined effect. In addition, this study has not
been further explored for its possible clinical application, which needs to be further supplemented in subsequent experiments.
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Anti-TSG101 antibody Abcam Cat# ab125011, RRID: AB_ 10974262
Anti-CD63 antibody Abcam AB_216130

Anti-CD9 antibody Abcam Cat# ab92726, RRID: AB_10561589

Anti-Calnexin antibody

Anti-TNF antibody

Anti-GAPDH antibody

HRP-labeled Goat Anti-Rabbit IgG (H+L)

Horseradish-labeled goat anti-mouse IgG (H+L) antibody

Cell Signaling Technology
Abcam

Abcam

Beyotime

Beyotime

Cat# 2679, RRID: AB_2228381
Cat# ab183218, RRID: AB_2889388
Cat# ab8245, RRID: AB_2107448
Cat# A0208, RRID: AB_2892644
Cat# A0216, RRID: AB_2860575

Chemicals, peptides, and recombinant proteins

Recombinant Mouse M-CSF
Recombinant Mouse RANK L

Novoprotein

Novoprotein

Cat. No.: CB34
Cat. No.: CJ94

mimic control Ribobio miRTNO000001-1-5
miR-3p-975_4191 mimic Ribobio miR1220607031829
micrOFF inhibitor NC Ribobio miR2N0000001-1-5
micrOFFTM PC-3p-975_4191 inhibitor Ribobio miR2240116015227
B-glycerol phosphate Sigma G9422
Ascorbate-2-phosphate Sigma A4544
3-isobutyl-1-methylxanthine Sigma 15879250MG
Insulin Sigma 91077C-250MG
Trypsin Solarbio T1320
Dexamethasone Sigma D4902
Alizarin Red S Solution Sigma-Aldrich T201112D501
Critical commercial assays
HiScript® Il Q RT SuperMix for gPCR (+g DNA wiper) Vazyme R223-01
ChamQ Universal SYBR qPCR Master Mix Vazyme Q711-02/03
Double luciferase reporter gene assay Biossci N/A
Experimental models: Cell lines
Human: HMEC-1 The Second Xiangya Hospital, N/A

Central South University
Mouse: BMSC C57BL/6J mice, Hunan Slaughter N/A

Jingda Laboratory Animal Co., Ltd
Experimental models: Organisms/strains
C57BL/6J mice Hunan Slaughter Jingda N/A

Laboratory Animal Co., Ltd
Oligonucleotides
Primers for qRT-PCR, see Table S2. This paper N/A
Deposited data
miRNA-sequencing raw and processed data NCBI-SRA Accession numbers: PRINA1086715
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Software and algorithms

GraphPad Prism 8 GraphPad N/A

ImageJ NIH https://imagej.nih.gov/ij/

NRecon v1.6 Bioz, Palo Alto https://www.microphotonics.com/
products/micro-ct/nrecon-
reconstruction-software/

CT Analyser v1.9 Bruker microCT https://www.bruker.com

mCT Volume v2.0 Bruker microCT https://www.bruker.com

RESOURCE AVAILABILITY

Lead contact

The relevant experimental reagents, experimental methods, and related data of this study can be obtained by contacting Qiong Lu
(christy_lug@csu.edu.cn).

Materials availability

The study did not generate unique reagents.

Data and code availability
e MiRNA-sequencing raw and processed data have been deposited to NCBI Sequence ReadArchive (SRA) and are publicly available as
of the date of publication. Accession numbers are PRINA1086715.
e This paper does not report original code.
e Any additional data and information needed to analyze the data in this paper can be obtained from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Statement of ethics

The animal experimental procedures were carried out in accordance with the regulations of the Institutional Animal Care and Use Committee
of the Second Xiangya Hospital of Central South University (Changsha, Hunan, China).

