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Sequential Targeting Chondroitin Sulfate-Bilirubin
Nanomedicine Attenuates Osteoarthritis via
Reprogramming Lipid Metabolism in M1 Macrophages

Caifeng Deng, Yongbing Xiao, Xuan Zhao, Hui Li, Yuxiao Chen, Kelong Ai, Ting Jiang,

Jie Wei,* Xiaoyuan Chen,* Guanghua Lei,* and Chao Zeng

The infiltration and excessive polarization of M1 macrophages contribute to
the induction and persistence of low-grade inflammation in joint-related
degenerative diseases such as osteoarthritis (OA). The lipid metabolism
dysregulation promotes M1 macrophage polarization by coordinating the
compensatory pathways of the inflammatory and oxidative stress responses.
Here, a self-assembling, licofelone-loaded nanoparticle (termed LCF-CSBN),
comprising chondroitin sulfate and bilirubin joined by an ethylenediamine
linker, is developed to selectively reprogram lipid metabolism in macrophage
activation. LCF-CSBN is internalized by M1 macrophages via CD44-mediated
endocytosis and targets the Golgi apparatus accompanied with the reactive
oxygen species-responsive release of licofelone (LCF, dual inhibitor of
arachidonic acid metabolism). LCF-CSBN effectively promotes M1 to M2
macrophage transition by reprogramming the Golgi apparatus-related

-
~

1. Introduction

Macrophages are essential components
of the innate immune system and display
functional plasticity as they respond to dif-
ferent stimuli in physiological and patho-
physiological ~settings.['*)  Macrophages
fulfil various homeostatic functions, in-
cluding maintenance of tissue homeostasis,
resolution of inflammation, inflammatory
mediation during host defense, tissue
remodeling, and metabolic regulation. Two
distinct macrophage polarization states
exist: the M1 (classically activated) and
M2 (alternatively activated) macrophages.
Chronic low-grade inflammation, charac-

sphingolipid metabolism and arachidonic acid metabolism. Intra-articularly
injected LCF-CSBN retains in the joint for up to 28 days and accumulates into
M1 macrophages. Moreover, LCF-CSBN can effectively attenuate joint
inflammation, oxidative stress, and cartilage degeneration in OA model rats.

These findings indicate the promising potential of

lipid-metabolism-reprogramming LCF-CSBN in the targeted therapy of OA.

terized by the infiltration and activation
of M1 macrophages, plays a vital role in
the pathogenesis of joint-related degen-
erative diseases such as osteoarthritis
(OA).B*  Low-grade inflammation is
primarily characterized by the increase
in the levels of several inflammatory
mediators.’] The excessive polarization of
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M1 macrophages helps establish an inflammatory microenvi-
ronment and contributes to the maintenance of inflammation.®!
Thus, selectively enhancing the M1 to M2 phenotypic transition
of macrophages may inhibit low-grade inflammation and sup-
press the progression of OA.

Cellular metabolism has emerged as a critical regula-
tor of macrophage activation, function, and phenotype. In-
deed, distinct metabolic programs are necessary to control
macrophage polarization, leading to the transcriptional activa-
tion of pro-inflammatory or anti-inflammatory genes.['! Changes
in macrophage metabolism have emerged as a key regulator of
inflammation, with macrophage function and polarization be-
ing closely linked to metabolic shift.l’- Targeting the metabolic
regulatory pathways of macrophages, rather than focusing solely
on their traditional immune phagocytosis function, can play a
more significant role in maintaining tissue homeostasis. Lipid
metabolism plays a crucial role in the activation of both M1 and
M2 macrophages. Golgi apparatus is a pivotal organelle in the
regulation of lipid metabolism."*!!] Golgi apparatus has been
proposed to be a sensor of stress and its stress response dis-
rupts cell metabolic homeostasis.['?] Golgi stress affects Golgi
apparatus-related sphingolipid metabolism in the progression of
disease.['] Ceramide (CER) is a core lipid in the metabolism
of a fairly large class of lipids called, sphingolipids.['*! CER
is synthesized in the endoplasmic reticulum, from where it
is translocated to the Golgi apparatus for conversion to sph-
ingomyelin (SM).[">] However, the Golgi stress response dam-
ages the structure and function of this organelle, leading to
an increase in CER levels.'®] Previous studies demonstrated
that dysregulated sphingolipid metabolism was intimately linked
with M1 macrophage activation.'”'®! For instance, the accu-
mulation of CER promotes the production of reactive oxygen
species (ROS), which exacerbates inflammation.['?! Additionally,
Arachidonic acid (AA) is a critical lipidic metabolite and a ma-
jor component of cell membrane lipids, which can be converted
into various pro-inflammatory mediators. AA is mainly metab-
olized by cyclooxygenase (COX) and lipoxygenase (LOX) into
prostaglandin E2 (PGE2) and leukotriene B4 (LTB4), respectively.
Both PGE2 and L'TB4 are key mediators of the inflammatory cas-
cade. As such, they regulate the intensity and duration of in-
flammation, as well as stimulate M1 macrophage activation.2’]
AA metabolic pathways also trigger oxidative stress during cell
activation.”!) Accordingly, dysregulation of sphingolipid and AA
metabolism coordinates the compensatory pathways associated
with ROS production and the inflammatory response during M1
macrophage activation, limiting the efficacy of the treatment reg-
imen that modulates either of these pathways.[?223] Therefore,
we speculated that the simultaneously reprogramming sphin-
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golipid and AA metabolism could promote the repolarization of
M1 macrophages into the M2 phenotype. However, promoting
the repolarization of M1 macrophages into the M2 phenotype
through simultaneously reprogramming sphingolipid and AA
metabolism remains challenging.

In recent decades, nanoparticle-based targeting drug delivery
systems have been extensively employed to safely and effectively
regulate the therapeutic targets of various diseases.*] In particu-
lar, a self-assembled nanodrug delivery system that relies on the
combination of nanometer drug delivery and self-assembly tech-
nology can deliver drugs without using drug excipients and labor-
intensive preparation protocols.[?°] By tailoring the structural pa-
rameters of its building blocks, a self-assembled nanodrug deliv-
ery system can be engineered for stimuli-responsive drug release
and targeted drug delivery.[?’] The natural polysaccharide chon-
droitin sulfate (CS) preferentially targets cells with high CD44
expression levels, including M1 macrophages, due to the high
affinity of CS for the CD44 receptor.[”’! Moreover, T. Gong’s group
and our lab demonstrated that CS-based self-assembled nanopar-
ticles can specifically target the Golgi apparatus in cells medi-
ated by acting as a substrate for N-acetylgalactosaminyl trans-
ferase (GalNAc-T).[8-3% Bilirubin (BR) is a hydrophobic byprod-
uct of broken hemoglobin, known for its ROS-scavenging, an-
tioxidant, and cytoprotective effects.?32] BR has been used in the
construction of self-assembled nanoparticles, where it exerts both
a therapeutic effect and scavenges ROS.333* The self-activating
function of BR-based nanomedicines is induced by the bioreduc-
tive microenvironment, whereby the hydrophobic BR portion is
converted to the hydrophilic biliverdin on exposure to ROS, %3]
bringing about the disassembly of nanoparticles to release the
encapsulated drug. Therefore, we hypothesized that BR-modified
CS could form the basis of a self-assembling nanocarrier to target
the CD44-overexpressing M1 macrophages and scavenge the in-
tracellular ROS after reaching the Golgi apparatus. Nevertheless,
the potential of this self-assembling nanocarrier for metabolic re-
programing in M1 macrophage has been barely explored.

Here, we report a self-assembled nanocarrier (designated as
CSBN) based on CS-BR conjugate for the targeting delivery of li-
cofelone (LCF), a dual inhibitor of COX-2 and 5-LOX.1*”38] The
potent antioxidant BR, as a hydrophobic moiety, was modified
on the CS polymer chain via an ethylenediamine (EDA) linker to
yield CS-BR conjugate. The resulting amphiphilic polymer could
then self-assembled as a nanocarrier for the efficient encapsula-
tion of LCF. LCF loaded CSBN (LCF-CSBN) was intra-articularly
injectable and prolonged the retention time of LCF in the joints.
After being internalized by M1 macrophages via CD44-mediated
endocytosis, LCF-CSBN was selectively delivered to the Golgi
apparatus. Once inside this organelle, LCF-CSBN alleviated the
Golgi stress by a BR-mediated ROS scavenging mechanism, con-
tributing to the reprogramming of Golgi apparatus-related sph-
ingolipid metabolism. Subsequently, the released LCF could bind
to the intracellular COX-2 and 5-LOX, leading to the reprogram-
ming of AA metabolism. Accordingly, LCF-CSBN could effec-
tively enhance M1 to M2 phenotypic transition of macrophages,
thereby suppressing low-grade inflammation in the OA joint
(Figure 1). RNA sequencing, lipidomic, and enzyme-linked im-
munosorbent assay (ELISA) revealed that LCF-CSBN repolarized
macrophage from the M1 to the M2 phenotype by decreasing
the levels of PGE2, LTB4, and CER, as well as by inhibiting
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Figure 1. Schematic representation of LCF-CSBN targeting the Golgi apparatus in M1 macrophages and promoting M1 macrophages to M2 phenotype

by reprogramming sphingolipid and arachidonic acid metabolism.

inflammatory signaling pathways. Finally, the therapeutic effi-
cacy and safety profiles of LCF-CSBN were confirmed in two ani-
mal models of OA, whereby we showed that LCF-CSBN improved
OA pathology by suppressing joint inflammation and alleviat-
ing cartilage damage. In summary, the constructed multifunc-
tional nanomedicine LCF-CSBN represents a promising strategy
for treating joint-related degenerative diseases such as OA.

