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These liposomes are functionalized with active ingredient to enhance the bone-

targeting capability. The delivered agents directly modulate osteoblasts,
osteoclasts, and osteocytes, promoting bone formation and inhibiting bone
resorption to counteract osteoporotic bone loss. In addition to targeted bone
delivery, the inevitable hepatic accumulation of liposomes is strategically
utilized to stimulate the hepatic secretion of lecithin-cholesterol acyltransferase
(LCAT), which, in turn, promotes bone remodeling by engaging the liver-bone axis. This dual mechanism, which combines
targeted bone delivery with beneficial off-target hepatic effects, synergistically enhances therapeutic outcomes. Our findings
highlight a promising nanomedicine-based strategy that takes advantage of interorgan communication to optimize

osteoporosis treatment.
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INTRODUCTION

Osteoporosis is a systemic disease characterized by reduced
bone mass, which results in decreased bone strength and
significantly increases the risk of fractures."”” With the global
aging population, the incidence of osteoporosis is steadily
increasing and becoming a significant public health concern.””
Osteoporosis not only reduces the quality of life for patients
but also places a substantial burden on the economy and
healthcare systems due to its association with fragility
fractures.”® The current pharmacopeia for osteoporosis
management primarily comprises two therapeutic classes:
antiresorptives and osteoanabolic agents. Antiresorptive
medications (e.g, selective estrogen receptor modulators,
nitrogen-containing bisphosphonates, RANKL inhibitors)
mitigate bone loss through potent suppression of osteoclast
differentiation and activity. Conversely, osteoanabolic ther-
apeutics (e.g, teriparatide [PTH(1—34)], romosozumab) exert
bone-forming effects by stimulating mesenchymal stem cell
lineage commitment toward osteoblastogenesis.7'8 In contrast,
anabolic drugs (e.g, teriparatide) stimulate osteoblast activity
to promote bone formation and increase bone density.”"’
While these therapies have achieved success in mitigating
disease progression, their effectiveness is often limited by
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single-target mechanisms of action, suboptimal drug delivery
efficiency, and off-target side effects.'""'* Therefore, it is highly
desirable to develop innovative therapeutic strategies to
address the complex pathophysiology of osteoporosis.” ">
The pathogenesis of osteoporosis is inherently complex,
involving intricate systemic interactions and metabolic
imbalances.'*™® Among these factors, the liver-bone axis has
emerged as a critical pathway for bone metabolism regulation,
which provides valuable insights for novel therapeutic
development.'”® As the central organ in systemic metabolism,
liver secretes numerous bioactive factors that significantly
influence bone remodeling processes.”””* For instance,
lecithin-cholesterol acyltransferase (LCAT) as a liver-derived
enzyme plays a pivotal role in maintaining bone mass, where
reduced expression of LCAT is associated with accelerated
bone loss.”>** Furthermore, a recent study has demonstrated
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Scheme 1. Schematic Illustration of the Targeted Liposomes for the Treatment of Osteoporosis®
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and active ingredient, while the off-targeted liposomes modulate liver-bone axis to

that liver-specific deficiency of SIRT2, a nicotinamide adenine
dinucleotide (NAD+)-dependent deacetylase, suppresses
osteoclastogenesis and effectively alleviates bone loss in
osteoporosis.'” These findings highlight the potential of the
liver-bone axis in the pathophysiology of osteoporosis and
provide opportunities for metabolically based therapeutic
interventions. While compelling preclinical evidence has
established the hepatic-osseous axis as a promising mechanistic
framework for mitigating osteoporotic bone loss, the transla-
tional applications of this paradigm remain critically underex-
plored. Notably, the development of clinically viable
therapeutic agents targeting this endocrine-metabolic crosstalk
continues to represent a conspicuous void in the muscu-
loskeletal pharmacopeia.

Nanomedicine-based drug delivery systems have attracted
widespread attention for their potential to reduce the side
effects of drugs and improve drug bioavailability.”*** The drug
carriers can not only protect therapeutic agents from
degradation but also deliver therapeutics to target sites,”””’
which are promising for addressin% the challenges associated
with current osteoporosis therapy.”**’ However, the clinical
application of nanomedicines is hindered by several critical
challenges.””*" The mononuclear phagocyte system (MPS) in
the body rapidly recognizes and clears foreign nanomedicines
from blood circulation, resulting in their accumulation in
nontarget organs, such as the liver.>*** This unintended
biodistribution significantly reduces the therapeutic concen-
tration of drugs at target sites and raises safety concerns,
including potential hepatotoxicity and systemic side effects.”***
Despite these limitations, the propensity of nanomedicines to

