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HEALTH AND MEDICINE

Engineered MgO nanoparticles for cartilage-bone

synergistic therapy

Liming Zheng"***1, Sheng Zhao?t, Yixuan Li't, Jiankun Xu®, Wenjin Yan', Baosheng Guo’,
Jianbin Xu3, Lifeng Jiang?, Yifeng Zhang"**, Hui Wei?*, Qing Jiang"*

The emerging therapeutic strategies for osteoarthritis (OA) are shifting toward comprehensive approaches that
target periarticular tissues, involving both cartilage and subchondral bone. This shift drives the development of
single-component therapeutics capable of acting on multiple tissues and cells. Magnesium, an element essential
for maintaining skeletal health, shows promise in treating OA. However, the precise effects of magnesium on
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cartilage and subchondral bone are not yet clear. Here, we investigated the therapeutic effect of Mg+ on OA,
unveiling its protective effects on both cartilage and bone at the cellular and animal levels. The beneficial effect
on the cartilage-bone interaction is primarily mediated by the PI3K/AKT pathway. In addition, we developed
poly(lactic-co-glycolic acid) (PLGA) microspheres loaded with nano-magnesium oxide modified with stearic acid
(SA), MgO&SA@PLGA, for intra-articular injection. These microspheres demonstrated remarkable efficacy in alleviating
OA in rat models, highlighting their translational potential in clinical applications.

INTRODUCTION

Osteoarthritis (OA) is a prevalent joint disorder that affects over
250 million individuals worldwide (1, 2). With the rapid increases
in global aging, obesity, and knee trauma, further escalation of
medical burden of OA is anticipated (3). Notably, the pathogenesis
of OA is complex, primarily because it affects the periarticular
tissues (4). With the advances in molecular classification, OA
has been classified into cartilage degradation-driven, bone
remodeling-driven, pain-driven, and inflammation-driven sub-
types depending on the representative altered molecules. These
subtypes are not necessarily mutually exclusive, and a combination
of treatments targeting different mechanisms may therefore be
effective (5). The combined use of various agents, such as diverse
growth factors and small molecules, has the potential to target
multiple tissues concurrently (6-8). These agents were applied in
the treatment of OA via cartilage tissue engineering, such as
through hydrogels (9, 10). However, the industrial production and
clinical application of these agents are limited by their complex
manufacturing techniques, high cost, and side effects (11, 12).
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Therefore, it is important to develop cost-effective, single-component
therapeutics that can directly regulate multiple tissues.

Magnesium (Mg) is an element that is mainly stored in the
skeletal system and plays a crucial role in maintaining bone
and cartilage health (13-16). Previous studies have revealed
the link between magnesium ion (Mg*) deficiency and the pro-
gression of OA (17, 18). Notably, oral and intra-articular Mg**
supplementation has shown beneficial effects in OA treatment
(19-21). The intra-articular injection of MgCl, solution effective-
ly protects cartilage from damage in OA rats. In the progression
of OA, the balance between cartilage and bone formation and re-
sorption is mainly influenced by three cell types, including bone
marrow mesenchymal stem cells (BMSCs), chondrocytes, and os-
teoclasts (22). As a ubiquitous element found in almost all cell
types, Mg”* has been shown to effectively stabilize enzymes and
nucleic acids, thereby exerting therapeutic effects on various
cells in OA (23). Thus, Mg** may attenuate OA by acting on various
cell types, but the precise therapeutic mechanism of Mg**
remains obscure.

In this work, we proposed two hypothesis and verified them.
One is that Mg*" could synergically regulate subchondral bone
and cartilage to treat OA. The other is that the regulation of dif-
ferent behaviors of BMSCs, chondrocytes, and monocytes could
be related to the regulation of one key protein, AKT. The findings
revealed that Mg** promoted chondrogenic differentiation and
inhibited osteogenic differentiation of BMSCs. Furthermore, it
inhibited cellular apoptosis in chondrocytes and the formation of
osteoclasts through the AKT-related pathway. At the tissue level,
Mg?* exhibited protective effects on cartilage and subchondral
bone. To effectively deliver an appropriate concentration of Mg**
to the joint cavity in vivo, we used magnesium oxide (MgO) as a
precursor for M§2+ and poly(lactic-co-glycolic acid) (PLGA) as a
carrier. The Mg“*-containing delivery system showed stable re-
lease of Mg*" in the joint cavity without altering the local acid-
base environment. The administration of MgO nanoparticles
loaded into PLGA microparticles (MPs) in the joint cavity effec-
tively relieved the progression of OA, while the cartilage and
subchondral bone were simultaneously affected (Fig. 1).
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Fig. 1. Schematicillustration. We fabricated MgO&SA@PLGA and performed intra-articular injection of MgO&SA@PLGA in rats. The sustainably released Mg?* promoted
proliferation and chondrogenic differentiation of BMSCs, inhibited the formation of osteoblasts and osteoclasts via regulating the phosphorylation of AKT, and protected