2. Results

2.1. Golgi Stress is Positively Associated with OA Synovial
Inflammation

Excessive accumulation and M1 polarization of macrophages
in synovial tissues contribute to the progression of OA by trig-
gering inflammation.3* In this study, hematoxylin and eosin
(H&E) staining revealed that both OA patients and OA rats
had significant synovial inflammation that was not present in
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healthy controls and normal rats (Figure 2A). Furthermore, mor-
phological structures of the Golgi apparatus that were observed
through transmission electron microscopy (TEM) exhibited sig-
nificant swelling in synovial macrophages of OA patients com-
pared to those in synovial macrophages of healthy controls
(Figure 2B). Moreover, similar morphological changes in Golgi
apparatus were displayed in synovial macrophages of OA rats
(Figure 2B). A previous study has shown that M1 macrophages
coincided with an upregulated expression of Golgi phospho-
protein 3 (GOLPH3), a stress-inducible Golgi membrane pro-
tein with heightened expression indicative of Golgi stress.*!
Notably, the knockdown of GOLPH3 effectively reduced the in-
flammatory response of M1 macrophages.l*”) Besides, decreased
expression of Golgi matrix protein 130 (GM130) was reported
under oxidative stress.***1] According to previous studies, in-
ducible nitric-oxide synthase (INOS) is a classical marker of M1
macrophages,[***] iNOS-positive cells in synovium were recog-
nized as synovial M1 macrophages. Therefore, we conducted
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Figure 2. M1 macrophages accumulate in OA synovium, accompanying with Golgi stress, expressing high levels of GOLPH3 and low levels of GM130.
A) Representative H&E staining images of synovial tissues from healthy controls, OA patients and OA rats. B) Representative TEM images of the
Golgi apparatus in synovial macrophages from healthy controls, OA patients and OA rats, red box indicates the Golgi apparatus. C) Representative
coimmunostaining images of GOLPH3 or GM130 in synovial M1 macrophages from human and rats, synovial M1 macrophages were stained with
iNOS antibody.

immunofluorescence (IF) staining to investigate the protein lev-  the protein level of GOLPH3 (Figure 2C; Figure S1A,B, Support-

els of GOLPH3 and GM130 coimmunostaining with iNOS in
the synovium of OA patients and healthy controls. The IF stain-
ing results indicated a higher presence of M1 macrophages in
OA synovium compared to the normal synovium, aligning with
previous studies.>#] Additionally, there was a notable increase in

Adv. Sci. 2025, 12, 2411911 2411911 (4 of 23)

ing Information) and reduction in the protein level of GM130
(Figure 2C; Figure S2A,B, Supporting Information) expressed
by these M1 macrophages in the OA synovium. Additionally,
elevated protein levels of GOLPH3 (Figure 2C; Figure S1C,D,
Supporting Information) and decreased protein levels of GM130
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(Figure 2C; Figure S2C,D, Supporting Information) were ex-
pressed by M1 macrophages in synovium of both monosodium
iodoacetate (MIA) rats and anterior cruciate ligament transection
plus partial medial meniscectomy (ACLT+pMMX) rats compared
to normal rats, paralleling the results in M1 macrophages within
human synovium. These findings indicate that Golgi stress ex-
ists in synovial M1 macrophages and that is positively associated
with synovial inflammation in OA.

2.2. Preparation and Characterization of LCF-CSBN

We constructed a CSBN nanoplatform by self-assembling the
amphiphilic block conjugated by CS and BR with ethylenedi-
amine conjugate (EDA) as a linker (Figure S3, Supporting In-
formation). The recovery of chondroitin sulfate- ethylenediamine
conjugate (CS-EDA) was ~13.8%, while the yield of CS-BR was
~68.7%, with a purity of ~93.7% (Figure S4, Supporting Infor-
mation). The successful synthesis of CS-BR was confirmed by
the proton magnetic resonance spectrum (‘H NMR), and Fourier
transform infrared spectrophotometer (FTIR). The characteristic
proton signals around the chemical shift of 1.92 ppm and 3.27 to
4.55 ppm in the CS structure were assigned to N-acetyl group and
the sugar rings, meanwhile, the typical peaks of terminal alkenes
in BR structure were distributed from 5.28 to 6.87 ppm, which
were presented in the 'H NMR spectrum of CS-BR (Figure 3A).
Moreover, the FTIR spectrum of CS-BR displayed the obvious
absorption peak at 1250 cm™ assigned to S-O stretching vibra-
tion of CS and the characteristic peaks at 3400 and 1698 cm™
belonged to the N-H stretch band in the pyrrole ring and the car-
boxyl group of BR (Figure 3B).

CSBN was applicated to deliver hydrophobic LCF, harvest-
ing the nanomedicine termed LCF-CSBN, and the control
nanomedicine LCF-loaded polyethylene glycolylated (PEGylated)
BR was termed as LCF-PEGBN (Table S1 and Figure S5, Sup-
porting Information). According to the results of the dynamic
light scattering (DLS) assay (Figure 3C; Table S1, Supporting In-
formation), the particle size of LCF-CSBN was 163 + 3.29 nm
with a uniform size distribution, of which the polydispersity in-
dex (PDI) was 0.176 + 0.019. Zeta potential of LCF-CSBN was
—35.3 + 3.30 mV. Additionally, the morphology of LCF-CSBN
was observed by TEM, which revealed a generally spherical shape
with good monodispersity (Figure 3H). Drug loading efficiency
and encapsulation efficiency of LCF in LCF-CSBN were ~4.75
+ 0.76% and 94.3 + 2.74% (Table S1, Supporting Information).
Moreover, LCF-CSBN was found stable over a 7 days storage pe-
riod in phosphate-buffered saline (PBS) at 4 °C, with marginal
increase in size and PDI (Figure 3D). The critical micelle con-
centration (CMC) of CSBN was ~25 pg mL™! (Figure 3E). The
content of BR in LCF-CSBN dropped after exposure to ROS
(Figure 3F), especially in the presence of NaOCl or 2,2’-azobis(2-
amidinopropane) dihydrochloride (AAPH). Particle size of LCF-
CSBN was changed from 163 nm to ~10 nm (Figure 3G) deter-
mined by DLS. The change in LCF-CSBN size in the presence or
absence of AAPH was confirmed by TEM (Figure 31), indicating
that LCF-CSBN rapidly dissociated upon exposure to ROS. More-
over, the portion of BR in LCF-CSBN showed a slight decrease
during a 7-day incubation with synovial fluid from OA patients,
suggesting no obvious disassembly of nanoparticles in OA mi-
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croenvironment (Figure S6, Supporting Information). Addition-
ally, the drug release profile in Figure S7 (Supporting Informa-
tion) revealed that LCF-CSBN exhibited a sustained release for
LCF in PBS, but more rapidly release in the presence of H,O,,
indicating that LCF-CSBN promotes ROS-triggered rapid drug
release.

2.3. LCF-CSBN Targets the Golgi Apparatus after Being
Internalized by M1 Macrophages

To investigate the targeting potential of LCF-CSBN to M1
macrophages, confocal imaging and flow cytometry were con-
ducted. In these assays, CSBN was labeled with the fluores-
cent probe 1,1'-dioctadecyl-3,3,3',3'-tetramethyl indodicarbocya-
nine, 4-chlorobenzenesulfonate salt (DiD) to yield DiD-CSBN.
Meanwhile, PEG, as a hydrophilic polymer material, is not
the substrate of CD44 receptor and has been usually used as
the control for the other hydrophilic polymer materials in the
CD44-mediated cell uptake test.l***! Confocal imaging showed
a substantial increase in the red fluorescence signal in M1
macrophages co-cultured with DiD-CSBN for 4 h (Figure 4A).
This outcome was corroborated by flow cytometry, highlighting
the enhanced cellular uptake of DiD-CSBN in M1 macrophages
compared to DiD-PEGBN (Figure 4B; Figure S8, Supporting In-
formation). Moreover, flow cytometry analysis revealed a greater
cellular uptake of DiD-CSBN by M1 macrophages compared to
MO macrophages, M2 polarized macrophages and activated fi-
broblasts (Figure S9, Supporting Information).

Our previous study has found that CS-modified nanoparticles
have a strong affinity to the Golgi apparatus in tumor cells.*%
Subsequently, we conducted IF staining to explore the Golgi
apparatus-targeting capability of LCF-CSBN in M1 macrophages.
As shown in Figure S10 (Supporting Information), the green
fluorescence signals of endoplasmic reticulum tracker or mito-
chondria tracker were obviously separated from the red fluores-
cence of DiD-CSBN, demonstrating that LCF-CSBN was not pref-
erentially localized in these organelles. However, the confocal
imaging results showed negligible accumulation of DiD-PEGBN
in the Golgi apparatus. By contrast, the considerable overlap of
DiD-CSBN (red) and Golgi apparatus (green) fluorescence sig-
nal was observed in M1 macrophages treated with DiD-CSBN
(Figure 4C). The statistical correlation between the green and red
fluorescence signal was presented by color scatter plots and cor-
responding Pearson’s correlation coefficient (PCC) (Figure 4D).
LCF-CSBN had higher PCC value than LCF-PEGBN, indicat-
ing its effective targeting potential of the Golgi apparatus in M1
macrophages.

Additionally, an endocytosis inhibition experiment was con-
ducted to elucidate the internalization pathway of LCF-CSBN in
M1 macrophages. The results indicated that the cellular uptake
of DiD-CSBN in M1 macrophages was significantly inhibited by
pre-treatment with 4 °C, CS and CD44 antibody, suggesting that
LCF-CSBN endocytosis is temperature-dependent and predom-
inantly mediated by CD44 receptors (Figure 4E). We further as-
sessed the time-dependent colocalization of LCF-CSBN with lyso-
somes. The results revealed a high colocalization of DiD-CSBN
and DiD-PEGBN with lysosomes in M1 macrophages after 1 h
of cell culture. However, after 4 h of cell culture, DiD-CSBN
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Figure 3. Physicochemical characterization and ROS-mediated decomposition of LCF-CSBN. A) The "H NMR spectra of CS-EDA, BR, and CS-BR. B) The
FTIR spectra of CS-EDA, BR, and CS-BR. C) Size distribution of LCF-CSBN. D) The storage stability of LCF-CSBN, hydrodynamic size and PDI changes
of LCF-CSBN in PBS at 4 °C (n = 3, mean + SD). E) The critical micelle concentrations of CSBN. F) Changes in BR portion of LCF-CSBN induced by ROS
stimuli. LCF-CSBN in PBS incubated with 5 mM of H,0O,, 100 mM of AAPH, and 1 mM of NaOCl, respectively (n = 3, mean + SD). G) The hydrodynamic
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between DiD-labeled nanomedicines and the Golgi apparatus presented as Pearson’
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analysis of DiD-CSBN in M1 macrophages (n = 3, mean + SD). F) Representative fluorescence images of DiD-labeled nanomedicines and lysosomes

in M1 macrophages at 1and 4 h. ***p < 0.001,
post hoc test (E).
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*p < 0.0001, as determined by student’s two-sided t test (B and D) or one-way ANOVA with Tukey’s
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exhibited reduced colocalization with lysosomes compared to
DiD-PEGBN, suggesting that LCF-CSBN possesses a degree of
lysosomal escape capacity (Figure 4F; Figure S11A,B, Supporting
Information).

