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Introduction: Osteoporosis, characterized by dysregulation of osteoclastic bone resorption and osteoblastic bone formation, severely 
threatens human health during aging. However, there is still no good therapy for osteoporosis, so this direction requires our continuous 
attention, and there is an urgent need for new drugs to solve this problem.
Methods: Traditional Chinese Medicine Salvia divinorum monomer pomolic acid (PA) could effectively inhibit osteoclastogenesis 
and ovariectomized osteoporosis. However, its poor solubility and lack of targeting severely limits its further application. A novel 
bone-targeting nanomedicine (PA@TLipo) has been developed to reconstruct the osteoporotic microenvironment by encapsulating 
pomolic acid in alendronate-functionalized liposomes. Through a series of operations such as synthesis, purification, encapsulation, 
and labeling, the PA@TLipo have been prepared. Moreover, the cytotoxicity, bone targeting and anti-osteoporosis effect was verified 
by cell and animal experiments.
Results: In the aspect of targeting, the PA@TLipo can effectively aggregate on the bone tissue to reduce bone loss, and in terms of 
toxicity, PA@TLipo could increase the bone target ability in comparison to nontargeted liposome, thereby mitigating systemic 
cytotoxicity. Moreover, PA@TLipo inhibited osteoclast formation and bone resorption in vitro and reduced bone loss in ovariectomy- 
induced osteoporotic mice.
Conclusion: In this study, a novel therapeutic agent was designed and constructed to treat osteoporosis, consisting of a liposome 
material as the drug pocket, PA as the anti-osteoporosis drug, and ALN as the bone-targeting molecule. And our study is the first to 
employ a bone-targeted delivery system to deliver PA for OVX-induced bone loss, providing an innovative solution for treating 
osteoporosis.
Keywords: bone targeting, alendronate functionalized liposome, pomolic acid, osteoporosis therapy

Introduction
Osteoporosis is a skeletal disorder characterized by the gradual degradation of microstructural integrity in bone tissue, 
which is accompanied by a reduction in bone mass, heightened bone fragility, and an augmented susceptibility to 
secondary fractures. This pathological condition is predominantly attributed to the pathological activity of osteoclasts, 
which are the cells responsible for bone resorption.1–6 Bisphosphonates, classified as antiresorptive agents, are widely 
used to treat osteoporosis.7,8 Nevertheless, prolonged administration of these drugs raises concerns regarding their 
potential adverse effects, including necrosis, atypical maxillary fractures, and esophageal irritation.9–12 Therefore, it is 
beneficial to explore novel therapeutic compounds that offer enhanced efficacy.
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Salvia divinorum is a famous Traditional Chinese Medicine (TCM) that increases blood flow, regulates menstruation, 
and relieves pain in the injured area.13–17 Salvia divinorum has attracted increasing interest because of its proven 
pharmacological safety as well as its diverse range of biological properties, including antioxidant, anti-inflammatory, and 
anticancer.18–23 The active ingredients of Salvia miltiorrhiza inhibit osteoclast formation and bone loss.24–27 

Dihydrotanshinone I attenuates estrogen-deficient osteoporosis by inhibiting the receptor activator of nuclear kappa 
B ligand (RANKL)-stimulated NF-κB, extracellular signal-regulated kinase (ERK), and nuclear factor of activated T cell 
cytoplasmic 1 (NFATc1) signaling pathways.28 Tanshinol, another major water-soluble active component of Salvia 
miltiorrhiza, has potential therapeutic effects against glucocorticoid-induced osteoporosis in rats.29 Although these 
findings have shown promising potential in the prevention and treatment of osteoporosis using Salvia miltiorrhiza, the 
precise underlying mechanisms remain unexplored.

Through network pharmacology analysis, we screened the active ingredients of Salvia miltiorrhiza for their potential 
use in the treatment of osteoporosis. Our previous investigation revealed that pomolic acid (PA), derived from Salvia 
miltiorrhiza triterpenoids, exhibits inhibitory effects on bone resorption in vitro and prevents bone loss in ovariectomized 
(OVX) mice (unpublished). However, systemic administration without targeted delivery systems necessitates 
a substantial therapeutic dosage of the drug, potentially leading to elevated off-target effects. Simultaneously, the 
solubility of pure PA in the human body is relatively limited, thereby presenting a challenge for enhancing PA 
bioavailability. Hence, it is highly desirable to develop bone-targeted drug delivery systems for osteoporosis therapies.