cartilage and subchondral bone from osteoarthritic damage in vivo.

RESULTS

Mg>* reduces the degeneration of human tissues ex vivo
Before evaluating the therapeutic effect of Mg”* in OA, we first
conducted in vitro studies using ATDC5 and SW1353 cells to in-
vestigate the biocompatibility of Mg®*. Through morphological
observations and CCK-8 tests, we showed that Mg®* was safe
when its concentration did not exceed 20 mM in both inflamma-
tory and noninflammatory environments (fig. S1, A to C). There-
fore, for the subsequent experiments, concentrations lower than or
equal to 20 mM were selected.

Cartilage tissues were obtained from 13 participants who met
the inclusion and exclusion criteria (fig. S2). The detailed demo-
graphic information of the participants is summarized in table S1.
As shown in Fig. 2A, the OA cartilage tissues were collected from
the medial tibial plateau and subsequently cultured ex vivo. Both
immunostaining and Western blot results revealed that the expres-
sion of COL2A1 and SOX9 increased after treated with 10 mM
Mg**, while the expression of COL1A2 showed no significant dif-
ferences, indicating no altered mineralization (Fig. 2, B to F). In
addition, the expression of COL10A1 significantly decreased after
treatment, indicating that hypertrophy was inhibited (Fig. 2, E and
F). After treatment with 10 mM Mg”* for 0, 4, 24, and 72 hours,
Western blot results revealed that the expression of COL2A1 and
SOX9 increased to different degrees. The expression of SOX9 in-
creased rapidly between 0 and 4 hours, while the expression of
COL2A1 gradually increased and reached a plateau at about 24 hours
(Fig. 2, G and H). The expression of COL1A2 did not significantly
change, while the expression of COL10AL1 significantly decreased,
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which is according to the results in 24 hours. These findings demon-
strate that 10 mM Mg** effectively rescues the OA damage of cartilage
tissue ex vivo.

Mg?* affects the behavior of BMSCs by regulating the
phosphorylation of AKT

Mg®* enhanced the proliferation and chondrogenic differentiation
and inhibited the osteogenic differentiation of BMSCs by regulating
AKT phosphorylation in vitro (Fig. 3A). After treating BMSCs with
different concentrations of Mg2+ (0,1, 2, 10, and 20 mM) for 24 hours,
there was an increase in the optical density (OD) value at 450 nm,
indicating that Mg** enhanced proliferation of BMSCs (Fig. 3B).
However, when the cells were treated for 72 hours, no significant dif-
ference was observed, which might be explained by the fact that the
confluence of the cells masks the gap. The OD value reached a pla-
teau in the 10 mM group at 24 hours, indicating that 10 mM Mg**
performs best in enhancing proliferation of BMSCs. Moreover, when
BMSCs were incubated with gradient concentrations of Mg>* (0, 2,
10, and 20 mM) for 7 and 14 days, the chondrogenic differentiation
was significantly enhanced, as suggested by Alcian blue staining.
Cartilage nodules became larger, while aggrecan stained with Alcian
blue appeared more abundant, and the corresponding quantitation
results confirmed the alteration (fig. S3A; Fig. 3, C and D). It should
be noted that the relevant quantitative results at 14 days is lower than
those at 7 days. Although the Alcian blue staining of BMSCs ap-
peared larger and denser in the Mg** (14 days) group, it is essential
to note that the staining in the control (14 days) group also displayed
increased size and density. Consequently, the relative value turned
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Fig. 2. Mg?* improves chondrocytic phenotype in cartilage tissues from patients with OA. (A) A representative radiograph of a patient with OA (patient 3). The red
square represents the area of cartilage used for the experiment. Microscopic photographs of COL2A1 (B) and SOX9 (€) immunostaining in osteoarthritic tissues treated
with/without Mg (10 mM) for 24 hours, and (D) the corresponding quantitative results (n = 6). Scale bars, 100 pm. (E) Expression of chondrocytic and hypertrophic
phenotypic proteins (SOX9, COL1A2, COL2A1, and COL10A1), and (F) the corresponding quantitative results (n = 4). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
(G) Western blot images of SOX9, COL1A2, COL2A1, and COL10A1 isolated from cartilage treated with 10 mM Mg?" for 0, 4, 24, and 72 hours, and (H) the corresponding
quantitative results (n = 6). Notes: All data are shown as the means + SD. Statistical differences between groups were determined by t test and one way analysis of variance