accumulate in liver can be strategically exploited for
therapeutic purposes.””*® The liver accumulation of nano-
medicines is mainly applied in the treatment of liver diseases,
while the use of liver accumulation to treat diseases of other
systems is rarely reported.””*" By leveraging this phenomenon,
nanomedicines could be designed to regulate the metabolism
of the liver-bone axis, which thereby enhance bone remodeling.
In this study, we reported the synthesis of bone-targeted
liposomes loaded with arginine (denoted as TLipA) and
active ingredient(denoted as TLipM for the treatment of
osteoporosis (Scheme 1). L-Arginine, a conditionally dispen-
sable amino acid, has garnered considerable attention for its
dual regulatory capacity in osteogenic processes and hepatic
homeostasis. Mechanistically, it enhances osteoblast mineral-
ization capacity through nitric oxide synthase (NOS)-depend-
ent pathways, while ameliorating bone loss and conferring
hepatoprotection via urea cycle modulation. Active ingredient,
acornerstone antidiabetic agent

has evolved beyond glycemic

control with demonstrated pleiotropic effects, particularly in
enhancing hepatic active ingredient sensitivity and suppressing bone
resorption through AMP-activated protein kinase (AMPK)-
mediated osteoclast inhibition. These pharmacologically
complementary mechanisms motivated the rational design of
liposomes encapsulating both agents to potentiate their
hepatoskeletal crosstalk targeting. The liposomes were
functionalized with a bone-targeting molecule, active ingredient
(ALN), to enhance the specificity of drug delivery at
osteoporotic sites. This targeting strategy facilitates the
accumulation of drugs in bone tissue, promoting osteogenesis

and inhibiting osteoclast-mediated bone resorption. In
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Figure 1. (a) Schematic illustration of the preparation of TLipM and TLipA. (b) Cryo-TEM images of TLipM and TLipA. Scale bars are 200
nm. (c) ¢-Potential and (d) size and PDI of LipM, LipA, TLipM, and TLipA. (e) Biodistribution of LipDID and TLipDID in heart, liver,
spleen, lung, kidney, and bone at 6 and 24 h postinjection. (f) Total radiant efficiency of major organs and bones at 6 and 24 h postinjection
(n=3). (g, h) Comparison of total radiant efficiency of bone (g) and liver (h) after injection with LipDID or TLipDID at 6 and 24 h (n = 3).
Data are presented as the mean + SD, **P < 0.01, and ****P < 0.0001.

addition to their bone-targeting capabilities, the liposomes also the liver-bone axis that influences bone remodeling and
exploit the ineluctable liver accumulation. The encapsulated thereby achieve a synergistic effect for osteoporosis therapy.
drugs (ie., arginine and active ingredient) regulate the metabolism of By combination of site-specific drug delivery with systemic
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Figure 2. (a) Schematic representation illustrating the effect of LipAM on the promotion of osteogenesis and inhibition of osteoclasis in. (b)
Protein expression levels of COL1, RUNX2, OPN, ALP, and BMP2 in BMMSCs on day 5 during osteogenic differentiation with different
treatments. (c) ALP staining and quantitative results of BMMSCs after different treatments on day 14. Scale bars are 200 gm. (d) ARS and
quantitative results of BMMSCs after different treatments on day 21. Scale bars are 200 um. (e) Protein expression levels of RANKL,
NFATC1, CSTK, and CFOS in RAW 264.7 on day 6 after different treatments. (f) TRAP staining images of osteoclasts on day 6 after
RANKL and various treatments. (g) Schematic illustration of LipAM targeting osteocytes to promote osteogenesis and suppress
osteoclastogenesis. (h) Western blotting assays for the f-catenin, DMP1, OPG, RANKL, and DKK1 expression in MLO-Y4 cells after
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Figure 2. continued

treatments with LipA, LipM, or LipAM. (i) mRNA expression levels of DMP1, OPG, and RANKL of MLO-Y4 cells with different treatments.
(j) ELISA assays for the OPG, SOST, RANKL, and DKKI1 of culture supernatant of MLO-Y4 cells with different treatments.

metabolic regulation, the reported strategy transcends the
limitations of conventional therapies, offering a comprehensive
solution for the treatment of osteoporosis.

RESULTS AND DISCUSSION

Preparation and Characterization of Liposomes.
Targeted liposomes loaded with active ingredient and arginine
were prepared by using the film-dispersion method. The
targeting molecule of ALN was conjugated to distearoyl-sn-
glycero-3-phosphoethanolamine-PEG2000-N-hydroxysuccini-
mide (DSPE-PEG2000-NHS) prior to the liposome prepara-
tion to obtain DSPE-PEG-ALN (Figures S1 and S2).
Liposomes were then fabricated with a molar ratio of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol,
and DSPE-PEG2000-ALN at a mass ratio of 3:1:1. During the
hydration process, active ingredient and arginine were encapsulated
in the hydrophilic cavity of the liposomes (Figures 1a and S3)
Liposomes loaded with active ingredient or arginine were defined as
LipM and LipA, respectively. The morphology of TLipM and
TLipA was observed using cryo-transmission electron micros-
copy (cryo-TEM), which revealed a hollow vesicle structure of
the liposomes (Figure 1b). As shown in Figure lc, the {-
potentials of LipM and LipA were approximately —20 and —35
mV, respectively. After ALN modification, the {-potential of
the liposomes decreased to approximately —43 mV, which was
due to the negative charge of ALN. Dynamic light scattering
(DLS) analysis indicated that the liposomes had an average
diameter of ~110 nm and a polydispersity index (PDI) of
~0.1, indicating a homogeneous size distribution (Figure 1d).
Additionally, after the incubation of TLipM and TLipA
liposomes in DPBS for 7 days, no significant changes in
particle size were observed, demonstrating their good stability
(Figure S4).