Alendronate (ALN), an FDA-approved bisphosphonate used in the treatment of osteoporosis, exhibits strong affinity 
for binding to the bone surface, thus establishing its preferential candidacy as a ligand for targeting bone tissue. In this 
study, we developed ALN-functionalized bone-targeting PA liposomes (PA@TLipo) for selective osteoporosis therapy 
(Figure 1). Specifically, an ALN-conjugated PEGylated phospholipid (DSPE-PEG3400-ALN) was first synthesized using 
ALN and DSPE-PEG3400-NHS. Osteophilic ALN-modified liposomes were prepared using a thin-film dispersion 
method. Benefiting from the high binding affinity of ALN to the exposed hydroxyapatite of the bone structure, the 

Figure 1 Schematic illustration of PA@TLipo and the underlying therapeutic role of osteoporosis.
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obtained PA@TLipo exhibited excellent bone-targeting capability and could be easily internalized by bone marrow 
monocytes, thus effectively addressing the low bioavailability of PA. The results showed that PA@TLipo effectively 
inhibited osteoclast formation and bone resorption in vitro and reduced OVX-induced bone loss in vivo better than free 
PA. With the further development of aging population, the incidence of osteoporosis is increasing, which will bring huge 
pain to many elderly people. However, the PA@TLipo, this material has a clear effect on reducing bone loss, which will 
be a major discovery in the field of osteoporosis treatment. It has great clinical application potential and will bring good 
news to osteoporosis patients.

Materials and Methods
Materials
DSPE-PEG3400-NHS, DSPC, Cholesterol, DSPE-mPEG2000 were purchased from Aladdin Industrial Corporation 
(Shanghai, China). Recombinant murine macrophage colony-stimulating factor (M-CSF) and RANKL were obtained 
from R&D Systems (Minneapolis, MN). Alpha Minimum essential medium (α-MEM) and fetal bovine serum (FBS) 
were purchased from HyClone (Logan, UT, United States). Cell Counting Kit-8 (CCK-8) and 1% penicillin/streptomycin 
were obtained from Beyotime (Shanghai, China). Tartrate-resistant acid phosphatase (TRAP) staining was acquired from 
Sigma-Aldrich (St. Louis, MO, United States).

Synthesis and Characterization of DSPE-PEG3400-ALN
Based on the literature,30 ALN-functionalized phospholipids were synthesized by an amidation reaction between DSPE- 
PEG3400-NHS and ALN (Figure 2). Specifically, DSPE-PEG3400-NHS and ALN were mixed in 0.1 M NaHCO3 buffer 
(pH 8.5) at a molar ratio of 1:1.5. The mixture was sonicated in a water bath for 5 min followed by stirring at room 
temperature (RT) for 2 h. The mixture was purified via dialysis (1KDa, MWCO) in distilled water to remove free ALN. 
The final product was lyophilized and dissolved in CDCl3 for 1H NMR spectroscopy (Bruker AMX-600, Switzerland).

Preparation of PA@TLipo Nanoparticles
Liposomes encapsulating PA were prepared using the thin-film dispersion method. Briefly, 5 mg of DSPC, 1.24 mg of 
cholesterol, and 1.83 mg of DSPE-PEG3400-ALN were dissolved in 4 mL chloroform/methanol (3:1, v/v) based on 
a molar ratio of 63:32:5 respectively. Subsequently, 1.6 mL of a PA methanol solution (1 mg/mL) was added to the above 
mixture according to a ratio of 20% relative to the total lipid content. Following by removing the organic solvents using 
a rotary evaporator, a lipid film was formed and subsequently hydrated with 6 mL sterile PBS for 30 min at 60 °C. The 
obtained coarse liposomes were sonicated in a water bath and extruded through a polycarbonate membrane with a 0.2 μm 
pore size (10 times). The resulting liposomes were purified using a Sephadex G50 spin column to remove the 
unencapsulated free PA. Nontargeted polyethylene glycol liposomes (PA@Lipo) were constructed using the same process 
as DSPE-mPEG2000 instead of DSPE-PEG3400-ALN. In addition, dye-labeled liposomes were prepared by adding DiD 
during lipid film formation.