2.4. LCF-CSBN Effectively Mitigates Golgi Stress in M1
Macrophages

ROS-induced Golgi apparatus oxidative stress can impair its
morphology and function.[**] BR, a bioactive moiety of CS-BR,
was demonstrated to have potent intracellular ROS-scavenging
capacity.l*’l Hence, we performed the 5-(and-6)-chloromethyl-
2',7'-dichlorofluorescein diacetate (DCFH-DA) assay to evaluate
the ROS-scavenging property of LCF-CSBN in M1 macrophages.
Anotable decrease in intracellular ROS levels was observed in M1
macrophages treated with LCF-CSBN (Figure 5A; Figure S12A,
Supporting Information), indicating the effective intracellular
ROS scavenging by LCF-CSBN.

Furthermore, we investigated the capacity of LCF-CSBN to
mitigate Golgi stress in M1 macrophages. Therefore, we con-
ducted TEM assay and IF staining for GOLPH3 and GM130.
In line with previous study,*”) the Golgi apparatus in PBS-
treated M1 macrophages exhibited dilated and swollen cister-
nae, whereas the Golgi apparatus of LCF-CSBN-treated M1
macrophages displayed flat cisternae, which were the least
swollen among the treatment groups (Figure 5B; Figure S13,
Supporting Information). Consistent with the results of intra-
cellular ROS detection experiments in M1 macrophages, the
green signal of GOLPH3 was significantly reduced in M1
macrophages treated with LCF-CSBN (Figure 5C; Figure S12B,
Supporting Information), and an enhanced fluorescence signal
of GM130 in M1 macrophages treated with LCF-CSBN was ob-
served (Figure 5D; Figure S12C, Supporting Information). Col-
lectively, these findings indicate that LCF-CSBN effectively re-
duced the intracellular ROS levels and mitigated Golgi stress in
M1 macrophages.

2.5. LCF-CSBN Regulates M1 Macrophages Repolarization In
Vitro

Intracellular ROS production and Golgi stress play crucial roles
in lipid metabolism. Furthermore, previous studies have estab-
lished an association between lipid metabolism and macrophage
polarization."'*8] Since we established that LCF-CSBN could
scavenge ROS and alleviate Golgi stress, we hypothesized that
it could repolarize M1 macrophages. Therefore, we conducted
flow cytometry by utilizing bone marrow-derived macrophages
(BMDMs) as the model cells for macrophage repolarization
study, and the result of lipopolysaccharide (LPS) stimulated
BMDMs demonstrated that M1 macrophages were substantially
transformed to M2 phenotype by LCF-CSBN (Figure S14, Sup-
porting Information). Subsequently, we investigated the repo-
larization of LPS stimulated RAW 264.7 cells treated with PBS,
LCF, LCF-PEGBN, CSBN, or LCF-CSBN. The IF staining re-
sults showed that LCF, LCF-PEGBN, and CSBN barely decreased
the expression of iNOS and modestly increased the expres-
sion of CD206 in LPS-stimulated RAW 264.7 cells. In contrast,
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a significant decrease in the iNOS fluorescence signal and a
notable increase in the CD206 fluorescence signal were ob-
served in LPS-stimulated RAW 264.7 cells treated with LCF-
CSBN (Figure SE). Subsequent ELISA results demonstrated that
M1 macrophages treated with LCF, LCF-PEGBN, or CSBN se-
creted slightly lower levels of pro-inflammatory cytokines, in-
cluding tumor necrosis factor-alpha (INF-a), interleukin-1 beta
(IL-1p), interleukin-6 (IL-6), and iNOS than those treated with
PBS. In particular, LCF-CSBN exhibited the most substantial
effect on reducing the secretion of pro-inflammatory cytokines
among all treatment groups. Moreover, the increased secre-
tion of IL-10, an anti-inflammatory cytokine, was observed only
in LCF-CSBN-treated M1 macrophages among all treatment
groups (Figure 5F). Additionally, results of quantitative real-time
polymerase chain reaction (QRT-PCR) demonstrated that only
LCE-CSBN could robustly suppress the mRNA expressions of
pro-inflammatory cytokines and stimulate the mRNA expres-
sion of anti-inflammatory cytokine (IL-4) in M1 macrophages
among all treatment groups (Figure S15, Supporting Informa-
tion). Notably, compared with single or dual inhibitor of COX-
2 or 5-LOX, LCF exhibited stronger ability to induce the repo-
larization of M1 macrophages to M2 macrophages (Figures S16
and S17, Supporting Information). Previous studies revealed
that the fibroblast growth factor receptor 1 (FGFR1) was es-
sentially involved in macrophage activation and macrophage-
specific FGFR was associated with lipid metabolism.[***] De-
creasing the expression of FGFR1 could reduce lipid accumu-
lation in macrophages.[**>!l The mRNA expression of FGFR1
in M1 macrophages treated with LCF were significantly lower
than those in M1 macrophages treated with PBS (Figure S18,
Supporting Information). Immunofluorescence staining results
showed that the protein expressions of FGFR1 and p-FGFR1
were significantly decreased in M1 macrophages treated with
LCF (Figure S19, Supporting Information). Additionally, LCF sig-
nificantly reduced the production of phosphatidic acid (PA) in M1
macrophages (Figure S20, Supporting Information). PA, as a key
intermediate in lipid metabolism, can induce rapid production of
proinflammatory cytokines by macrophages.[>*>*] Moreover, re-
duced expression levels of FGFR1 and p-FGFR1 were observed
in synovial macrophages in two OA rat models treated with LCF.
LCF-CSBN was more efficient in regulating the production of
these proteins (Figures S21 and S22, Supporting Information).
In addition to restoring the AA metabolism by acting on COX-2
and 5-LOX, LCF regulates lipid metabolism partially through de-
creasing FGFR1 expression, which may contribute to the repolar-
ization of M1 macrophages. Taken together, these results demon-
strate that LCF-CSBN effectively repolarizes M1 macrophages to-
ward the M2 phenotype. This might be attributed to the ROS
scavenging ability of CSBN, which alleviates Golgi stress, as well
as the better therapeutic effects of LCF compared to single or dual
inhibitor of COX-2 and 5-LOX.

2.6. LCF-CSBN Reprograms Lipid Metabolism and Inhibits
Inflammation in M1 Macrophages
Previous studies have demonstrated that the dysregulation of

lipid metabolism contributes to an imbalance in macrophage
polarization.[*#55] As we known, AA serves as a pivotal source
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Figure 5. LCF-CSBN alleviates Golgi stress and repolarizes M1 macrophages to M2 phenotype. A) Intracellular ROS stained by DCFH-DA (green) in M1
macrophages with different treatments. B) Representative TEM images of the Golgi apparatus in M1 macrophages incubated with PBS and LCF-CSBN
for 24 h, red box indicates the Golgi apparatus. C,D) Representative confocal images of GOLPH3 (C) and GM130 (D) in M1 macrophages from different
groups. E) Representative coimmunostaining images of iNOS (M1 phenotype) and CD206 (M2 phenotype) illustrating the repolarization efficiency in
macrophages with different treatments. F) The protein levels of TNF-a, IL-14, IL-6, INOS, and IL-10 in the supernatant of M1 macrophages with different
treatments were detected by ELISA assay (n =5, mean + SD). ***¥*p < 0.0001, as determined by one-way ANOVA with Tukey’s post hoc test (F).
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of pro-inflammatory factors in OA.*%l Consequently, ELISA was
conducted to assess the levels of AA metabolites (specifically,
PGE2 and LTB4) in the supernatant of M1 macrophages treated
with PBS, LCF, or LCF-CSBN. The ELISA results revealed that
M1 macrophages treated with LCF-CSBN produced markedly
lower levels of PGE2 and LTB4 compared to those treated with
PBS or LCF (Figure 6A,B). Subsequently, targeted lipidomic
analysis was conducted to explore the reprogramming of lipid
metabolism in M1 macrophages treated with PBS, LCF, or LCF-
CSBN. Overall, a total of 502 lipid species, including phos-
phatidylcholine (PC), SM, phosphatidic acid (PA), CER, dihexo-
syl ceramide (HexCer), dihydroceramide (dhCer), etc., were de-
tected in M1 macrophages (Figure S23, Supporting Informa-
tion). Notably, the level of AA was significantly elevated in M1
macrophages treated with LCF and LCF-CSBN, attributable to
the dual inhibition of COX-2 and 5-LOX by LCF (Figure 6C).
Meanwhile, LCF-CSBN treatment significantly decreased CER
levels (Figure 6D,E) and elevated sphingosine (Sph, the CER-
derived metabolites) levels in M1 macrophages (Figure 6F). In
total, 189 and 178 individual lipid species were significantly al-
tered in M1 macrophages treated with LCF and LCF-CSBN, re-
spectively, relative to those treated with PBS (Figure S24, Support-
ing Information). Moreover, 82 downregulated and 4 upregulated
individual lipid species were observed in LCF-CSBN treated M1
macrophages compared to those treated with LCF (Figure 6G).
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
was subsequently conducted to further delineate the pathways
of lipid species regulated by LCF-CSBN. The top 20 enriched
KEGG pathways associated with the downregulated lipid species
in both the LCF-CSBN versus LCF (Figure 6H) and LCF-CSBN
versus PBS (Figure S25, Supporting Information) comparisons
included sphingolipid metabolism (where CER is the central core
lipid) and AA metabolism. This finding indicates that LCF-CSBN
had a dramatic effect on the reprogramming of CER and AA
metabolism in M1 macrophages.