(ANOVA). *##P < 0.001; ****P < 0.0001; not significant (ns) P > 0.05.

out to be lower in the Mg** (14 days) group. This phenomenon indi-
cated that Mg®* accelerated the process of chondrogenic differentia-
tion, while the chondrogenic differentiation reached a plateau in
Mg**-treated group while still at an increasing period in control
group in 7 to 14 days.

Notably, the quantitative analysis demonstrated that 10 mM
Mg** had a more pronounced effect on enhancing chondrogenic
differentiation compared with other concentrations (fig. S3B). We
assessed the chondrogenic protein markers, SOX9 and COL2Al,
using Western blot at 7 and 14 days. The expression levels of COL2A1
and SOX9 were the highest when the cells were treated with 10 mM
Mngr (Fig. 3, E and F). These findings indicate that Mg2+ (10 mM)
promotes chondrogenic differentiation in vitro.

We then evaluate the ability of Mg to regulate the osteogenic
differentiation of BMSCs. After supplementing the medium with
gradient concentrations of Mg** (0, 1, 10, and 20 mM) for 7 and
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28 days, alkaline phosphatase (ALP) staining and alizarin red staining
(ARS) revealed a dosage-dependent decline, consistent with the
expression of osteogenic-related mRNAs (RUNX2, OPN, OCN,
and COLIA2) at 7 days (Fig. 3, G to I, and fig. S3, C and D). The
relative expression of phosphorylated AKT (P-AKT)/AKT signifi-
cantly varied among BMSCs treated with different media. In the ba-
sic culture medium (BMSCs in a resting state) and chondrogenic
differentiation medium, AKT phosphorylation increased signifi-
cantly in the Mg”*-treated group. However, when BMSCs were
treated with osteogenic medium, AKT phosphorylation decreased
(Fig. 3, ] and K). By further evaluating the underlying pathway, we
found that Mg** activated the INTEGRIN-B1/phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3KCA)/AKT/extracellular signal-regulated
kinase (ERK) pathway in the common medium, as revealed by
the increased expression of INTEGRIN-B1, PI3KCA, P-AKT, and
P-ERK (Fig. 3, L and M).
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Fig. 3. Mg?* affects the behavior of BMSCs via regulating the phosphorylation of AKT in vitro. (A) Schematic illustration showing that Mg?* affects BMSCs' prolifera-
tion and chondrogenic and osteogenic differentiation via regulating AKT’s phosphorylation in vitro. (B) CCK-8 test for BMSCs treated with Mg** (0, 1,2, 10, and 20 mM) for
24 and 72 hours (n = 6, the comparison was performed between Mg?*-treated groups with the control group). A.U., arbitrary units. (C) Photographs of Alcian blue staining
of BMSCs after treatment with Mg?* (10 mM) for 7 and 14 days, and (D) quantitative results (n = 3). (E) Protein levels of SOX9 and COL2A1 of BMSCs after treatment with
Mg?* (10 mM) for 7 (SOX9) and 14 (COL2A1) days, and (F) the quantitative results (n = 3). (G) ALP (7 days) and ARS (14 days) staining of BMSCs after treatment with Mg?*
(10 mM) in osteogenic medium, and (H) quantitative results (n = 3). (I) Relative expression of mMRNA (RUNX2, OPN, OCN, and COL1A2) of BMSCs after treatment with Mg2+
(10 mM) for 7 days (n = 3). 2722, delta-delta CT method. (J) Protein levels of P-AKT and AKT in BMSCs in common, chondrogenic, and osteogenic medium supplemented
with Mg** (10 mM) for 24 hours, and (K) quantitative results (n = 3). (L) Protein levels of the INTEGRIN-B1/PI3KCA/AKT/ERK pathway of BMSCs cultured in common
medium for 4 hours, and (M) the quantitative results (n = 3). Notes: Scale bars, 100 pm. All data are shown as the means + SD. Statistical differences between groups were
determined by t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, P > 0.05.
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Mg?" inhibits IL-1p-induced chondrocyte apoptosis by
activating the PI3K/AKT pathway