Characterization of PA@TLipo Nanoparticles
The hydrodynamic particle size, zeta potential, and polydispersity index (PDI) of PA liposomes were determined using a Malvern 
dynamic light scattering (DLS) instrument (Zetasizer Pro). Briefly, the purified liposomes, dispersed in PBS at a concentration of 
0.5 mg/mL, were subjected to size analysis. Importantly, prior to the assessment of the zeta potential, the liposome PBS solution 
(0.5 mg/mL) was dialyzed in distilled water. All measurements were conducted at 25 °C and were repeated three times. The 
morphology of PA liposomes was observed using transmission electron microscopy (TEM) (120 kV, JEM-1400 Flash, 120 kV). 
Briefly, the liposome solution was dropped onto a 200-mesh copper grid and incubated for 3 minutes. The liposomes were stained 
with 1 wt% phosphotungstic acid and dried before imaging. Colloidal stability of the PA liposomes was characterized using DLS. 
Briefly, the liposomes were dispersed in PBS solution containing 10% FBS and incubated at 37 °C with shaking (200 rpm). The 
particle sizes of liposomes were assessed at predetermined time intervals using a DLS instrument. In order to determine the drug 
loading capacity (DL) of PA within liposomes, the purified liposomes underwent lyophilization, and 2 mg of the resulting 
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Figure 2 Synthesis and characterization of PA@TLipo and PA@Lipo. (A) Chemical synthesis of the DSPE-PEG3400-ALN. (B) 1HNMR characterization of DSPE-PEG3400- 
ALN. (C) Schematic illustration of PA@TLipo prepared by thin-film hydration. (D) Representative TEM images of PA@TLipo and PA@Lipo (Scale bar = 100 nm). (E) Size, 
(F) PDI and (G) zeta potential of PA liposomes determined by DLS. (H) Colloidal stability of PA@TLipo and PA@Lipo in 10% FBS supplemented PBS at 37 °C during 24 
h incubation. (I) Cumulative PA release in PBS (pH 7.4).
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lyophilized powder (total mass of liposomes) was disrupted using 1 mL of methanol. Following this, the mass of PA encapsulated 
in liposomes was determined by using high-performance liquid chromatography (HPLC), employing absorption measurements 
at a wavelength of 210 nm. The standard curve for PA quantification was constructed using free PA. Briefly, 6 mL of freshly 
prepared PA-encapsulated liposomes were placed in the upper chamber of the Amicon® . Ultra centrifugal filter (100 kDa 
MWCO) before column purification and centrifuged at 3000 × g for 10 minutes. The liposomes collected in the upper chamber 
were resuspended in the original volume of PBS (6 mL) and subjected to three consecutive centrifugation cycles. The mass of PA 
in the filtrates was analyzed using HPLC after combining the three filtrates containing free PA. EE% was calculated as follow 
equation: 

Cell Culture and Cell Viability Assay
Primary bone marrow monocytes (BMMs) were obtained from the tibias and femurs in the C57BL/6J 4–6 week-old 
mice. Cells were cultured in α-MEM medium containing 10% FBS, 1% penicillin/streptomycin supplemented with 30 
ng/mL M-CSF for four days, the attached cells were collected as BMMs for use in subsequent studies (Specific ethical 
guidelines are provided). BMMs (8 × 103 cells/well) were seeded overnight in 96-well plates. All the cells were 
subsequently treated with increasing concentrations of PA, PA@Lipo, or PA@TLipo (0, 6.25, 12.5, 25, 50, 100 μM) 
for 96 h. A 10 μL volume of CCK-8 reagent was administrated to each well. A Cytation 5 Cell Imaging Multi-Mode 
Reader (BioTek, Vermont, United States) was used to detect the absorbance of each well at 450 nm.

Osteoclastogenesis in vitro
BMMs (8 × 103 cells/well) were cultured in 96-well plates in complete α-MEM supplemented with 30 ng/mL M-CSF 
and 50 ng/mL RANKL. The cells were treated with PA, PA@Lipo, or PA@TLipo (12.5 μM). After treatment for 7 days, 
cells were then washed thrice with PBS, fixed with 4% paraformaldehyde (PFA) for 10 min, stained with TRAP solution 
at 37 °C for 30 min. Cells with at least three nuclei were classified as osteoclasts. Each well was imaged using a Cytation 
5 Cell Imaging Multimode Reader.