To elucidate how LCF-CSBN regulates macrophage lipid
metabolism and induces a phenotypic shift from M1 to M2,
we conducted RNA sequencing to analyze the gene expression
patterns of M1 macrophages treated with PBS, LCF or LCF-
CSBN. A Venn diagram was used to identify the 51 and 282
significant differentially expressed genes (DEGs, p < 0.05 and
[log,FoldChange| > 1) in M1 macrophages treated with LCF
and LCF-CSBN, respectively, relative to those treated with PBS
(Figure 61). Moreover, the gene expression levels of macrophage
polarization markers and pro-inflammatory factors were signifi-
cantly different between the LCF-CSBN-treated M1 macrophages
and controls (Figure 6]). For instance, we found that LCF-CSBN-
treated M1 macrophages expressed considerably lower levels of
genes encoding pro-inflammatory factors such as TNF-a, IL-1a,
IL-1p, and matrix metalloproteinase 13 (MMP13) and M1 marker
(i-e., iNOS), but higher levels of genes encoding M2 markers
(e.g., CD206 and arginase 2). This finding indicates that LCF-
CSBN treatment inhibited the expression of pro-inflammatory
factors in M1 macrophages and repolarized M1 macrophages
toward the M2 phenotype. Furthermore, downregulated DEGs
in M1 macrophages treated with LCF-CSBN was extensively en-
riched in the KEGG clusters described to be associated with
lipid metabolism and macrophage M1 polarization in previous
studies,’’->! such as mitogen-activated protein kinase (MAPK)
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signaling pathway and phosphatidylinositol-3-kinase (PI3K) /
protein kinase B (Akt) signaling pathway (Figure S26, Support-
ing Information). In line with the KEGG analysis findings, the
results of gene set enrichment analysis (GSEA) revealed that
LCF-CSBN reduced the enrichment scores for the gene sets
of “cytokines and inflammatory response”, “matrix metallopro-
teinases”, and “IL-1 signaling pathway” (Figure 6K; Figure S27,
Supporting Information). These results indicate that LCF-CSBN
could enhance the repolarization of M1 macrophages toward the
M2 phenotype by reprogramming their lipid metabolism and in-
hibiting their pro-inflammatory signaling pathways.

2.7. LCF-CSBN Extends Joint Retention and Promotes M1
Macrophages Repolarization in OA Joints

Intra-articular (IA) drug delivery systems should address the
problem of the short residence time due to the rapid uptake
of the injected drugs within the joint cavity.®*%!] We assessed
the retention time of DiD-CSBN after IA injection into the OA
knee joint using an in vivo imaging system (IVIS). The results
demonstrated a rapid decline in fluorescence intensity for the
DiD solution within 3 days after IA injection, while those for DiD-
PEGBN and DiD-CSBN persisted for up to 28 days post-injection
(Figure 7A-C).

We next determined the capacity of LCF-CSBN to target
synovial M1 macrophages through IF staining. As shown in
Figure 7D, the results showed that OA rats subjected to IA injec-
tion of DiD-PEGBN or DiD-CSBN exhibited significantly higher
fluorescence signals compared to those treated with DiD solu-
tion. Moreover, the OA synovium of rats treated with DiD-CSBN
exhibited the most pronounced colocalization of DiD with M1
macrophages among all groups, suggesting that LCF-CSBN ef-
fectively targeted M1 macrophages in synovium of OA knee
joints. Furthermore, we investigated whether LCF-CSBN could
target M1 macrophages via CD44 receptor in vivo. The colocal-
ization of DiD and iNOS was notably lower in the synovium of
OA rats pretreated with CD44 polyclonal antibody than that of
OA rats only treated with DiD-CSBN, suggesting that LCF-CSBN
targets M1 macrophages in synovium of OA rats via CD44 re-
ceptor (Figure S28, Supporting Information). Additionally, the
coimmunostaining images displayed high colocalization of red,
magenta and green fluorescence signals in synovium of OA rats
after IA injection with LCF-CSBN, demonstrating LCF-CSBN ac-
cumulates in Golgi apparatus of M1 macrophages in synovium
of OA rats (Figure S29, Supporting Information).

Considering the capacity of ROS scavenging and reprogram-
ming of lipid metabolism in M1 macrophages by LCF-CSBN
in vitro, we further used L-012 (a luminescent probe) to eval-
uate changes of ROS levels in OA knee joints via IVIS, and
conducted IF staining to determine the expression levels of
GOLPH3 and GM130. Results of IVIS demonstrated strong lu-
minescent signals of L-012 emitted from OA knee joints of
saline-treated rats compared to those of normal rats, LCF-CSBN
treatment considerably reduced ROS in knee joints of OA rats
(Figure S30A,B, Supporting Information), indicating LCF-CSBN
had a strong ROS scavenging capacity in vivo. The IF staining re-
vealed a reduction in GOLPH3 protein levels and an increase in
GM130 protein levels in M1 macrophages in synovium of OA rats
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following IA injection of LCF, CSBN, or LCF-CSBN. No-
tably, LCF-CSBN exhibited the most significant reduction in
GOLPH3 expression (Figure 8A,B; Figure S31A,B, Supporting
Information), while GM130 expression levels were consider-
ably increased in M1 macrophages within synovium of OA rats
treated with LCF-CSBN (Figure S32A,B, Supporting Informa-
tion), demonstrating LCF-CSBN could alleviate Golgi stress in
M1 macrophages in synovium of OA rats. We further conducted
immunohistochemical (IHC) staining for COX-2 and 5-LOX (two
key enzymes for AA catabolism), and IF staining of neutral sph-
ingomyelinases (N-SMase, an enzyme for CER synthesis) ex-
pressed by M1 macrophages in synovium of OA rats. The results
revealed LCF-CSBN had potential capacity of inhibiting COX-2,
5-LOX, and N-SMase (Figure S33A-E, Supporting Information).
Having demonstrated that LCF-CSBN effectively repolarized
M1 macrophages to the M2 phenotype in vitro, we next investi-
gated the capacity of LCF-CSBN to repolarize M1 macrophages in
synovium of OA rats. Initially, we validated a notable increase in
M1 macrophage infiltration in OA synovium compared to nor-
mal synovium (Figure 8C; Figure S34A, Supporting Informa-
tion). Notably, among all the treatment groups, OA rats those
received IA injection of LCF-CSBN exhibited the most signifi-
cant reduction in the proportion of M1 macrophages and the
most substantial increase in M2 macrophages in the synovium
(Figure 8D,E; Figure S34B,C, Supporting Information). These re-
sults indicate the effective repolarization of M1 macrophages to
the M2 phenotype by LCF-CSBN in the OA synovium in vivo.

2.8. LCF-CSBN Suppresses Synovial Inflammation and Relieves
Pain in MIA Rats

To investigate the anti-inflammatory and analgesic effect of intra-
articularly injected LCF-CSBN, we established a classical pain
model of OA by IA injecting 8-week-old Sprague Dawley (SD) rats
with MIA (2 mg per knee). MIA induced OA model, which is the
model of choice in the pain field due to its demonstration of long-
lasting hyperalgesia and weight bearing asymmetry, has been
used primarily to assess the analgesic efficacy of potentially new
therapeutic agents for OA.[l Three days post MIA injection, rats
received IA injections of saline, LCF, CSBN or LCF-CSBN. Rats
that not subjected to MIA and left untreated served as controls
(Figure 9A). Subsequent pain-related behavior assessments were
conducted to gauge the analgesic impact of LCF-CSBN admin-
istration. Von Frey results demonstrated markedly reduced paw
withdrawal threshold values in OA rats compared to controls.
Notably, the low paw withdrawal thresholds were most signifi-
cantly reversed in OA rats treated with IA injection of LCF-CSBN,
followed by those receiving CSBN or LCF (Figure 9B). Consis-
tent with the von Frey results, the saline group exhibited sig-
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nificantly reduced spontaneous activities, while the most promi-
nent increase was observed in the LCF-CSBN group (Figure S35,
Supporting Information). H&E staining was conducted to assess
the severity of synovial inflammation in OA rats and controls.
The H&E staining results showed that the histological features
of synovitis (i.e., synovial tissue hyperplasia, neovascularization,
and inflammatory cells infiltration) were significantly reduced in
the LCF-CSBN group, followed by the CSBN and LCF groups,
compared to the saline group (Figure 9D); the synovitis scores
for each group are presented in Figure 9C. Although higher syn-
ovitis scores in OA groups compared to the control group, the
mean synovitis score of LCF-CSBN-treated group was the low-
estamong OA groups. Additionally, IHC staining was performed
to evaluate the protein levels of pro-inflammatory factors in syn-
ovial tissue. In line with the severity of synovial inflammation
observed in OA groups, the results of IHC staining for TNF-a,
IL-1p, and IL-6 revealed higher proportions of pro-inflammatory
factors positive cells in saline group compared to control group.
However, significantly lower proportions of these factors posi-
tive cells were detected in the LCF-CSBN group, followed by the
LCF and CSBN groups, relative to the saline group (Figure 9E;
Figure S36A-C, Supporting Information). Similar results were
observed in ITHC staining for pain-related factors, e.g., nerve
growth factor (NGF) and calcitonin-gene-related peptide (CGRP)
(Figure 9F; Figure S36D,E, Supporting Information). Further-
more, Safranine O-Fast green staining was performed to assess
changes in articular cartilage degradation. The results showed
that although severe cartilage degradation was observed in OA
rats treated with saline, cartilage integrity was most significantly
improved in those treated with LCF-CSBN among all OA rats
(Figure 9G). Collectively, these results demonstrate that IA in-
jection of LCF-CSBN exhibited a significant and prolonged anti-
inflammatory and analgesic effects in treating MIA rats and po-
tentially attenuated OA cartilage degradation in these animals.