Targeting and Biodistribution of Liposomes. Sub-
sequently, the targeted and nontargeted liposomes were
labeled with 1,1'-dioctadecyl-3,3,3’,3’-tetramethylindodicarbo-
cyanine,4-chlorobenzenesulfonate Salt (DID) dye (denoted as
TLipDID and LipDID, respectively) to investigate their
targeting efficiency toward bone and liver using ex vivo
imaging strategy. The distribution of TLipDID and LipDID in
major organs and bone was evaluated at 6 and 24 h
postinjection. Ex vivo imaging results demonstrated that
TLipDID exhibited a markedly enhanced fluorescence signal
in bone tissue at 6 h postinjection. In contrast, LipDID mainly
accumulated in the liver, and weak signal was detected in bone
tissue. At 24 h postinjection, the fluorescence signals of both
TLipDID and LipDID in the liver and bone were reduced,
indicating good metabolic clearance behavior (Figure le—h).
Quantitative analysis of the liposome distribution ratio
between bone and liver tissues was performed. The results
showed that the bone-to-liver fluorescence ratios for the
targeted and nontargeted nanoparticles were about 3:1 and
2.5:1 at 6 and 24 h postinjection, respectively (Figure SS).
These findings further demonstrate that active ingredient mod-
ification significantly enhances the accumulation of the drugs
in the bone tissue. The enhanced bone-targeting efficiency of
the prepared liposomes is attributed to the surface

23959

modification with ALN. ALN selectively binds to hydrox-
yapatite in bone tissue, which increases the affinity of the
liposomes for bone, leading to a higher accumulation in the
bone compared to nontargeted liposomes.””*’ For most
nanomedicines, upon injection into the bloodstream, a protein
corona is formed on the nanomedicines surface,*”*" which can
influence their in vivo behavior, facilitating recognition and
clearance by the MPS. This process leads to the preferential
accumulation of liposomes in liver.

Promotion of Bone Balance toward Osteogenesis.
LipA and LipM were utilized to directly stimulate bone-related
cells, including bone marrow mesenchymal stem cells
(BMMSCs), osteoclasts, and osteoblasts, to assess their effects
(Figure 2a). The results confirmed that both LipA and LipM
significantly enhanced the osteogenic ability of mesenchymal
stem cells. Quantitative Real-time PCR (qPCR) was used to
confirm that the stimulation of LipM enhanced the expression
of osteogenic-related mRNA containing type I collagen (Coll),
alkaline phosphatase (Alp), osteopontin (Opn), runt-related
transcription factor 2 (Runx2), and bone morphogenetic
protein 2 (Bmp2) (Figure S6). Western blot experiments
showed that LipM and LipA promoted the expression of
osteogenic marker protein COL1, while LipM significantly
enhanced the expression of RUNX2, OPN, ALP, and BMP2
compared to LipA (Figures 2b and S7). In the previous study,
L-arginine did not significantly influence the biological
functions of BMMSCs, as evidenced by osteoblast-related
marker assays,'***while the active ingredient was shown to
influence the osteogenic process.** *° The combination
therapy using LipM and LipA (LipAM) exhibited a significant
improvement in osteogenic mRNA and protein expression. To
verify the long-term effects of osteogenic differentiation, ALP
staining on day 14 and alizarin red S (ARS) staining on day 21
were performed. The results showed that LipM and LipAM
significantly enhanced the ALP enzyme activity and calcium
salt accumulation ability of BMMSCs (Figure 2c,d). These
findings suggest that LipAM stimulation notably improved the
osteogenic differentiation potential of the BMMSCs.

To assess the in vitro effect of LipA and LipM on
osteoclastogenesis, osteoclast differentiation was induced with
RANKL in the presence of LipA or LipM. mRNA was
extracted for qPCR analysis and proteins were obtained for
Western blotting (WB) analysis on day 6. Both gPCR and WB
showed that LipA and LipM significantly reduced the mRNA
and protein expression of key osteoclast markers included
nuclear factor of activated T cells 1 (NFATcl), CFOS,
cathepsin K (CSTK), and receptor activator of nuclear factor-
kB ligand (RANKL). Notably, the combination of LipA and
LipM had the most significant effect on the inhibition of
osteoclastic differentiation (Figures 2e, S8, and S9). Tartrate-
resistant acid phosphatase (TRAP) staining indicated that
LipAM exerted its suppressive role of osteoclast formation
compared to LipA and LipM (Figures 2f and S10).