Bone Resorption Assay
BMMs were seeded in 6-well plates at a density of 2×105 cells/well and stimulated with M-CSF and RANKL until small 
osteoclasts were formed. The cells were then digested and seeded onto hydroxyapatite-coated plates (8 × 103 cells/well) 
overnight. The adherent cells were treated with the indicated concentrations of PA, PA@Lipo, and PA@TLipo. After 4 
days, cells were washed with 5% sodium hypochlorite solution, rinsed with sterile water, air-dried, and then captured 
using a Cytation 5 Cell Imaging Multi-Mode Reader. The area of bone resorption was measured using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA).

Cellular Uptake Experiments
BMMs were seeded into a 96-well plate at a density of 8×103 cells/well and incubated for 24 h. The culture medium was 
then replaced with fresh medium containing DiD-labeled PA@Lipo, or DiD-labeled PA@TLipo (12.5 μM). After 
cultivation for 1, 2, and 4 h, the cells were washed thrice with cold PBS. Subsequently, the nuclei were stained with 
Hoechst33342, and intracellular fluorescence was observed using the Operetta CLS High Content Analysis System 
(PerkinElmer). (EX: 644 nm, EM: 665 nm).

OVX-Induced Osteoporosis Mouse Model
All animal studies were approved by the Institutional Animal Care and Ethics Committee of Shanghai University and 
animals used in this study were maintained in accordance with the Guideline for ethical review of animal welfare of 
laboratory animals published by the China National Standardization Management Committee (publication No. GB/T 
35892–2018). 8-week-old C57BL/6 J female mice were purchased from Cavens Laboratory Animal (Changzhou, China). 
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The mice were randomly divided into five groups (n = 6) as follows: sham, OVX + PBS, OVX + 4 mg/kg PA, OVX 
+4 mg/kg PA@Lipo, and OVX +4 mg/kg PA@TLipo. After the mice were injected intraperitoneally with 3% chloral 
hydrate, bilateral ovariectomy was performed on the mice in the OVX group, OVX+4 mg/kg PA group, OVX+4 mg/kg 
PA@Lipo group, and OVX+4 mg/kg PA@TLipo group. After 1 week, the mice in the OVX+4 mg/kg PA, OVX+4 mg/kg 
PA@Lipo, and OVX+4 mg/kg PA@TLipo groups began to receive PA, PA@Lipo, or PA@TLipo via the tail vein every 2 
days for 4 weeks.

Biophotonic Imaging Analysis
DiD-labeled PA@Lipo or PA@TLipo was administered to each mouse via tail vein. Thereafter, the mice were sacrificed 
at 4, 8, and 16 h (intravenous) after injection, and the major organs (heart, liver, spleen, lung, kidney, femur, and tibia) 
were harvested. The organs were visualized on a Quickview 3000 system (Bio-Real Sciences, Salzburg, Austria). The 
excitation and emission wavelengths were 644 nm and 665 nm, respectively.

Microcomputed Tomography (Micro-CT) Analyses
The femurs were fixed in 4% PFA for 24 h and then replaced with 75% alcohol. The structure and microarchitecture of 
the distal femur were obtained using a Skyscan 1275 mini-micro-CT scanner (BruKer, Karlsruhe, Germany) at (voltage 
of 70 kV, a current of 142 μA, and a resolution of 8 μm). The following bone-related parameters were analyzed: 
trabecular number (Tb.N, 1/mm), bone surface (BS, mm^2), bone volume/tissue volume (BV/TV, %), and trabecular 
separation (Tb.Sp, mm).

Histomorphometric Examination
For histological analysis, the femur was decalcified with EDTA decalcification solution (pH 7.4) for 3 weeks, dehydrated, 
paraffin-embedded, and sectioned using a microtome (4-μm thick sections). Hematoxylin-eosin staining (H&E) was used 
to visualize the bone microstructure of the femur, and TRAP staining was used to visualize osteoclasts.

Statistical Analyses
Data are expressed as mean ± standard deviation (Mean + SD) and were analyzed using GraphPad Prism 8.0.1 software 
(La Jolla, CA, USA). Differences between two groups were analyzed using the Student’s t-tests, whereas differences 
between more than two groups were analyzed using two-way analysis of variance. P < 0.05 represent significant 
differences between the two groups of data.