Animal models

Twelve 15-month-old male C57BL/6 mice were purchased from Hunan Slaughter Jingda Laboratory Animal Co., Ltd. The mice were randomly
assigned to two groups: the EC-EXO-treated group (EC-EXO group, n=6) and the PBS-treated group (control group, n=6). The mice were
injected with EC-EXOs through the tail vein for 4 weeks. Eighteen 8-week-old female C57BL/é mice were also purchased from Hunan
Slaughter Jingda Experimental Animal Co., Ltd. Animal models of postmenopausal osteoporosis were established by surgical bilateral ovari-
ectomy (OVX). The mice were randomly assigned to three groups: the EC-EXO-treated bilateral OVX group (OVX-EC-EXO group, n=6), PBS-
treated bilateral OVX group (OVX-PBS, n=6) and PBS-treated sham-operated group (sham-PBS, n=6). The mice were injected with EC-EXOs
through the tail vein for 4 weeks.

Surgical bilateral OVX or sham operation was performed in an aseptic environment. Linear incisions of 10 mm were made bilaterally in the
skin on the lumbar side in both the OVX and sham-operation groups. After blunt dissection to expose the muscle and peritoneum, OVX was
performed in the OVX group, and the bilateral ovaries were identified and placed back into the abdominal cavity in the sham-operated group.
The abdominal incisions in both groups were carefully sutured.

METHOD DETAILS

Isolation of mouse BMSCs

C57BL/6J mice were anesthetized with pentobarbital and then sacrificed. The tibias and femurs of the mice were separated, and the ends of
the tibias and femurs were cut. The bone marrow was flushed out with a 10 ml syringe with a 25-gauge needle filled with 10 ml of 1% PBS. The
cell suspensions were centrifuged at 700 x g for 5 minutes at 4°C, and the cells were resuspended in 500 pl of 1x PBS. Then, the cell sus-
pensions were incubated with anti-Sca-1-PE (BioLegend, USA), anti-CD29-FITC (BioLegend, USA), anti-CD45-PerCP (BioLegend, USA),
and anti-CD11b-PerCP (BioLegend, USA) antibodies for 30 minutes at 4°C. The mouse BMSCs (Sca-1"CD29*CD45CD11b") were sorted
by fluorescence-activated cell sorting (FACS) with a FACSAria (BD Biosciences, USA) and cultured with a-MEM culture medium (Cellmax,
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China) with 10% fetal bovine serum (FBS) and 1% streptomycin (Gibco, USA) and penicillin (Gibco, USA) at 37°C in a humidified atmosphere of
5% CO,.

Isolation and characterization of exosomes

HMEC-1 cells were cultured with MCDB131 medium (Procell, China) containing 10% FBS and 1% penicillin—streptomycin until they reached
60-70% confluence. The cell supernatant was discarded, and then the pellet was washed with 1x PBS and resuspended with exosome-
removed FBS. Cell supernatants were collected at 24 h intervals according to cell density. Briefly, the supernatant samples were centrifuged
at 2000 x g for 10 minutes to remove cellular debris and then centrifuged at 10,000 x g for 30 minutes at 4°C. The HMEC-1 exosomes were
isolated by ultracentrifugation (Beckman, USA) at 10,0000 X g for 70 min and cleaned with 1x PBS. The isolated exosomes were immediately
used for follow-up experiments or stored at -80°C.

Transmission electron microscopy (TEM)

For TEM, 15 pl of exosome suspension was adsorbed onto a copper grid and left to stand for 1 minute. The exosome sample on the copper
grid was blotted with filter paper and stained with 2% uranyl acetate staining solution for 1 minute at room temperature. The exosome sam-
ples were blotted dry, and the finished stained samples were placed under a lamp for 10 min. Finally, images were obtained with a transmis-
sion electron microscope (Tecnai, USA).

Nanoparticle tracking analysis (NTA)

NTA (NanoSight NS300, Britain) was used to detect the distribution and particle size of exosomes. The sample cell was washed with ultrapure
water to prevent residual particles from affecting the results. After calibration of the instrument with polystyrene microspheres (100 nm), the
sample cell was washed with PBS. The samples were diluted with PBS and injected for analysis.