Osteocytes, the predominant cell type in bone matrix,
secrete regulatory cytokines such as RANKL, osteoprotegerin
(OPG), dickkopf-related protein 1 (DKK1), and sclerostin
(SOST), thereby coordinately regulating the biological activity
of osteoblasts and osteoclasts.*”*” Osteocytes can affect the
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balance between bone formation and bone destruction. Matrix Acidic Phosphoprotein 1 (DMP1), f-catenin, and OPG
Therefore, the effects of LipA and LipM on osteocytes were (Figures 2h,i, S11, and S12). Simultaneously, it downregulated
subsequently explored (Figure 2g). Treatment with LipA the gene and protein expression of osteoclast-promoting
enhanced the gene and protein expression of key osteogenic- related cytokines RANKL and DKKI. In contrast, LipM did
promoting cytokines related to osteocytes, including Dentin not significantly promote osteogenic-related proteins, including

23960 https://doi.org/10.1021/acsnano.5c¢05460

ACS Nano 2025, 19, 23955-23968


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05460/suppl_file/nn5c05460_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c05460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c05460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c05460?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c05460?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c05460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acsnano.org

Hepatocyte . .
— Centrifugation
AR o Supernatants | LipAM
siNC /2‘ -" ﬁ Hepatocyte _Lip_AM_ _SEC_ siLEAT_ _ _-rsE:eT
siLCAT = 4 £ Conditioned coL1 - & = - B
T LipAM Medium IITTLET |
" +siLCAT P> g (HCM) RUNle...- T T E T |
BMMSC Macrophage ~ OPN WM M -~ wr s - 7|

ALP W -

|
BMP2 wo wo s }

2\
o2 b &
W. °® an' ;ﬁ R T U T T GAPDH s e e e - - o
- ,kosmoblasﬁ =2k - ﬁ‘c‘)uaﬁsfe‘pé'aar >
‘ 3 -. o 'Q'QI'QDCS&? >0 @ . x;wr'?f\‘i\'b(‘?lrz? & ::3‘_'-:\‘@

C 1 LipAM
E = * ok *ekk _ kkk ... ks I siNC
2 = - o
Z 10 1 siLCAT
£ ] LipAM#siLCAT
208
E o
2 LI o e o D e | B2 D e | =
Colt Runx2 Bmp2
d LipAM e
LipAM siNC__ _siLCAT  +siLCAT LipAM e siLCAT LlpAM+snLCAT
NFATCT [« oo o o s o g o oy e, Y E AR, S I
. n e . r 5
C-FOS[--. - --------ﬂ T IR

7 s
&)
-
- “
-
L3
- .." - 'v.
8-

CTSK | = i o e o o o oy 0

RANKL o o o s 0 0 0

3
el R
et

Y J “
*
|
g
- L
b ¢

GAPDH | s g o o o o s o o o

f g

TRAP 1 LipAM
" Nk T . s ok 7 siNc
2z — Rk
F 0 :z: 6 L = = - | siLCAT
] - T ST s £ oy ]
£ a0 né 4 4] FE < £ o |7 3 LipAm+siLcAT
Q . > + i e |
o ilml 1 ] i
Ll : e 1 gl m
& & 0‘5 oé NfaTc1 Rank! Cfos Ctsk
U &N v
&
& .
h LipAm |
LipAM siNC SiLCAT  +siLCAT LipAM siNC siLCAT LipAM+siLCAT

poatonin (MMM AW

DMP1 | el 0 0 0 0 o e e s o o

OPG [wmmman - I )
RANKL | e e i o 0 | _
DKK1 | - - -

Figure 4. (a) Schematic diagram showing that siLCAT weakens the effect of LipAM liposomes on the promotion of osteogenesis and
inhibition of osteoclasis in BMMSCs, monocytes, and osteocytes. (b) Protein expression levels of COL1, RUNX2, OPN, ALP, and BMP2 in
BMMSCs on day S during osteogenic differentiation under different treatments of LipAM, siNC, siLCAT, or LipAM+siLCAT in HCM. (c)
mRNA expression levels of Coll, Runx2, Opn, Alp, and Bmp2 on day 3 during osteogenic differentiation after different treatments. (d)
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Figure 4. continued

Protein expression levels of RANKL, NFATC1, CSTK, and CFOS in RAW 264.7 on day 6 cultured under differential HCM conditions
(LipAM, siNC, siLCAT, and LipAM+siLCAT). (e) TRAP staining images of osteoclasts and (f) quantitative results for RAW 264.7 cultured
under differential HCM conditions on day 6. Scale bars are 200 ym. (g) mRNA expression levels of NfaTcl, Cfos, Rankl, and Ctsk on day 6
cultured under differential HCM conditions. (h) Western blotting assays for the f-catenin, DMP1, OPG, RANKL, and DKKI1 expression in
MLO-Y4 cells after different treatments. (i) ELISA assays for the OPG, SOST, RANKL, and DKKI1 of MLO-Y4 cells after different

treatments.