Results
Synthesis and Characterization of Liposomes
To construct bone-targeted PA liposomes, ALN-conjugated phospholipids (DSPE-PEG3400-ALN) were synthesized by an 
amidation reaction between NHS-group-functionalized phospholipids (DSPE-PEG3400-NHS) and amine-containing ALN 
(Figure 2A). The chemical structure of DSPE-PEG3400-ALN was confirmed using 1H NMR (Figure 2B). The represen-
tative signal at 2.0 ppm corresponding to the CH2 protons in ALN, was detected in the spectrum of DSPE-PEG3400-ALN. 
The characteristic peaks at 1.26 ppm and 3.74 ppm correspond to the protons of the long hydrocarbon chain (CH2) and 
the PEG’s (CH2O) in the DSPE-PEG3400-NHS, respectively. The above data confirm the successful synthesis of DSPE- 
PEG3400-ALN, which is consistent with a previous report.31 PA liposomes were constructed using the thin-film hydration 
method, wherein DSPC, Cholesterol, and DSPE-PEG3400-ALN were employed as constitutive membrane materials in 
a molar ratio of 63:32:5 (Figure 2C). Non-targeted liposomes (PA@Lipo) were prepared by replacing the DSPE-PEG3400 

-ALN component with DSPE-mPEG2000. The particle size, zeta potential, and polydispersity index (PDI) of the PA 
liposomes were determined by dynamic light scattering (DLS). The hydrodynamic size of PA@Lipo was approximately 
106 nm, which increased slightly to 118 nm for PA@TLipo (Figure 2E). The size distribution of both nanoformulations 
remained narrow, with a polydispersity index (PDI) below 0.1 (Figure 2F). The zeta potential of PA@Lipo and 
PA@TLipo nanoparticles were around −11.07±1.04 mV and −24.77±0.51 mV, respectively (Figure 2G). The higher 
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negative charge observed on the surface of the PA@TLipo nanoparticles indicated successful modification of bone- 
targeted alendronate molecules onto the liposome surface. TEM images showed that the obtained PA@Lipo and 
PA@TLipo nanoparticles had a uniform morphology, and their sizes were consistent with the hydrodynamic diameter 
(Figure 2D). Both PA@Lipo and PA@TLipo nanoparticles demonstrated good colloidal stability in PBS solution 
containing 10% FBS at 37 °C for 24 h (Figure 2H). The DL of PA in PA@Lipo and PA@TLipo was approximately 
14.5% and 13%, respectively, when drug-to-lipid ratio of 1:5 was employed. Additionally, the encapsulation efficiency 
(EE%) of PA in PA@Lipo and PA@TLipo was approximately 72% and 71%, respectively. Cumulative PA release in PBS 
(pH 7.4) exhibited minimal differences between PA@Lipo and PA@TLipo nanoparticles (Figure 2I).

Cell Uptake Capability of PA@TLipo and Its Effects on Osteoclast Formation and 
Bone Resorption in vitro
PA and PA-loaded liposome nanoparticles (0, 6.25, 12.5, 25, 50, and 100 μM) were cultured in BMMs for 96 h and 
cytotoxicity was detected using CCK-8. Figure 2 shows that PA-loaded liposome nanoparticles (PA@Lipo and 
PA@TLipo) reduced the toxic effect on BMMs and improved the biocompatibility of PA compared to free PA when 
the concentration was higher than 50 μM (Figure 3A). No significant difference was observed in the cytotoxic effects of 
PA@TLipo and PA@Lipo on BMMs. To evaluate the cellular uptake, DiD labeled PA@TLipo was incubated with 
BMMs for 1, 2, and 4 h. The fluorescence intensity of PA@Lipo-treated cells was low at first, but reached the highest 
level at 4 h. There was no significant difference in cellular uptake between PA@TLipo and PA@Lipo in BMMs 
(Figure 3B). These results indicated that bone-targeted alendronate molecules modified on the surface of nanoparticles 
did not affect cellular uptake by BMMs.

We examined the effects of PA@TLipo on RANKL-induced osteoclast formation and bone resorption in vitro. After 
induction with M-CSF and RANKL, PA@TLipo group (12.5μM) significantly diminished the number of TRAP-positive 
osteoclasts (nuclei ≥ 3, Figure 3C) and area of bone resorption pits compared with the other groups (Figure 3D). These 
results suggested that PA@TLipo inhibited osteoclast formation and bone resorption.