2.9. LCF-CSBN Attenuates Cartilage Degradation and Inhibits
Osteophyte Formation in ACLT+pMMx Rats

To further investigate the therapeutic effect of LCF-CSBN within
the knee joint, we performed ACLT+pMMx surgery to establish
a surgically induced OA rat model. ACLT+pMMx induced OA is
recognized as a biomechanical model of OA, characterized by a
much slower progression compared to the MIA induced OA. This
surgically induced OA model effectively mimics the pathogenesis
of traumatic OA, including cartilage degradation, subchondral
bone sclerosis, and osteophyte formation.[®3] Rats with 4 weeks
of disease induction were stipulated as ACLT+pMMXx rats with
established OA according to previous studies.®*% Hence,
OA rats were received IA injections of saline, LCF, CSBN, or

Figure 6. LCF-CSBN reprograms sphingolipid and arachidonic acid metabolism and inhibits inflammatory response in M1 macrophages. A,B) Quan-
tification of PGE2 A) and LTB4 B) levels in the supernatant of M1 macrophages in PBS, LCF, and LCF-CSBN group by ELISA assay (n = 5, mean + SD).
C—F) The levels of AA C), CER metabolites D), total CER E), and Sph F) in M1 macrophages treated with PBS, LCF, and LCF-CSBN were measured by
targeted HPLC-ESI-MS/MS (n = 3, mean =+ SD). G) Significantly upregulated (red) and downregulated (blue) lipid species between LCF-CSBN group
and LCF group. H) The top 20 KEGG pathways of significantly downregulated lipid species between LCF-CSBN group and LCF group. I) Venn diagram
showing the relationship and numbers of DEGs among groups. |) Heatmap showing decreased expression levels of genes encoding M1 markers and
pro-inflammatory factors, and increased expression levels of genes encoding M2 markers in macrophages treated with LCF-CSBN compared with those
of M1 macrophages treated with LCF or PBS. K) GSEA showcasing downregulation of cytokines and inflammatory response in M1 macrophages treated
with LCF-CSBN. *p < 0.05, **p < 0.07, **¥*p < 0.001, ***¥*p < 0.00071, as determined by one-way ANOVA with Tukey’s post hoc test (A-F).
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Figure 7. LCF-CSBN extends residence time in joints and selectively enriches in M1 macrophages in OA synovium. A) Representative IVIS images
of rat knee joints after receiving a single intra-articular injection of DiD solution, DiD-PEGBN, and DiD-CSBN. B) The fluorescence intensity of knee
joints based on the semi-quantitative analysis of the IVIS images from different groups (n = 5, mean + SD). C) Quantitative analysis of AUC based
on fluorescence intensity results in (B) (n =5, mean + SD). D) Representative fluorescence images showing the distribution of different DiD-labeled

nanomedicines in synovial M1 macrophages, synovial M1 macrophages were stained with iNOS antibody. ***¥*p < 0.0001, as determined by one-way
ANOVA with Tukey’s post hoc test (C).
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Figure 8. LCF-CSBN downregulates the expression of GOLPH3 and transforms M1 macrophages into M2 phenotype in synovium of MIA rats. A) Repre-
sentative coimmunostaining images of GOLPH3 in synovial M1 macrophages of MIA rats from different groups, synovial M1 macrophages were stained
with iNOS antibody (green). B) Relative quantity of GOLPH3 in synovium from different groups (n = 5, mean + SD). C) Representative coimmunos-
taining images of CD68 and iNOS or CD206 in rat synovium indicating the repolarization efficiency in synovial macrophages from different groups, M1
and M2 macrophages were stained with iNOS (green) and CD206 (green), respectively. D,E) Quantitative analysis of M1 D) and M2 E) macrophages in
synovium from different groups, respectively (n =5, mean + SD). **¥*p < 0.001, ***¥*p < 0.0001, as determined by one-way ANOVA with Tukey’s post

hoc test (B, D, and E).

LCF-CSBN twice over an 8-week period at four weeks post
the surgery, investigating treatment efficiency of LCF-CSBN
for established OA. Sham-operated rats served as controls
(Figure 10A). The mechanical allodynia test was performed to
evaluate the analgesic effect of IA injection of LCF-CSBN in
ACLT+pMMXx rats, with consistent results compared to MIA rats
(Figure 10B), highlighting the potent analgesic effect of LCF-

Adv. Sci. 2025, 12, 2411911 2411911 (14 of 23)

CSBN in OA rats, irrespective of the OA induction method. H&E
and Safranine O-Fast green staining were performed to evaluate
changes in synovial tissue and cartilage. H&E staining revealed
significant hyperplasia of synovial lining cells in saline group, fol-
lowed by LCF and CSBN groups, while this pathological feature
was significantly inhibited in LCF-CSBN group (Figure 10G;
Figure S37, Supporting Information). Meanwhile, Safranine
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Figure 9. LCF-CSBN relieves pain and suppresses synovial inflammation in MIA rats. A) Overview of the experimental set-up with IA injections of MIA
and the indicated treatments. B) Pain-related behavior measurement using the apparatus and represented as paw withdrawal threshold (n = 7, mean +
SD). C) Quantification of synovitis score in synovium of MIA rats (n = 7, mean + SD). D) Representative H&E staining images of synovium tissues from
different groups. E,F) Representative IHC staining images of TNF-a, IL-18, IL-6, NGF, and CGRP in synovium from different groups. G) Representative
Safranine O-Fast green staining images of knee joints from different groups. *p < 0.05, **¥*p < 0.001, ****p < 0.0001, as determined by two-way ANOVA
with Tukey’s post hoc test (B) or one-way ANOVA with Tukey’s post hoc test (C).
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Figure 10. LCF-CSBN alleviates cartilage degradation and inhibits osteophyte formation in knee joints of ACLT+pMMXx rats. A) Overview of the ex-
perimental set-up with surgery of ACLT+pMMx and IA injections of indicated treatments. B) Pain-related behavior measurement using the von Frey
apparatus and represented as paw withdrawal threshold (n = 7, mean = SD). C) OARSI score of knee joints of ACLT+pMMx rats from different groups
was quantitatively analyzed (n = 7, mean + SD). D) Representative Safranine O-Fast green staining images of knee joints from different groups. E,F)
Representative IHC staining images of COL I, ACAN, MMP13 and ADAMTSS in cartilage from different groups. G) Representative H&E staining im-
ages of synovium from different groups. H) uCT images of pathological structural changes in knee joints from different groups, red arrows indicate
osteophytes. **¥¥p < 0.0001, as determined by two-way ANOVA with Tukey’s post hoc test (B) or one-way ANOVA with Tukey’s post hoc test (C).
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O-Fast green staining showed significantly higher degrees of
cartilage degradation in saline group than sham group. Although
IA injection of LCF or CSBN attenuated cartilage degradation
to some extent, the most prominent improvement in cartilage
degradation was observed in OA rats treated with LCF-CSBN
(Figure 10D). This result echoed the findings gathered from
the MIA induced OA model. The osteoarthritis research society
international (OARSI) score, used to quantify cartilage degra-
dation severity, corroborated these observations (Figure 10C).
Additionally, THC staining was conducted to investigate the
protective effect of LCF-CSBN against cartilage degradation.
Compared to the sham group, the saline group exhibited signif-
icantly decreased protein expression levels of synthetic factors
such as type II collagen (COL II) and aggrecan (ACAN) and
increased expression levels of catabolic factors such as MMP13
and a disintegrin and metalloproteinase with thrombospondin
motifs 5 (ADAMTS5). However, the LCF-CSBN group showed a
marked increase in COL II and ACAN expression and a signifi-
cant reduction in MMP13 and ADAMTSS5 expression compared
with other OA groups (Figure 10E,F; Figure S38A-D, Supporting
Information). Taken together, the results of Safranine O-Fast
green and IHC staining indicate that IA injection of LCF-CSBN
played a protective role in maintaining cartilage matrix integrity
in OA rats. To further explore the impact of LCF-CSBN on bone
tissue within the knee joint, micro-computerized tomography
(uCT) was conducted to evaluate osteophyte formation in the
right knee joints of OA rats. We observed significantly increased
osteophyte formation in saline group compared to the sham
group, however, osteophyte formation was notably inhibited
following IA injection of LCF-CSBN (Figure 10H; Figures S39
and S40, Supporting Information). Collectively, these findings
suggest that IA injection of LCF-CSBN effectively relieved OA
pain and delayed OA progression in rats with surgically induced
OA.

2.70. IA Injection of LCF-CSBN Displays Good Biocompatibility

To systematically evaluate the biocompatibility of IA injection
of LCF-CSBN, terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay was conducted on
cartilage samples obtained from MIA rats or ACLT+pMMx rats
to evaluate potential cartilage toxicity. As shown in Figures S41—
S43 (Supporting Information), LCF-CSBN exhibited the low-
est proportion of apoptotic chondrocytes among all treatment
groups. Additionally, we analyzed serum enzyme levels in OA
rat models to evaluate the systemic toxicity of IA injection
of LCF-CSBN. The results of serum enzyme analysis showed
the levels of liver function biomarkers alanine transaminase
(ALT) and aspartate aminotransferase (AST), the kidney func-
tion biomarker, blood urea nitrogen (BUN), and the heart func-
tion biomarker, lactate dehydrogenase 1 (LDH1), in the serum
of OA rats treated with saline, LCF, CSBN or LCF-CSBN were
comparable to those of rats in the control group (Figures S44A
and S45A, Supporting Information). Furthermore, histological
analysis of the major organs (including heart, spleen, liver,
lung, and kidney) in OA rats treated with saline, LCF, CSBN
or LCF-CSBN indicated no obvious toxicity (Figures S44B and
S45B, Supporting Information). Additionally, there was no sig-
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nificant cytotoxicity of LCF-CSBN at concentrations of LCF
equivalents ranging from 0.0098-2.5 pg mL~! (Figure S46,
Supporting Information), demonstrating LCF-CSBN exhibits
good biocompatibility. Therefore, these results demonstrate that
IA injection of LCF-CSBN displayed favorable biocompatibility
in vivo.

3. Discussion

Increased M1 macrophage polarization promotes chronic low-
grade inflammation, leading to the progression of age-related de-
generative diseases such as OA.[*%566] Cellular lipid metabolism
plays a critical role in macrophage polarization.['>¢7] More-
over, OA is considered a metabolic disease, and a lipid
metabolic disorder was observed in OA samples.[®] AA, as
the main source of pro-inflammatory mediators (e.g., PGE2
and LTB4), could trigger M1 macrophage activation. Besides,
previous studies revealed that elevated CER level was associ-
ated with macrophage M1 polarization.['7¢>7°l Therefore, we
proposed that repolarizing M1 macrophages toward the M2
phenotype by reprogramming lipid metabolism could be a
promising therapeutic strategy for delaying the progression
of OA.