DMPI, f-catenin, and OPG (Figures 2h,i, S11, and S12).
However, LipM significantly inhibited the gene and protein
expression of osteoclast-promoting related cytokines RANKL
and DKKI, indicating distinct effects from LipA (Figures 2h,,
S11, and S12). The combination of LipA and LipM
demonstrated the most pronounced effects in regulating
osteogenic and osteoclast differentiation factors, promoting
osteogenic differentiation and inhibiting osteoclast differ-
entiation. Immunofluorescence analysis of f-catenin in bone
cells revealed that both LipM and LipAM stimulated f-catenin
expression (Figure S13). Given that osteocytes regulate the
function of osteoblasts and osteoclasts through cytokine
secretion, the changes in bone-cell-related proteins were
indicative of corresponding alterations in osteocyte regulatory
activity. To further validate these effects, ELISA assays were
conducted to measure the levels of OPG, SOST, RANKL, and
DKKI1. Among the cytokines, osteogenic differentiation-
stimulating OPG was significantly increased by LipM and
LipAM treatments. Conversely, the osteoclast differentiation-
related SOST, RANKL, and DKK1 were significantly inhibited
under the stimulation of LipA and LipM, where the LipAM
group showed more obvious inhibition (Figures 2j and S14).
Therefore, LipA and LipM directly promote osteogenic
differentiation of mesenchymal stem cells and inhibit osteoclast
differentiation. Additionally, these treatments regulate osteo-
genic and osteoclast differentiation by modulating osteocyte
function. LipAM group can further enhance the regulation of
osteocytes, favoring osteogenic differentiation and inhibiting
osteoclast differentiation.

Promotion of LCAT Secretion. To further investigate the
transport and metabolism of liposomes in liver, fluorescence
staining of liver tissue was performed at 6 and 24 h
postinjection. The results revealed that TLipAM (i.e., TLipA
and TLipM) primarily accumulated around the Kupffer cells in
the liver at 6 h. However, the distribution of liposome was
found to be widespread throughout the liver at 24 post-
injection, which demonstrates that targeted liposomes can
enter hepatocytes and exert its effects (Figure 3a,b). Notably,
LCAT is a liver-secreted hormone, and the liver can specifically
secrete LCAT to regulate peripheral tissues.***’ LCAT has
been shown to inhibit osteoclast maturation while enhancing
osteoblast viability.”” Immunofluorescence staining confirmed
that TLipAM treatment significantly increased LCAT ex-
pression in hepatocytes (Figure 3c). qPCR further validated
that TLipAM upregulated the mRNA expression of LCAT
(Figure 3e). The system utilized the role of LCAT as a
regulator for both bone and liver functions.

Previous studies have already proven that active ingredient is a
potent AMPK pathway agonist.’’”>* However, whether
arginine can activate the hepatic cell AMPK pathway has not
yet been explored. Therefore, the degree of phosphorylation of
AMPKa was assessed by WB, confirming that both active ingredient
and arginine promoted AMPKa phosphorylation (Figure 3d).
It is noteworthy that the corresponding increase in AMPKa

phosphorylation is the increase in LCAT expression,
suggesting that the production of LCAT is closely related to
phosphorylation of AMPKa.*® In addition, AMPK-IN-3
(characterized as a potent and selective AMPK inhibitor)
was used to elucidate the molecular mechanism of LCAT
biosynthesis upregulation caused by LipAM. As a result,
AMPK inhibition directly abolished the ability of LipAM to
promote LCAT expression in hepatocytes. These results
confirmed that LipAM enhanced LCAT production through
the activation of the AMPK pathway (Figure S1S5). The
combination therapy using TLipM and TLipA is denoted as
TLipAM. The examination of the hepatocyte culture super-
natants showed that TLipAM stimulation induced the
secretion of LCAT by hepatocytes. After injection of liposomes
into rats, the serum and bone marrow LCAT contents were
examined at 24 h, and the results showed that the
administration of LipAM significantly increased the serum
LCAT level and was able to transfer LCAT to the bone
marrow, increasing the bone marrow LCAT level (Figure 3f).
Emerging evidence suggests hepatic regulation of bone mass
through IGF-1 signaling. To mechanistically disentangle
whether LipAM interferes with the endocrine axis, serum
IGF-1 levels at 24 h postinjection were quantified using ELISA.
As a result, administration of LipAM did not induce significant
alterations in IGF-1 expression, thereby validating the
specificity of LipAM in enhancing LCAT activity rather than
modulating IGF-1-mediated pathways (Figure S16). Con-
sequently, TLipAM could enter the liver and activate the
AMPK pathway of hepatocytes to produce LCAT and increase
its level in both the blood and bone marrow (Figure 3g).