Bone-Targeted Capability and Compatibility of PA@TLipo
The bone targeting ability of PA@TLipo was further investigated in vivo. Female C57BL/6 mice were intravenously 
injected with DiD-labeled PA@TLipo and DiD-labeled PA@Lipo. To evaluate biodistribution, the organs (heart, liver, 
lung, spleen, kidney, femur, and tibia) were excised and used for an in vivo imaging. Fluorescence signal intensity was 
calculated for quantification. The fluorescence intensity in the femur and tibia of the PA@TLipo group showed 
a gradually increasing trend from 4 h to 8 h. The fluorescence signals in the tibia and femur of the PA@TLipo group 
were much stronger than those in the PA@Lipo group at each time point (Figure 4A). At 8 h, the strongest fluorescence 
intensity was observed in the tibias and femurs of the PA@TLipo group. After 16 h, the fluorescence intensity was 
maintained at a high level in the PA@TLipo group, but little residual fluorescence was detected in the femur and tibia of 
the PA@Lipo group, suggesting that alendronate modification facilitated bone-targeting capability of liposomes and 
prolonged their retention time in the bone.

After continuous intravenous administration, H&E staining of the main organs, including the heart, liver, spleen, lung, 
and kidney, was examined. All the treatment groups exhibited similar histological morphologies, which validated the 
good biocompatibility of PA@TLipo (Figure 4B). In conclusion, we successfully constructed a bone-targeted PA@TLipo 
without inducing systemic toxicity.

PA@TLipo Attenuates Bone Loss in OVX Mice
Therefore, we investigated the therapeutic effects of PA@TLipo on OVX-induced bone loss in mice. Mice were 
separated into five groups: sham, OVX, PA, PA@Lipo, and PA@TLipo. Micro-CT analysis revealed that OVX- 
induced bone loss was completely prevented by PA@TLipo treatment (Figure 5A). Quantitative analysis showed 
that PA@TLipo administration in OVX mice significantly increased the Tb. N, BS, and BV/TV and decreased Tb. 
Sp (Figure 5B). Consistently, PA@TLipo attenuated OVX-induced bone loss as observed by H&E staining 
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Figure 3 The cellular uptake of PA@TLipo and its effects on osteoclast formation and bone resorption in BMMs. (A) Cell viability of BMMs co-cultured with indicated 
concentrations of PA, PA@Lipo, or PA@TLipo (0, 6.25, 12.5, 25, 50, 100 μM) for 96 h by CCK-8 assay (n = 3). *P < 0.05 compared with the control. (B) Cellular uptake in 
BMMs incubated with DiD labeled PA@Lipo and PA@TLipo for 1, 2, and 4 h, respectively. Red: DiD labeled PA@Lipo and PA@TLipo; blue: Hoechst33342 stained cell 
nucleus. Scale bar = 50 μm. (C) BMMs were stimulated with RANKL in the presence of PA, PA@Lipo, or PA@TLipo (12.5 μM) and measured by TRAP staining. TRAP- 
positive multinucleated (nuclei ≥ 3) cells was quantified (n = 3). Scale bar = 2000 μm. *P < 0.05 in contrast with the control. #P <0.05 relative to the PA@Lipo group. (D) 
Bone resorption pits assay in different groups and the area of resorption pits were quantified using Image J (n = 3). All bar graphs are presented as the mean ± SD. Scale bar = 
2000 μm. *P < 0.05 compared to the control. #P <0.05 relative to the PA@Lipo group.
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(Figure 5C and D). TRAP staining showed that PA@TLipo remarkably diminished the TRAP-positive cell count 
around the trabecula compared with that in the OVX group (Figure 5E and F). PA@TLipo demonstrated greater 
efficacy in inhibiting bone loss compared to the PA@Lipo treatment, possibly due to the alendronate modification, 