The Golgi apparatus plays a vital role in lipid metabolism, as
it is the site of key enzymes (e.g., CER kinase) implicated in
lipid metabolism and orchestrates the transport of lipids across
membranes.[1%1171] Activating macrophages with LPS induces
excessive ROS production, which disrupts the structure and func-
tion of the Golgi apparatus in a process, termed Golgi stress.!!3]
We also showed that the expression of GOLPH3, a Golgi stress-
inducible protein, was increased in M1 macrophages. Besides,
the synovial macrophages of OA patients and OA model rats
displayed high GOLPH3 expression. Previous studies revealed
that Golgi stress disrupted sphingolipid metabolism, as indicated
by the elevated CER levels in cells.'>'7] In the present study,
we also found that the CER levels were significantly elevated
in M1 macrophages. We therefore synthesized a CS-BR conju-
gate using an EDA linker, to generate a self-assembling nanocar-
rier, potentially capable of delivering LCF to the Golgi appara-
tus in M1 macrophages, alleviating Golgi stress, and restoring
lipid homeostasis. The resulting LCF-CSBN was equipped with
the CD44-binding and Golgi-apparatus-targeting properties of
CS as well as the ROS-scavenging function of BR. According to
previous reports, 2429721 CS-modified nanocarriers are potential
Golgi-specific drug delivery system. The subcellular distribution
of LCF-CSBN demonstrated that it did not preferentially accu-
mulate in mitochondria or the endoplasmic reticulum, but in-
stead localized specifically in the Golgi apparatus. Moreover, we
found that LCF-CSBN could partially escape from the lysosomes,
which might be attributed to the caveolin-dependent endocyto-
sis mechanism.l”>7*] The decreased lysosomes distribution of
nanomedicines could improve the therapy outcome by protect-
ing loaded drug from exposure to acidic pH and a hydrolytic
environment.””! Accordingly, LCF-CSBN effectively reduced in-
tracellular ROS production and Golgi stress, while improving the
efficacy of LCF in attenuating M1 macrophage activation. The
lipidomic analysis results showed that the lipid metabolism in
M1 macrophages (especially sphingolipid and AA metabolism)
was significantly regulated by LCF-CSBN. We found that
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LCF-CSBN treatment significantly reduced the levels of CER and
AA metabolites (i.e., PGE2, LTB4) while increasing that of AA.
Therefore, LCF-CSBN not only attenuated oxidative stress in the
Golgi apparatus in M1 macrophages but also facilitated the lipid
metabolic reprogramming of M1 macrophages toward M2 phe-
notype.

Due to OA is typically confined to one or a few joints, lo-
cal TA therapies bring several advantages over systemic drug ad-
ministrations, including increased local bioavailability, reduced
systemic drug exposure, and a lower risk of systemic side
effects.l?0%! Therefore, A injection has become a widely adopted
approach in both the clinical treatment of knee OA and pre-
clinical studies.”®”7] Nevertheless, drug retention time in the
joint cavity greatly contributes to treatment variability. Intra-
articularly injected therapies are cleared from the synovial fluid
by small blood vessels and the lymphatic system at a rate which
is likely influenced by the molecular size of the injected ther-
apeutic agent. Because IA injection is an invasive procedure,
which may cause the patients discomfort and introduce infec-
tion into the joint, strategies that prolong the retention of the
injected drug in the joint cavity are needed to reduce the fre-
quency of IA injection. However, the retention time of conven-
tional drugs used in OA treatment is short, ranging from a few
hours to several days. In accordance, we observed that the IA
injection of the aqueous LCF formulation had a short reten-
tion time in the joint cavity, as the drug entered blood circula-
tion immediately after injection; thus, frequent injections and
increased dosages of the drug would be required to maintain
the desired therapeutic effect. Nanoparticle-based drug delivery
systems have been designed to prolong drug retention in the
joint. Previous studies using in vivo imaging to determine the
retention of IA-injected sustained release formulations in the
joints reported retention times ranging from several days to 28
days.[”#%] In the present study, the LCF-CSBN was retained in
the joint for up to 28 days. This is likely because its relatively
large size (=160 nm) prevented the rapid clearance from synovial
tissue via blood vessels and the lymphatic system. Additionally,
drawing inspiration from the recently reported inflammatory-
cell-mediated sequestration mechanism identified in the arthritic
joint,81l we speculate that the selective endocytosis of LCF-
CSBN by M1 macrophages could also be responsible for its pro-
longed retention in the joints. Thus, the favorable pharmacoki-
netics of LCF-CSBN could reduce the frequency of IA injections,
which may improve OA treatment outcomes and increase patient
compliance.

Structural alterations in the articular cartilage and subchon-
dral bone are involved in OA progression, eventually leading to
disability.®2] Unfortunately, a disease-modifying treatment for
OA is not yet available as the pharmacological agents for OA
therapy only relieve pain in a short time and hardly protect
against cartilage degeneration at the same time.[®3 By contrast,
we showed that IA injection of LCF-CSBN significantly relieved
both joint pain and synovial inflammation for nearly a month in
rats with MIA or ACLT+pMMx induced OA. Additionally, LCF-
CSBN effectively attenuated cartilage damage in OA rats by in-
creasing the expression of the chondrocyte anabolic markers and
decreasing the expression of the chondrocyte catabolic mark-
ers. Importantly, LCF-CSBN was markedly more effective at im-
proving OA symptoms and tissue morphology than either LCF
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or CSBN. The superior efficacy of LCF-CSBN over either LCF
or CSBN alone can likely be attributed to the synergy between
the biological nanocarrier CSBN, which effectively delivers LCF
to its target site and increases its retention, and the pharma-
cological agent LCF, which simultaneously reprograms AA and
sphingolipid metabolism in M1 macrophages. Therefore, LCF-
CSBN effectively repolarizes synovial macrophages from M1 to
M2 phenotypes and suppresses synovial inflammation, which
may ameliorate cartilage degeneration by reduction the amounts
of pro-inflammatory cytokines and cartilage-degrading enzymes
secreted by M1 macrophages.!®#! Moreover, LCF-CSBN treat-
ment induced no obvious systemic or cartilage toxicity, likely
because the mode of IA drug delivery reduces systemic expo-
sure and the CSBN specifically target M1 macrophages. Con-
sequently, the LCF-CSBN designed and tested in the present
study represent a promising disease-modifying drug candidate
in OA.

In this study, we constructed CSBN from the biocompatible
and biodegradable CS and BR moieties. CS has already been
approved in the clinical treatment of OA, while BR is an en-
dogenous antioxidant with a well-characterized safety profile. Al-
though LCF-CSBN demonstrated good therapeutic efficacy and
biosafety in rats with chemically or surgically induced OA, scale-
up tests for preparing LCF-CSBN for translation into the clinic
and evaluating their long-term toxicity are warranted. Besides,
the efficacy of LCF-CSBN should be further evaluated in knock-
out models (e.g., CD44 knockout rats), which will be crucial in
the clinical translation of this promising nanomedicine. Further-
more, we simply categorized macrophages into M1/M2 pheno-
types. The future clinical application of LCF-CSBN warrants a
more precise identification of macrophages subtypes, thus help-
ing to clarify the roles of different subtypes of these macrophages
in the treatment of OA.

4, Conclusion

In this study, we developed an injectable nanomedicine plat-
form called LCF-CSBN. This platform demonstrated efficient
suppression of synovial inflammation and mitigation of cartilage
degradation by reprogramming of synovial M1 macrophages’
lipid metabolism in OA. LCF-CSBN exhibited remarkable effi-
cacy in targeting the Golgi apparatus in M1 macrophages and
subsequently reinstating homeostasis in sphingolipid and AA
metabolism, ultimately transforming M1 macrophages into the
M2 phenotype in vitro. In addition, LCF-CSBN presented ex-
tended joint-retention time and effectively relieved OA pain, at-
tenuated synovitis, and delayed cartilage degeneration in both
MIA induced and surgically induced OA models. Furthermore,
no apparent local or systemic toxicity was observed. In sum-
mary, LCF-CSBN represents a previously unexplored OA treat-
ment strategy that dually reprogrammed sphingolipid and AA
metabolism in M1 macrophages by targeting the Golgi appara-
tus.

5. Experimental Section

Patient Samples: Human OA synovial tissues were obtained from pa-
tients who underwent knee arthroplasty, and normal synovial tissues were
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collected from young patients who underwent amputation surgery. After
being fixed, dehydrated, embedded, and sectioned, the specimens were
processed for H&E staining, IF staining, and TEM examination. This study
protocol was approved by the Ethics Committee of Xiangya Hospital, Cen-
tral South University (N0.202110186), and complete written consent was
obtained before the operative procedure.

Cell Line: RAW 264.7 cells were purchased from the Chinese Academy
of Sciences Cell Bank for Type Culture Collection (Shanghai, China). RAW
264.7 cells were cultured at 37 °C in DMEM medium with 10% FBS and
1% 100 U mL~" of penicillin-streptomycin. M1-polarized macrophages
and M2-polarized macrophages were obtained by treating RAW 264.7 cells
with 50 ng mL~" of LPS or 20 ng mL~" of IL-4 for 24 h. RAW 264.7 without
stimulation was represented as MO macrophages.

Animals:  All animal trials in this study were carried out on male SD
rats (8—12 weeks old) purchased from Slake Jingda Experimental Animal
Co., Ltd (Changsha, China). Animals were housed in a specific pathogen-
free environment at a standard temperature of 22 + 2 °C and relative
humidity of 55% (45%-70%) in a 12:12 h light/dark cycle with free food
and water intake. All animal studies were conducted according to the re-
quirements of the national act regarding the use of experimental animals
(China) and complied with the guidelines evaluated and approved by the
Animal Ethics Committee of Xiangya Hospital, Central South University
(No.2022111128).