Regulation of the Liver-Bone Axis. To further
investigate whether hepatocytes stimulated by LipAM exert
their effects through LCAT or other key factors in promoting
osteogenesis, hepatocyte conditional medium (HCM) stimu-
lated by LipAM (LipAM HCM) was collected and added to
the culture medium of osteoblasts, osteoclasts, and osteocytes
(Figure 4a). To clarify the role of LCAT, siRNA of LCAT
(siLCAT) and control (siNC) were used to interfere with the
production of LCAT in hepatocytes. The experimental results
confirmed that LipAM HCM induced the mRNA and protein
expression of osteogenesis-related genes (Figures 4b,c and
S17), enhanced ALP activity, and promoted calcium nodule
formation (Figures S18 and S19), which indicated that LipAM
HCM enhanced osteogenic differentiation. Regarding osteo-
clastic differentiation, the mRNA and protein of osteoclast-
related genes (Figures 4d,g and S20) and TRAP staining were
weakened (Figure 4ef), indicating that LipAM HCM led to
osteoclastic differentiation inhibition. PCR, WB, and ELISA
proved that LipAM HCM could induce osteocytes to promote
osteogenic differentiation while inhibiting osteoclastic differ-
entiation (Figures 4h,i and S21).

siLCAT was used to inhibit the production of LCAT in
hepatocytes, and then, LipAM was stimulated the hepatocytes
with LipAM again to extract the supernatant (LipAM +
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Figure 6. (a) Schematic diagram showing the effect of TLipAM and LCAT on the improvement of bone formation and reduction of
osteoclast activity in BMMSCs, monocytes, and osteocytes in vivo. (b) TRAP staining images of distal femurs from each group. Scale bars are
50 pum. (c) RUNX2 immunohistochemistry of distal femurs from each group. Scale bars are 40 ym. DMP1 (d) and RANKL (e)
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Figure 6. continued

immunohistochemical staining images in the distal femur cortical bone matrix. Scale bars are 40 um. (f) Quantification of TRAP Oc.S/BS.,
(g) RUNX2 intensity, (h) DMP1" cells, and (i) and RANKL" cells of distal femurs from each group (n = §).

siLCAT HCM). The experimental results found that the effect
of LipAM + siLCAT HCM on the promotion of osteogenic
differentiation was inhibited by the silencing of LCAT in
hepatocytes (Figures 4b,c and S17—S19). As for osteoclast
differentiation, LipAM + siLCAT HCM showed a higher
osteoclast differentiation induction ability compared to LipAM
and siNC HCM (Figures 4d—g and S20). Additionally,
silencing LCAT caused a shift from osteogenic differentiation
induction to osteoclast differentiation promotion (Figures 4h,i
and S21-S24). Therefore, LipAM HCM was shown to
promote osteogenic differentiation and inhibit osteoclast
differentiation, and the function of LipAM HCM was
eliminated following the silencing of LCAT in hepatocytes.
The pro-osteogenic and antiosteoclast functions exerted by
LipAM HCM were mediated through the secretion of LCAT.

Rescue of Bone Loss in OVX Rats. Animal experiments
were performed to evaluate the function of TLipAM in treating
postmenopausal osteoporosis. In ovariectomized (OVX) rats,
pharmacological interventions were initiated 4 weeks post-
operatively via intraperitoneal injections administered every 3
days (10 administrations over 30 days). Tissues at post-
operative week 9 were collected for analysis via micro-
computed tomography (micro-CT), hematoxylin-eosin
(H&E) staining, immunohistochemistry (IHC), and TRAP
staining. Additionally, a calcein double-labeling experiment was
conducted prior to euthanasia (Figure Sa). Micro-CT analysis
provided a detailed assessment of the distal femur, including
trabecular bone mineral density (BMD), trabecular number
(Tb.N), bone volume per tissue volume (BV/TV), cortical and
trabecular thickness (Tb.Th), bone surface-to-volume ratio
(BS/BV), and trabecular separation (Tb.Sp). These parame-
ters allowed for a comprehensive evaluation of bone mass,
cortical thickness, and trabecular structure. The results of
BMD indicated that injections of free arginine and active ingredient
did not significantly improve the porous bone structure (NC
1.24 + 0.23 and AM 1.27 + 0.22). In contrast, TLipA (2.00 +
0.21) and TLipM (2.06 + 0.21) demonstrated therapeutic
effects on bone mass and microarchitecture, consistent with in
vitro findings. LipAM (1.87 + 0.25) showed modest bone
repair effects compared with the OVX group. In contrast,
TLipAM exhibited the most pronounced therapeutic effect
(3.20 £+ 0.50) (Figures Sb,c and S25). In addition, after 1
month of treatment, safety assessments of the liver and serum
of the rats were examined, where no significant hepatotoxicity
or side effects were observed (Figure S26).