Exosome labeling and coculture with BMSCs

Diluent C and PKHé7 (Sigma, USA) were added according to the volume of exosomes, thoroughly mixed and incubated at room temperature
for 5 min. Then, 1% BSA was added to terminate staining for 1 min, the volume of the mixture was increased to 20 ml with 1% BSA, the samples
were centrifuged at 120,000 x g with an ultra-high-speed centrifuge (Beckman, USA) for 60 min, and the supernatant was discarded. The
PKHé67-Exo precipitate was dissolved in 1x PBS and added to a-MEM culture medium containing exosome-free FBS. BMSCs were incubated
with this culture medium for 48 h at 37°C. After 48 h, the medium was discarded, the cells were fixed with 4% paraformaldehyde, and the
BMSCs were washed with 1x PBS three times. The cells were treated with 0.1% Triton X-100 for 5 min and sealed with a blocker containing
DAPI. The cells were observed and photographed with a laser confocal microscope (Leica, Germany).

Western blot analysis

Cells were collected and lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, China) at 4°C for 30 min. The cell lysates
were centrifuged at 10,000 x g for 30 min at 4°C. The cell proteins were extracted, and the supernatants were collected. The protein con-
centrations of the cell supernatants were quantified using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, USA). Equal amounts
of cell lysates were loaded and separated by SDS-PAGE and then blotted onto PVDF membranes. The membranes were incubated with
primary antibodies against CD9 (Abcam, 1:1000), CD63 (Abcam, 1:1000), TSG101 (Abcam, 1:1000) and calnexin (Cell Signaling Technology,
1:1000) overnight at 4°C. The next day, the membranes were incubated with anti-mouse/rabbit secondary antibodies (Beyotime, China) for 1 h
at room temperature. Enhanced chemiluminescence (ECL) solution (Share-bio, China) and Image Studio software (Thermo Fisher Scientific,
USA) were used to visualize the blot bands.

Adipogenic differentiation

For adipogenic differentiation of BMSCs, BMSCs were cultured in adipogenic differentiation medium (Sigma, USA) consisting of a-MEM sup-
plemented with 15% FBS, 1% penicillin-streptomycin, 1 nM dexamethasone, 0.05 mM vitamin C, 0.5 mM isobutyl methylxanthine (IBMX),
50 pM indomethacin and 5 pg/ml insulin for 14 days when the cell confluence reached 90%-100%. The medium was replaced every 3 days.

Osteogenic differentiation

For osteogenic differentiation of BMSCs, BMSCs were cultured in osteogenic differentiation medium (Sigma, USA) consisting of a-MEM sup-
plemented with 15% FBS, 1% penicillin—streptomycin, 0.1 nM dexamethasone, 0.05 mM vitamin C and 10 mM b-glycerophosphate for 21 days
when the cell confluence reached 60%-70%. The medium was replaced every 3 days.

Oil red O staining and quantitative analysis

Lipid droplet formation in BMSCs was detected by Oil red O staining. Briefly, the cells were washed with 1x PBS three times and then fixed
with 4% paraformaldehyde (Langeco Technology, China) at room temperature for 30 min after adipogenesis. The fixed cells were washed with
1% PBS again and stained with Oil red O dye liquor (Starfish Biotechnology, China) for 30 min. The cells were photographed under an inverted
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optical microscope (Olympus, Japan). The adipocytes exhibited red oil droplets under a microscope. For quantification of the formation of
lipid droplets in BMSCs, the cells were incubated with isopropyl alcohol for 10 min. After elution of the lipid droplets, the absorbance of the
eluted lipid droplets was measured at 510 nm using a microplate reader (Thermo Fisher Scientific, USA).

Alizarin red staining and quantitative analysis

Osteogenic differentiation of BMSCs was detected by Alizarin red staining. After osteogenesis, the cells were washed three times with 1x PBS
and fixed with 4% polyformaldehyde for 30 min. Then, the cells were washed with 1x PBS again and incubated with Alizarin red staining so-
lution for 5 min. The cells were rinsed 3 times with 1x PBS, and representative photographs were taken. For quantification of the minerali-
zation degree of BMSCs, the cells were incubated in the presence of 10% cetylpyridinium chloride (Sigma, USA) for 15 min. The staining
of calcium nodules was observed under an inverted microscope. The absorbance of the eluted calcium nodules was measured at 562 nm
using a microplate reader.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted with TRIzol Reagent (TaKaRa, Japan) and qualified with a NanoDrop spectrophotometer. (Thermo Fisher Scientific,
USA). The extracted RNA was reverse-transcribed into cDNA using PrimeScript RT Master Mix. The conditions were as follows: 95°C for 30's,
40 cycles at 95°C for 10 s and 60°C for 30 s, and dissolving at 95°C for 15's, 60°C for 60 s and 95°C for 15 s. gqRT-PCR was performed using
Power SYBR Green PCR Master Mix to measure the expression of target genes. B-Actin was used as the endogenous control to normalize the
expression of genes. Relative gene expression was calculated, normalized, and assessed by the 272 2T approach. All samples were tested
three times. The primers used for gRT-PCR amplification are listed in Table S2.