Synthesis and Characterization of CS-BR:  CS (100 mg, 0.0015 mmol;
Sigma—Aldrich, St. Louis, USA), EDCI (11.5 mg, 0.06 mmol; Aladdin,
Shanghai, China), 4-Dimethylaminopyridine (DMAP, 7.33 mg, 0.06 mmol;
Aladdin, Shanghai, China) and EDA (3.91 mg, 0.05 mmol; Aladdin, Shang-
hai, China) were dissolved in N, N-dimethylformamide and performed
for 24 h. The reaction mixtures were dialyzed against ultrapure wa-
ter, CS-EDA was obtained by lyophilized. Subsequently, BR (23.39 mg,
0.04 mmol; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), EDCI
(11.5 mg, 0.06 mmol) and DMAP (7.33 mg, 0.06 mmol) were dissolved
in dimethyl sulfoxide (DMSO; Macklin, Shanghai, China). After stirring
at 30 °C for 30 min, CS-EDA dissolved in 3:1 (v/v) DMSO/H,O solution
(3 mL) was added to the mixture, and the reaction was allowed to pro-
ceed with stirring for 48 h at 30 °C under a nitrogen gas. The mixtures
were dialyzed using ultrapure water to remove the organic solvent, and
the dialysate was centrifuged (10 000 x g 10 min 4 °C) to separate the un-
reacted BR, the resulting precipitate was discarded, and the supernatant
was collected. After lyophilization, the material was characterized by 'H
NMR, FTIR and gel permeation chromatography (GPC) instrument.

The PEGylated BR (PEG-BR) block was synthesized via the introduction
of poly (ethylene glycol) (PEG,q00-NH,) molecules to BR, as described in
previous study.®6] Briefly, BR (29.23 mg, 0.05 mmol) and EDCI (11.5 mg,
0.06 mmol) were dissolved in DMSO (3 mL). After stirring for 30 min at
room temperature, mPEG,qy0-NH, (50 mg, 0.025 mmol; Ponsure, Shang-
hai, China) and trimethylamine (45 pL) were added, this was followed by
mixing for 4 h under a nitrogen gas. After adding chloroform (20 mL), the
organic solvents were washed with 0.1 M HCl (60 mL) and 0.1 M NaHCO,
(60 mL). Subsequently, PEG-BR was obtained by drying and evaporating
the organic layer under a vacuum.

Preparation and Characterization of LCF-CSBN: A stock solution of LCF
(Selleck, Houston, USA) dissolved in DMSO was added dropwise into
the CS-BR solution or PEG-BR solution, followed by stirring for 10 min
and ultra-sonicating for 5 min. The LCF-CSBN or LCF-PEGN were ob-
tained by ultra-filtration to remove the unencapsulated drugs and organic
solvents.[#”] Subsequently, the hydrodynamic diameter and zeta potential
of LCF-CSBN were determined by DLS (Zetasizer LAB, Malvern Instru-
ments, Malvern, UK). TEM (JEM-2100Plus, Tokyo, Japan) was used to vi-
sualize the morphology of LCF-CSBN. The CMC value of LCF-CSBN was
determined by the light scattering method described previously.[3¢] Dis-
tinct nanomedicine formulations were formed by using different amounts
of CS-BR in PBS, and their sizes were then analyzed by DLS. Additionally,
the particle size and PDI were measured daily using the Zetasizer LAB
instrument for the stability assay. ROS-mediated decomposition of LCF-
CSBN was assessed as follows, LCF-CSBN was treated with PBS, H,0,
(5 mM; Aladdin, Shanghai, China), AAPH (100 mM; Aladdin, Shanghai,
China), and NaOC| (1 mM; Aladdin, Shanghai, China) for 1 h, respec-
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tively. The particle size was measured by DLS, and the reaction was also
monitored by determining the absorbance at 450 nm using a microplate
reader (TECAN, Mannedorf, Switzerland). Finally, the TEM images were
captured after incubation in the presence or absence of AAPH (100 mM)
for 1 h. The BR portion in LCF-CSBN after a 7-day incubation with syn-
ovial fluid from OA patients at 37 °C was measured using a microplate
reader (TECAN, Mannedorf, Switzerland) by recording the absorbance at
450 nm. The ROS-responsive release behavior of LCF-CSBN was evaluated
using the dialysis method, and the released LCF was analyzed by high-
performance liquid chromatography (HPLC, Agilent, CA, USA).

Cell Internalization and Endocytosis Pathways: LPS-activated RAW
264.7 cells were seeded and cultured for 24 h. Then the culture super-
natant was replaced by DiD-PEGBN or DiD-CSBN in serum-free medium,
and the cells were incubated for another 4 h. Next, cells were collected,
centrifuged, and suspended in PBS. A flow cytometer (BD, Franklin Lakes,
USA) was used to detect the fluorescence intensity of DiD quantitatively.
The cellular uptake study of DiD-CSBN in MO, M1, M2 macrophages,
and activated fibroblasts by flow cytometer was conducted as mentioned
above. Meanwhile, to perform a qualitative analysis of cellular uptake,
LPS-stimulated RAW 264.7 cells were seeded in glass-bottomed dishes,
treated as described above, washed with cold PBS, stained with DAPI,
and observed on a laser scanning confocal microscope (LSCM, Zeiss 900,
Oberkochen, Germany). Subsequently, the endocytosis pathways of LCF-
CSBN were explored by pretreating LPS-activated RAW 264.7 cells with the
following inhibitors (chlorpromazine, amiloride, methyl-beta-cyclodextrin,
CS; Aladdin, Shanghai, China; or CD44 antibody; MCE, USA) for 1 h. Then,
DiD-CSBN was added into the culture medium, and the cells were incu-
bated at 4 or 37 °C for another 4 h before flow cytometry analysis.

Subcellular Localization of LCF-CSBN:  LPS-activated RAW 264.7 cells
were seeded in glass-bottomed dishes and treated with DiD-PEGBN or
DiD-CSBN for 4 h. Next, cells were rinsed with cold PBS and stained
with 5 uM BODIPY TR CER complexed with BSA (Thermo Fisher Scien-
tific, Waltham, USA), 100 nM MitoTracker Green (Beyotime, Shanghai,
China), or 2 mM ER Tracker Green (Thermo Fisher Scientific, Waltham,
USA) for localization assays of the Golgi apparatus, mitochondria, and
the endoplasmic reticulum, respectively. Additionally, LPS-activated RAW
264.7 cells were incubated with DiD-PEGBN or DiD-CSBN for 1 or 4 h,
washed and stained with 150 nM Lyso-Tracker Green (Thermo Fisher Sci-
entific, Waltham, USA) for 30 min. Finally, the subcellular localization of
the nanomedicines was visualized using LSCM. The Pearson’s colocaliza-
tion coefficient was processed and calculated using Image Pro software.

Intracellular ROS Scavenging: DCFH-DA (MCE, USA) was used as a
tracker for intracellular ROS measurements.[3*] RAW 264.7 cells were pre-
treated with LPS for 24 h and then immediately incubated with PBS, LCF,
LCF-PEGBN, CSBN, or LCF-CSBN (2.7 uM LCF) for 3 h. Next, the cells
were stained with 10 uyM DCFH-DA at 37 °C for 30 min, and stained with
hoechst for 10 min before being photographed using a fluorescent mi-
croscopy (Leica, Wetzlar, Germany).

In Vitro Biological Activity: ~ LPS-activated RAW 264.7 cells were seeded
in glass-bottomed dishes and incubated with PBS, LCF, LCF-PEGBN,
CSBN, or LCF-CSBN (2.7 uM LCF) for 24 h. Afterward, the expression lev-
els of GOLPH3 and GM 130 were investigated by IF staining. Moreover, the
morphologies of the Golgi apparatus in the treated cells were visualized
by TEM to evaluate the structural changes. In brief, the treated cells were
fixed, permeabilized, and stained with an anti-GOLPH3 primary antibody
(1:500, 67777-1-lg, Proteintech, China) or anti-GM130 primary antibody
(1:100, ab52649, Abcam, UK), followed by the corresponding secondary
antibodies.

The primary macrophages were derived from BMDMs isolated from
the femurs of C57BL/6 mice aged 6-8 weeks.[®8] For pro-inflammatory
macrophage activation, BMDMs were treated with LPS (50 ng mL™") for
24 h. Subsequently, the cells underwent three PBS washes and were treated
with corresponding agents in fresh medium for an additional 24 h. The
collected cells were subjected to analysis with polarization markers using
flow cytometry. Cells were harvested and suspended in 1% bovine serum
albumin-PBS buffer at a concentration of 1x 108 cells mL~". Next, 0.1 mL
of the cell suspension was incubated with F4/80 (eBioscience, USA), CD86
(eBiosciences, USA), and CD206 (BioLegend, USA) conjugated antibodies
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in the dark at 4 °C for 30 min. After being washed with PBS three times,
the labeled cells were resuspended in 0.2 mL of PBS and analyzed using
FlowJo software.

LPS-activated RAW 264.7 cells were seeded in 12-well plates and treated
with PBS, LCF, LCF-PEGBN, CSBN, or LCF-CSBN (2.7 uM LCF) for 24 h.
Cell supernatants were collected to measure the content of PGE2, LTB4,
TNF-a, IL-1 g, IL-6, INOS, and IL-10 using ELISA kits (Ruixin, Shanghai,
China) according to the manufacturer’s instructions. To detect changes in
cell subtypes after exposure to different treatment conditions, cells were
stained with an anti-iINOS antibody (1:800, ab210823, Abcam, UK) and
anti-CD206 antibody (1:1000, ab64693, Abcam, UK), followed by the cor-
responding secondary antibodies. Cells were lysed and total RNA was ex-
tracted using the Trizol Reagent (TaKaRa, Osaka, Japan). The cDNA was
amplified using the TaKaRa reverse transcription reagents and qRT-PCR
analysis was performed using All-in-One qPCR Mix Kit (GeneCopoeia,
China) on ABI Quant Studio 3 (Applied Biosystems, Waltham, MA). All
primer sequences of target genes are shown in Table S2. And the data
were presented as fold changes in comparison with endogenous controls.

To verify the drug-repolarization mechanism, LPS-activated RAW 264.7
cells were seeded in glass-bottomed dishes and treated with PBS or LCF
for 24 h, followed by treatment with 4-hydroxy-2-nonenal (HNE) or linoleic
acid (LA) for the rescue experiment. The control for the COX-2 and 5-
LOX inhibition experiment was conducted as follows, LPS-activated RAW
264.7 cells were treated with PBS, LCF, celecoxib (CXB), Zileuton, or S-
2474 for 24 h. Subsequently, the cells were then stained with anti-iINOS
antibody and anti-CD206 antibody, followed by incubation with the corre-
sponding secondary antibodies. Moreover, LPS-activated RAW 264.7 cells
were treated with PBS or LCF for 24 h, and the cells were incubated with
anti-FGFR1 or anti-p-FGFR1, which were then stained with Alexa Fluor 488.