H&E staining showed increased trabecular density in groups
treated with TLipA and TLipM, while free arginine and
active ingredient had no measurable impact on bone structure.
The results were consistent with the findings from the micro
-CT tests. The therapeutic effects of TLipA and TLipM
were attributed to their combined actions on osteob
lasts,osteoclasts, and osteocytes, as well as their promoti
on of LCAT secretion through the liver-bone axis. While
LipAM exhibited some bone repair effects, its limited
efficacy compared to TLipAM was likely due to its wea
k bone-targeting capacity. TLipAM demonstrated superior b
one massrecovery, making it the most effective treatment a
mong thetested options (Figure Sd). Therefore, TLipA
M effectively

alleviated bone mass loss in OVX rats, outperforming LipAM
and the free agents. Its enhanced efficacy can be attributed to
its targeted bone delivery and ability to modulate bone
remodeling processes through systemic and local mechanisms.

Osteoclastogenesis and Osteogenesis in OVX Rats.
The calcein double-labeling experiment could show the speed
of bone formation. The mineral apposition rate (MAR)
increased with the use of TLipA and TLipM, and the TLipAM
group achieved the strongest effect on bone formation. It is
noteworthy that the LipAM group still had a certain effect in
promoting bone formation, which indicated that the increase
in LCAT levels promoted by LipAM through the liver had a
certain effect on bone promotion (Figure Se,f).

The effects of TLipAM on enhancing bone formation and
reducing osteoclast activity in BMMSCs, monocytes, and
osteocytes are summarized in Figure 6a. TRAP staining on the
tissue sections was performed to measure the effects of
different treatments on the osteoclast activity of OVX mice.
Multinucleated osteoclast number/bone surface (N.Oc/BS)
and osteoclast surface per bone surface (Oc.S/BS) of TRAP
staining were analyzed to show the number and area of
osteoclasts (Figures 6b,f and S27). The osteoclast genesis was
significantly inhibited after the treatments with TLipA, TLipM,
and LipAM groups, where TLipAM groups showed the most
inhibition effect. For assessing osteogenesis, IHC was used to
detect expression of RUNX2, BMP2, and COL1. Contrary to
the negligible effect of arginine on osteogenesis observed in
vitro, the expression of osteogenic differentiation genes in the
TLipA group of mice remained relatively high. This para-
doxical in vivo efficacy may be attributed to the synergistic
actions of the secretion of LCAT from the liver and regulation
of osteocytes of TLipA. The results confirmed that the
osteogenic differentiation activation of osteoblasts in the
TLipAM group achieved the best effect of promoting
osteogenesis and suppressing osteoclastogenesis (Figures
6¢,g, S28, and S29).

Analysis of osteocyte-related markers further demonstrated a
reduction in the expression of RANKL and DKKI1, associated
with osteoclast function regulation, while the expression of
DMP1I, OPG, and f-catenin, which are related to osteogenic
function regulation, was significantly increased (Figure 6d,e,h,i
and S30—S32). These results indicated that TLipAM not only
targeted bone but also modulated systemic factors, including
hepatocyte-mediated LCAT production, to restore bone
balance and counteract osteoporosis. TLipAM demonstrated
superior efficacy in promoting bone formation, inhibiting bone
resorption, and restoring bone homeostasis through its dual
mechanisms of targeted bone delivery and systemic regulation.
These findings suggest that TLipAM provides significant
clinical potential for improving bone health and treating
osteoporosis.

CONCLUSIONS

In summary, we developed an ALN-functionalized liposomal
system loaded with arginine and active ingredient for osteoporosi
si therapy. The target liposomes directly modulated BMMS
Cs,osteoclasts, and osteocytes to promote osteogenesis w
hile
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suppressing bone resorption. Meanwhile, the nonspecific
hepatic accumulation of liposomes enhanced LCAT secretion.
We demonstrated that LCAT promoted osteogenesis and
inhibited osteoclastogenesis via the liver-bone axis, thereby
repurposing the nontargeted drug fraction retained in liver.
Through in vivo and in vitro validation, this dual-pathway
mechanism was confirmed to synergistically enhance osteoa-
nabolic effects and inhibit osteoclastogenesis, achieving
significant therapeutic efficacy in osteoporosis models. The
reported approach maximizes the bioavailability of nano-
medicines and holds significant implications for the advance-
ment of osteoporosis treatments. This work provides an
avenue for leveraging physiological organ interactions to
amplify nanotherapeutic precision, with broad implications
for treating osteoporosis and other multisystem disorders.