Figure 4 In vivo distribution and toxicity assay of PA@TLipo. (A) Fluorescence images of the major organs (heart, liver, lung, spleen, kidney, femur and tibia) of mice after tail 
vein injection of DiD-labeled PA@Lipo and PA@TLipo at 4 h, 8 h, and 16h, respectively. Fluorescence intensity quantification of femurs and tibias (n = 3). *P < 0.05 in contrast 
with the PA@Lipo group. (B) H&E staining of organs (heart, liver, spleen, lung, and kidney) after tail vein injection of PA, PA@Lipo, and PA@TLipo. Scale bar = 250 μm.
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Figure 5 PA@TLipo ameliorates OVX-induced bone loss in vivo. (A) Micro CT analysis of the distal femur from sham, OVX with PBS injection (OVX), OVX with PA (4 mg/ 
kg), OVX with PA@Lipo (4 mg/kg), and OVX with PA@TLipo (4 mg/kg). (B) Quantification of Tb. N, BS, BV/TV, and Tb. Sp. The results represent the means ± SD (n = 6). 
*P < 0.05 in contrast with the sham group. #P < 0.05 versus the PBS-treated OVX group. ##P < 0.01 versus the PA@Lipo group. (C) Representative histological images of 
distal femoral sections after H&E staining. Scale bar = 250 μm. (D) The graph bars show the quantitative results of BV/TV. NS, no significant difference. (E) Representative 
images of TRAP staining of the femurs in each groups were shown. (F) The number of TRAP (+) osteoclasts on the trabecular bone surface was shown in the bar graph. 
Scale bar = 250 μm. Data were presented as mean ± SD. *P < 0.05 in contrast with the sham group. #P < 0.05 versus the PBS-treated OVX group. ##P < 0.01 versus the 
PA@Lipo group.
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which enhances the targeted delivery of PA to the bone. Collectively, these results suggested that PA@TLipo 
repressed osteoclast formation and rescued OVX-induced bone loss.

Discussion
Bone homeostasis is coordinated by osteoclast-mediated bone resorption and osteoblast-induced bone formation.32,33 

Excessive osteoclast activity disrupts bone homeostasis, leading to severe osteoporosis.34 The incidence of fractures due 
to osteoporosis has been increasing over the last decade, seriously threatening the life and health of patients.35 With the 
aging of the population increasing annually, the proportion of menopausal women is also increasing. Therefore, it is 
particularly important to solve the problem of osteoporosis. Current clinical therapies, such as bisphosphonates or 
denosumab, are effective but have long-term side effects, including atypical femoral fractures.36 Thus, the search for 
new drugs with minor side effects is imperative in osteoporosis treatment.

Salvia miltiorrhiza has been widely used in Asia as a compound for the treatment of osteoporosis.37 In our previous 
study, we constructed a Salvia miltiorrhiza chemical component database using network-pharmacological methods. 
Using this database, we calculated the average similarity scores of the candidate compounds and selected five candidate 
compounds based on their rankings for further biological activity experiments. The results showed that Salvia miltior-
rhiza triterpenoid PA significantly inhibited RANKL-induced osteoclast differentiation and bone resorption, and attenu-
ated OVX-induced osteoporosis by repressing osteoclast activity. These results laid the foundation for this study. 
However, we also found that many problems still need to be resolved. PA, a triterpenoid monomer of Salvia divinorum, 
has strong pharmacological effects, poor water solubility, and a lack of bone targeting, limiting its clinical application. 
Therefore, the development of a bone-targeting drug delivery system that delivers PA to the bones is an ideal strategy. 
This targeting and good solubility are also necessary for efficient clinical application. At the beginning of its design, 
liposomes were used as drug carriers in the field of medicine, because liposomes were designed with phospholipids as 
membrane materials, and phospholipids were the basic materials to form the bilayer of liposomes,38,39 therefore, the 
liposome is similar to the cell membrane, so it has a strong affinity between the liposome and the cell membrane. It can 
penetrate the cell membrane well and act on the cell itself with good biocompatibility. Therefore, we synthesized 
PA@TLipo, which was more easily absorbed by cells after liposome encapsulation than pure PA. In this study, we 
modified liposomes with ALN to design an advanced drug delivery system that can direct PA to bone tissue, which shows 
great advantages in improving drug safety, therapeutic efficacy and precision combination therapy.