Animal model and grouping

Twelve 15-month-old male C57BL/6 mice were purchased from Hunan Slaughter Jingda Laboratory Animal Co., Ltd. The mice were randomly
assigned to two groups: the EC-EXO-treated group (EC-EXO group, n=6) and the PBS-treated group (control group, n=6). The mice were
injected with EC-EXOs through the tail vein for 4 weeks. Eighteen 8-week-old female C57BL/6 mice were also purchased from Hunan
Slaughter Jingda Experimental Animal Co., Ltd. Animal models of postmenopausal osteoporosis were established by surgical bilateral ovari-
ectomy (OVX). The mice were randomly assigned to three groups: the EC-EXO-treated bilateral OVX group (OVX-EC-EXO group, n=6), PBS-
treated bilateral OVX group (OVX-PBS, n=6) and PBS-treated sham-operated group (sham-PBS, n=6). The mice were injected with EC-EXOs
through the tail vein for 4 weeks.

Surgical bilateral OVX or sham operation was performed in an aseptic environment. Linear incisions of 10 mm were made bilaterally in the
skin on the lumbar side in both the OVX and sham-operation groups. After blunt dissection to expose the muscle and peritoneum, OVX was
performed in the OVX group, and the bilateral ovaries were identified and placed back into the abdominal cavity in the sham-operated group.
The abdominal incisions in both groups were carefully sutured. The animal experimental procedures were carried out in accordance with the
regulations of the Institutional Animal Care and Use Committee of the Second Xiangya Hospital of Central South University (Changsha, Hu-
nan, China).

Micro-CT analysis

Samples were scanned using a micro-CT scanner (Bruker micro-CT, USA). All images were manipulated manually to separate cancellous and
cortical bone and preserve their morphology. Scans were repeated three times, with bone microstructural parameters acquired from the
same region of interest (ROI) for each group. Structural parameters of the ROI, including trabecular bone volume/tissue volume (BV/TV),
trabecular number (Tb.N), trabecular separation (Tb.Sp) and trabecular thickness (Tb.Th) were analyzed with image reconstruction software
(NRecon, USA), data analysis software (Bruker micro-CT, USA), and 3-dimensional model visualization software (Bruker micro-CT, USA).

Histochemistry and immunocytochemistry

After fixation and decalcification of the femur, the femur was dehydrated and paraffin-embedded. Paraffin blocks of femur were cut into 5 um
thick sections, applied to slides and rehydrated step by step with 100%, 95%, 70% and 50% alcohol solutions. The slides were stained using a
TRAP staining kit (Sigma-Aldrich, USA) and hematoxylin and eosin (HE) (Sigma-Aldrich, USA) for immunohistochemical analysis. The stained
slides were dehydrated, mounted for observation under a phase contrast microscope (Q500MC, Leica Microsystems, Germany) and analyzed
using specialized image analysis software (ImageJ).

Microarray analysis

RNA was extracted from the EC-EXO treatment group and control group and used for miRNA microarray analysis. The experimental proced-
ures were performed according to standard protocols provided by lllumina, including library preparation and sequencing. TruSeq Small RNA
Sample Prep Kits (Illumina, San Diego, USA) were used to prepare the small RNA sequencing library. After the library was prepared, it was
sequenced with an lllumina HiSeq 2000/2500 instrument, and the sequencing read length was 1x50 bp. Raw reads were subjected to an in-
house program, ACGT101-miR (LC Sciences, Houston, Texas, USA), to remove adapter dimers, junk, low complexity, common RNA families
(rRNA, tRNA, snRNA, snoRNA), and repeats. Subsequently, unique sequences with a length of 18~26 nucleotides were mapped to specific