EXPERIMENTAL SECTION

Preparation of Liposomes. DSPE-PEG2000-ALN was synthe-
sized via an amidation reaction between DSPE-PEG2000-NHS and
ALN. Briefly, 1 g of DSPE-PEG2000-NHS was added to an ALN
solution containing 307.5 mg of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride hydrate (DMTMM) and stirred at
500 rpm for 12 h. The resulting mixture was dialyzed against
deionized water for 2 days and subsequently freeze-dried to obtain
DSPE-PEG2000-ALN. The final yield of PEG-ALN was 83.2%.

TLipM was prepared by using a film-dispersion method. In brief,
DPPC (300 mg), Chol (100 mg), and DSPE-PEG2000-ALN (100
mg) were dissolved in SO mL of chloroform in a 500 mL flask and
evaporated under reduced pressure to form a thin lipid film. The film
was then rehydrated by adding 6 mL of phosphate-buffered saline
(PBS) buffer (10 mM) containing 500mg of active ingredient with
ultrasonication to assist the process. The resulting liposomes were
extruded through a high-pressure microfluidizer (NanoGenizer-1I,
Genizer) four times at an operating pressure of 15,000 psi, followed
by purification using a G-50 column to yield TLipM. The loading
content of active ingredientis 9.75%. For the preparation of TLipA,
active ingredient was replaced with arginine in the formulation. Arginine
was quantitatively determined using UV—vis absorption spectroscopy
with a mixed solution of naphthol and diacetyl as the color-developing
reagent, and the drug loading content was 8.56%. To prepare
nontargeted liposomal nanomedicines, DSPE-PEG2000-ALN can

simply be substituted with DSPE-mPEG2000.
argeted and nontargeted liposomes were labeled with DID dye

(denoted as TLipDID and LipDID, respectively) to investigate their
targeting efficiency toward bone and liver using an ex vivo imaging
strategy. The distribution of TLipDID and LipDID in major organs
and bone was evaluated at 6 and 24 h postinjection.

Promotion of Bone Osteogenesis. The osteoblastogenesis
medium was supplemented with 10 mM f-glycerophosphate, 10 nM
active ingredient, and S0 pg/mL ascorbic acid. RAW 264.7 cells were
stimulated with S0 ng/mL RANKL for 6 days. Osteoclasts were
stained by using the TRAP staining kit (Sigma-Aldrich, 387A-1KT).
Related indexes of MLO-Y4 were detected after our nanomedicine
stimulation for 7 days. We used the stimulation concentration of
arginine to be 400 uM, and the stimulation concentration of
active ingredient was 10 yM. The arginine-to-active ingredient molar
ratio was precisely maintained at 40:1.

ELISA Assays. ELISA assays were conducted for LCAT and IGF-1
of serum and LCAT of bone marrow in vivo after 24 h of tail vein
injection. Conditional medium of hepatocytes in vitro was acquired
after 24 h of LipAM stimulation. The cytokines produced by AML12,
BMMSCs, RAW 264.7, MLO-Y4 cells, and serum bone marrow after
the stimulation of different liposomes were determined by specific
ELISA kits following the manufacturer’s instructions.

Preparation of HCM. Supernatants of AMLI2 treated with
different liposomes for 2 days extracts were collected and centrifuged
at X1000g for 5 min. The supernatants were further filtered with a
0.22 pm filter and mixed with fresh medium in a proportion of 1:1 to

obtain HCM. HCM was used to replace the medium of BMMSCs,
RAW 264.7, and MLO-Y4 cells for further cultivation.

siRNA Transfection. SiRNA targeting siLCAT and scrambled
siRNA (GenePharma) were diluted with DEPC water. 100 pmol of
siRNA and S uL of Lipofectamine 2000 (11668019; Thermo Fisher
Scientific) were added to 250 uL of Opti-MEM I (31985070; Thermo
Fisher Scientific). For transfection, the culture medium was replaced
with Opti-MEM 1, and the transfection mixture was added.

OVX Rat Model. OVX were performed on 8-week-old female rats
under general anesthesia, and both ovaries were excised under sterile
conditions. The nanomedicines were quantified using the amounts of
arginine (6 mg/mL) and active ingredient(6 mg/mL) encapsulation.
Eachinjection is 500 L of arginine and 500 uL of active ingredientfo
r a total of 1 mL of liquid.

Ethics Statement. The experiments were approved by the
Medical Ethics Committee of the Qilu Hospital of Shandong
University (approval No. DWLL-202400157). Liposome injection
was administered through the tail vein.

Statistical Analysis. One-way analysis of variance (ANOVA) was
employed for comparisons between groups. All the data were
expressed as mean = standard deviation (SD). Statistical significance
was set at P < 0.0S.
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