RNA Sequencing: LPS-activated RAW 264.7 cells were treated with
PBS, LCF, or LCF-CSBN (equivalent of 2.7 uM LCF) for 24 h. RNA sequenc-
ing was performed based on previously published methods.[3°] Briefly,
total RNA was extracted using the TRIzol reagent (Invitrogen, CA, USA)
according to the manufacturer’s protocol. Then the sequencing library
was constructed using the NEBNext UltraTM RNA library Prep Kit for Illu-
mina (NEB, USA) according to the manufacturer’s instructions. Differen-
tial expression analysis between groups was performed using the DESeq2
R package. DEGs were defined as having a fold change >2 and p-value
<0.05. Heatmaps were generated using the heatmap package. Gene on-
tology (GO) enrichment analysis, KEGG pathway analysis, and GSEA were
performed using clusterProfiler R package. For each group, 3 duplicates
were collected for RNA-Seq analysis.

Lipidomics:  LPS-activated RAW 264.7 cells were treated with PBS, LCF,
or LCF-CSBN (equivalent of 2.7 uM LCF) for 24 h. The treated cells were
collected and homogenized on ice, then the obtained lipids were ex-
tracted and dried under nitrogen stream. Subsequently, the lipids were
reconstituted in isopropanol/methanol (1:1), then analyzed using high-
performance liquid chromatography electrospray ionization mass spec-
trometry (HPLC-ESI-MS/MS), performed on prelude SPLC + TSQ Quan-
tiva LC-MS/MS system.

IA Retention Assay: Three days after |A injection of MIA (2.0 mg per
knee; Sigma—Aldrich, USA), the right hind limbs of rats were shaved and
received IA injection of DiD solution, DiD-PEGBN, or DiD-CSBN. Seri-
ally acquired fluorescence images of each joint were captured by an IVIS
(Perkin Elmer, Waltham, USA) for 28 days. The radiant efficiency of the
knee joints within a fixed anatomical region of interest (ROI) was deter-
mined using Living Image software, and a quantitative analysis of the area
under the curve (AUC) based on the radiant efficiency of ROl was per-
formed.

IF Staining: To study the fluorescence distribution of DiD-labeled
nanomedicines, MIA rats were received IA injection with DiD solution,
DiD-PEGBN, DiD-CSBN, or DiD-CSBN pretreated with CD44 antibody.
The right knee joints were collected and prepared sections 3 days after
injection. After removing the embedding agent with PBS, sections were
stained with anti-CD68, anti-iNOS, or BODIPY TR CER complexed to BSA
at 4 °C overnight. The fluorescence microscope (Leica, Wetzlar, Germany)
was used to observed the distributions of fluorescence in synovium of MIA
rats.
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For the phenotypic reprogramming ability assay and the protein ex-
pression study, MIA rats and ACLT+pMMx rats were received the indi-
cated administration with different formulations. Knee joints were col-
lected and prepared sections. Then the sections were stained with anti-
CD68, anti-iNOS, anti-CD206, anti-GOLPH3, anti-GM130, anti-FGFR1, or
anti-p-FGFR1 at 4 °C overnight, which were then captured by fluorescence
microscope (Leica, Wetzlar, Germany).

ROS Scavenging Ability of LCF-CSBN In Vivo: Three days post MIA in-
jection, rats were received a single IA injection of saline, LCF, CSBN, or
LCF-CSBN. A single injection of L-012 solution at dose of 75 mg kg™ was
injected 28 days after MIA rats receiving different treatments. Biolumines-
cent images and relative amount of ROS in the OA knee joints were ob-
tained via IVIS (Perkin Elmer, Waltham, USA).

MIA Induced OA Rat Model: Thirty-five 8-week-old SD rats were ran-
domly divided into five groups. Twenty-eight of the animals were subjected
to MIA IA injection. Briefly, MIA (2.0 mg per knee; Sigma-Aldrich, USA) was
intra-articularly injected into right knee of SD rat to induce OA. Rats with-
out MIA IA injection or subsequent treatment served as controls. Three
days after IA injection of MIA, a total volume of 40 uL of saline, LCF, CSBN,
or LCF-CSBN (equivalent of 40 ug of LCF) was intra-articularly injected into
the right knee of each OA rats.

ACLT+pMMyx Induced OA Rat Model:  Thirty-five 12-week-old SD rats
were randomly divided into five groups. Among these, twenty-eight ani-
mals were subjected to ACLT+pMMx surgery, as previously described.[64]
Briefly, rats were anesthetized; the right knee joint was then shaved,
cleaned, and disinfected with 75% ethyl alcohol. A medial parapatellar ap-
proach of the right knee joint skin and soft tissue was used, and the patella
was dislocated laterally to fully expose the joint cavity. The knee was placed
in full flexion followed by transection of the anterior medial meniscotibial
ligament; the anterior part of the medial meniscus was then removed us-
ing a surgical scissor. After that, the anterior cruciate ligament (ACL) was
carefully transected using a micro-surgical scalpel. Subsequently, an an-
terior drawer test was performed to confirm the total transection of the
ACL. Ultimately, the joint capsule and its surrounding skin were sutured
entirely. Rats in sham group were anesthetized and underwent identical
skin and soft tissue incisions, patellar dislocation, and knee joint expo-
sure, excluding damage to the medial meniscus and ACL. Four weeks
after the establishment of surgically induced OA model, the OA rats re-
ceived IA injections, following the same protocol as the rats in the MIA
induced OA model, with injections administered on days 28 and 56 after
surgery.

Pain-Related Behavior Assessment: The mechanical allodynia test and
spontaneous locomotor activity were conducted to assess pain-related be-
haviors in animals. The mechanical allodynia test was performed weekly
using an electronic von Frey aesthesiometer (IITC, Woodland Hills, CA,
USA) as previously described.[®°] Briefly, the rats were placed in transpar-
ent plastic cubicles on a mesh floored table and were allowed to accli-
mate for 15 min before the test. The plantar surface of the hind paw was
stimulated with ascending force intensities of von Frey filaments. Posi-
tive responses, including brisk paw withdrawal, licking, or shaking, were
meticulously recorded; the instrument automatically tallied the number of
positive responses for each stimulus. For each rat, this test was performed
three times with a time interval of at least 5 min between two adjacent stim-
uli. The final threshold value was obtained by calculating the mean value
of three readings. Spontaneous locomotor activity was assessed using the
PhenoRack system (ViewPoint, Lyon, France) as previously described.[®']
Rats were individually housed in large cages (50 cm long x 50 cm wide
%45 cm high) and given free access to food and water, underwent a 24 h
habituation period. Infrared cameras recorded their continuous activities
during this period, and the Videotrack software (Viewpoint, Lyon, France)
automatically generated locomotor activity parameters, such as the num-
ber and duration of climbing attempts. All assessments were performed
by the same investigator blinded to the study groups and identification of
animals.

HCT Analysis:  Knee joint samples were collected and fixed for 72 h with
4% paraformaldehyde (PFA) and were then scanned using uCT (Skyscan
1176, Skyscan, Aartselaar, Belgium) with a high resolution of 9 um at
50 kV/200 pA. The NRecon v1.6 and CTAn v1.13.8.1 software was used
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for data reconstruction. Scanned images from each group were subjected
to the same thresholds to allow for 3D structural remodeling. Osteophyte
formation was assessed using 3D analysis in CTAn.

Histological Analysis, IHC Staining, and TUNEL Assay: Rats were sac-
rificed after the final behavior assessment, and right knee joints were col-
lected. Samples were fixed in 4% PFA for 72 h, decalcified in EDTA for
6 weeks, and then embedded in paraffin. Serial sagittal sections of knee
joints were cut every 5 um from the medial compartments. The sections
were stained with H&E and Safranine O-Fast green stain for histologi-
cal analysis. Respectively, synovitis scoring and OARSI scoring were per-
formed by two independent experts to evaluate synovial inflammation and
articular cartilage destruction. For IHC staining, after appropriate anti-
gen retrieval, slides were incubated with primary antibodies (i.e., anti-
TNF-a, anti-IL-14, anti-IL-6, anti-CGRP, anti-NGF, anti-COL I, anti-ACAN,
anti-MMP13, anti-ADAMTSS5, anti-N-SMase, anti-COX-2, anti-LOX-5, anti-
CD68 and anti-CD206) at 4 °C overnight, followed by binding with biotiny-
lated secondary antibodies and 3,3’- diaminobenzidine (DAB) color devel-
oper. The TUNEL assay was carried out according to the manufacturer’s
instructions (Beyotime, China).

Safety Evaluation: To investigate the in vivo safety of LCF-CSBN, MIA
rats and ACLT+pMMx rats were treated as detailed in the therapeutic effi-
cacy part of the study. Treatment was administered by IA injection once ev-
ery 4 weeks, and rats were sacrificed 4 weeks after the last treatment. Blood
samples and major organs (i.e., heart, liver, lung, kidney, and spleen) were
collected for serum enzyme analysis and H&E staining, respectively. To
assess the in vitro safety of LCF-CSBN against M1 macrophages, cells
were treated with LCF or LCF-CSBN at concentrations of LCF equivalents
ranging from 0.0098—2.5 pg mL~" for 24 h. Subsequently, CCK-8 reagents
(NCM Biotech, China) were added to the wells, followed by measuring the
optical density (OD) at 450 nm using the multifunction microplate reader
(BioTek Epoch, USA) according to the manufacturer’s instructions.

Statistical Analysis:  All data were presented as the mean + standard
deviation. Statistical analyses were performed using a student’s two-sided
t test (for comparisons of two groups), or one-way (for comparisons be-
tween multiple groups of one variable) or two-way analysis of variance
(for comparisons between multiple groups of two different variables)
(ANOVA) with Tukey’s post hoc test. All statistical analyses were per-
formed using Graph Pad Prism version 8.0 software. Differences were
considered statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001,
wwiEp < 0.0001.
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