iScience 27, 109608, April 19, 2024 21




¢? CellPress iScience
OPEN ACCESS

species precursors in miRBase 22.0 by BLAST search to identify known miRNAs and 3p- and 5p-derived miRNAs. Both length variations at
both the 3" and 5" ends and one mismatch inside the sequence were allowed in the alignment. The unique sequences mapping to specific
species of mature miRNAs in hairpin arms were identified as known miRNAs. The unique sequences mapping to the other arm of a known
specific species precursor hairpin opposite to the annotated mature miRNA-containing arm were considered to be 5p- or 3p-derived miRNA
candidates. The remaining sequences were mapped to other selected species precursors (with the exclusion of specific species) in miRBase
22.0 by BLAST search, and the mapped pre-miRNAs were further BLASTed against the specific species genomes to determine their genomic
locations. The above two were defined as known miRNAs. The unmapped sequences were BLASTed against the specific genomes, and the
hairpin RNA structures containing sequences were predicated from the flank 80 nt sequences using RNAfold software (http://rna.tbi.univie.ac.
at/cgi-bin/RNAfold.cgi). The criteria for secondary structure prediction were: (1) number of nucleotides in one bulge in stem (< 12); (2) number
of base pairs in the stem region of the predicted hairpin (>16) (3) cutoff of free energy (kCal/mol <-15) (4) length of hairpin (up and down
stems + terminal loop >50) (5) length of hairpin loop (< 20). (6) number of nucleotides in one bulge in mature region (<8) (7) number of biased
errors in one bulge in mature region (<4) (8) number of biased bulges in mature region (<2) (9) number of errors in mature region (<7) (10)
number of base pairs in the mature region of the predicted hairpin (>12) (11) percent of mature stems (> 80). Differentially expressed miRNAs
were screened with thresholds of a p value < 0.05 and a | log fold change | > 2. Heatmaps of the differentially expressed miRNAs were sub-
sequently plotted. TargetScan (v5.0) and miRanda (v3.3a) were used to predict the target genes of the miRNAs with significant differences.
Several databases were employed, including miRBase (miRNAs and premiRNAs; ftp://mirbase.org/pub/mirbase/ CURRENT/), RFam (a collec-
tion of many common noncoding RNA families except miRNAs; http://rfam.janelia.org), Repbase (a collection of prototypic sequences rep-
resenting repetitive DNA from different eukaryotic species; http://www.girinst.org/repbase), Ensembl (genomic data and mRNA,; ftp://ftp.
ensembl.org/pub/release-101/fasta/homo_sapiens/dna/), the Kyoto Encyclopedia of Genes and Genomes (KEGG) (pathways; http://www.
genome.jp/kegg), and the Gene Ontology database (ftp://ftp.ncbi.nih.gov/gene/DATA/gene2go.gz).

Cell transfection

MiRNA transfection was performed when the cell confluence reached 60%-80%. The medium of BMSCs was replaced with fresh a-MEM cul-
ture medium two hours before transfection. The mimic negative control and miR-3p-975_4191 mimic (RiboBio, China) was dissolved in Opti-
MEM (Gibco, USA) separately. Each solution was combined with the transfection reagent (Neofect, China) according to the manufacturer’s
protocol. The resulting transfection mixture was then gently mixed and allowed to stand for 15~30 minutes. The expression level of miR-3p-
975_4191 was detected after incubation for 48 h.

Cell counting kit-8 (CCK-8) assay

Cells cultured in 96-well plates were treated with different concentrations of curcumin for 0, 24 and 48 hours. CCK-8 reagent was added to the
medium (1:100), and the cells were incubated for another 4 hours. Cell proliferation was assessed by measuring the optical density (OD) at
450 nm using a microplate reader (Beyotime, China) according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were presented as mean + SEM from at least three replicates for each experiment. The analyses were performed using GraphPad
Prism 8 (GraphPad Software, USA). Comparison between two groups was conducted using Student’s unpaired t test. One-way analysis of
variance (ANOVA) with Tukey's multiple comparison tests was used to analyze the statistical significance of differences among more than
two groups. A value of p < 0.05 was considered to indicate significance, and values of p < 0.01 and < 0.001 were considered to indicate
extreme significance.
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