First, to solve the problem of solubility, we used liposomes as the wrapping material for PA. Liposomes are 
commonly used as ideal nanocarriers owing to their tolerability and biosafety, and they can fuse with cell membranes. 
Therefore, in the biomedical field, they are often used for the encapsulation and delivery of drugs, as demonstrated in 
several previous studies.40,41 In addition to tolerability and overall safety, liposomes have been reported to increase drug 
absorption, decreasing drug toxicity, overcoming barriers to cellular and tissue uptake, as well as promoting the 
distribution of drugs to the target site in vivo.42,43 Due to the lack of targeting of PA, we have also made corresponding 
improvements: as a bone-targeted modifier, ALN chelates prepared with anti-osteoporosis drugs could correct the poor 
specificity and adverse reactions of the original drug.44 However, bone-targeted therapy for osteoporosis has always 
attracted attention. Among them, BT-Exo-siShn3 bone-targeting system mainly acts on osteoblasts45 and clearly has the 
effect of increasing bone mass, while PA@TLipo mainly targets osteoclasts and can modulate bone loss. In contrast, 
bioinspired BMEC-targeting nanovesicles46 and bone-targeted biomimetic nanogels47 also have targeting effects and are 
similar to PA@TLipo in terms of drug encapsulation. This also represents the increasing attention paid to the targeted 
therapy of osteoporosis, and there is still a good research scene in this field.

Thus, we selected ALN as the bone-targeted molecule and incorporated it into the liposome membrane as the 
targeting head to form a bone-targeted delivery system. We coated PA with liposomes and added ALN, a substance that 
can bind specifically to bone, to the surface of the lipid and synthesized PA@TLipo through the above procedures. The 
safety of this material and its effects on osteoclasts were confirmed in vitro. We further studied the effects of a bone- 
targeted delivery system with PA in OVX mice in vivo. Analysis of micro-CT scanning indicated that targeting the 
delivery system with PA could effectively reverse bone loss, as evidenced by the significant attenuation of Tb. Sp and an 
increase in the bone mass index. TRAP staining following bone hematoxylin and eosin staining further demonstrated that 
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targeting the delivery system with PA significantly reduced the number of osteoclasts in the trabecular region. 
Furthermore, in terms of the targeting of materials, we carried out more in-depth research, and the data from biophotonic 
imaging in vivo validated that DiD-labeled bone-targeted liposomes could deliver PA encapsulated in liposomes to 
certain bone tissues and reduce the exposure of PA to non-bone tissues, and that the fluorescence signal was significantly 
stronger in bone tissue and relatively lower in non-bone tissue. These results provided a foundation for the application of 
this material in the field of osteoporosis.

After in-depth analysis of this material, we found that ALN is a drug approved by the US Food and Drug 
Administration (FDA) for the treatment of osteoporosis.48 In the clinical application process, ALN has strong functions 
and advantages in increasing bone mineral density of the femur and lumbar spine.49 With the deepening of research, 
scholars have gradually found that due to its strong bone affinity, it is often modified on the surface of drugs to enhance 
bone targeting.50 In this study, ALN can not only assist the targeted action of traditional Chinese medicine monomers on 
bone tissue, but also have the effect of anti-osteoporosis itself, and its dual effect cannot be ignored. This dual function is 
one of the core points of its future clinical application. What’s more, the targeting property of ALN is also the key point 
of its clinical application and the biocompatibility of liposomes also reduce the adverse reactions of PA@TLipo. Our 
research aims to provide ideas for the treatment of osteoporosis, and PA@TLipo. It has shown significant advantages in 
this regard, especially in inhibiting osteoclasts. Our study lays the foundation for the application of PA@TLipo in the 
field of osteoporosis. This may provide a solution for osteoporosis. Therefore, we believe that in the future, through more 
in-depth mechanism research, PA@TLipo. It will bring good news to patients with osteoporosis.

Conclusion
In this study, a novel therapeutic agent was designed and constructed to treat osteoporosis, consisting of a liposome 
material as the core and drug pocket, PA as the anti-osteoporosis drug, and ALN as the bone-targeting molecule. Cellular 
analyses showed that a bone-targeted delivery system with PA effectively inhibited osteoclast differentiation and bone 
resorption. Moreover, the bone-targeted delivery system with PA showed rapid cellular uptake by BMMs and good 
biocompatibility, with less cytotoxic effects. In particular, in vivo experiments showed that the targeted delivery system 
could reverse OVX-induced osteoporosis and maintained the bone microstructure in OVX mice with low toxicity to 
major organs. To the best of our knowledge, this study is the first to employ a bone-targeted delivery system to deliver PA 
for OVX-induced bone loss, providing an innovative solution for treating osteoporosis.
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