Human primary chondrocytes isolated from OA cartilage were used
to mimic the inflammation of chondrocytes in OA in vitro. With the
supplementation of gradient concentrations of Mg** (2, 10, and 20 mM),
the Alcian blue staining turned darker in color in both inflamma-
tory and noninflammatory environments, which was also verified
in the quantitative results (fig. S3, E and E, and Fig. 4, A and B).
Simultaneously, the protein levels of COL2A1 and SOX9 increased

with the supplementation of Mg®*, while 10 mM Mg** showed a
better phenotype-improving performance compared with 2 and
10 mM groups (Fig. 4, C and D).

Subsequently, interleukin-1p (IL-1p)-treated SW1353 cells
were used to mimic inflammatory chondrocytes and investigate
the potential mechanism. Treatment with IL-1p (10 ng/ml) sig-
nificantly increased the apoptosis rate of SW1353 cells, which was
reversed by MgZJr (10 mM) supplementation (Fig. 4, E and F).
Furthermore, Mg”" treatment led to a significant decrease in the
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Fig. 4. Mg?* protects chondrocytes from inflammation-induced apoptosis via activating the AKT-CASPASE-3 pathway in vitro. (A) Alcian blue staining of primary
human chondrocytes after culture in conditioned medium for 24 hours, and (B) the corresponding quantitative results (n = 8). (C) Western blot images of COL2A1 and
SOX9 of primary human chondrocytes after culture in conditioned medium for 24 hours, and (D) the corresponding quantitative results (n = 8). (E) Cell apoptosis level of
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apoptosis-related genes CASPASE-3, CASPASE-8, CASPASE-9,
and BAX/BCL2 relative to the control group (fig. S4A). Upstream
proteins, including PI3KCA p110a and P-AKT, exhibited a sig-
nificant increase after treatment with Mg** (Fig. 4, G and H). To
examine the role of AKT in the antiapoptotic effect of Mg*",
chondrocytes incubated with Mg** were treated with MK2206, an
AKT inhibitor. Upon Mg** treatment, AKT phosphorylation was
activated, leading to a significant decrease in the apoptotic markers
cleaved CASPASE-3 and BAX/BCL2 at the protein level (Fig. 4,
and J). However, supplementation with MK2206 resulted in a sig-
nificant decrease in P-AKT and chondrocytic markers (COL2A1
and SOX9), while apoptotic markers (CASPASE-3, CASPASE-8,
CASPASE-9, and BAX/BCL2) increased at both mRNA and pro-
tein levels (fig. S4B). These findings indicated the importance of
AKT phosphorylation in the antiapoptotic effect of Mg** via the
PI3K/AKT pathway. Collectively, these results demonstrate that
Mg** (10 mM) protects chondrocytes from inflammatory damage
by inhibiting apoptosis through the PI3K/AKT pathway (Fig. 4K).

Mg>" inhibits the formation and function of osteoclasts via
inhibiting AKT phosphorylation

As shown in tartrate-resistant acid phosphatase (TRAP) and im-
munostaining analysis, both the area and the number of osteo-
clasts exhibited a significant decrease, indicating the inhibition of
osteoclast formation (Fig. 5, A to C). Subsequently, calf bone slices
seeded with osteoclasts were used to assess their bone resorptive
function. As shown in scanning electron microscopy (SEM) im-
ages, the newly formed bone resorptive lacunas were no longer
observed following the treatment with 10 mM Mg”* (Fig. 5D),
suggesting the inhibition of osteoclast function. Moreover, the
phosphorylation level of AKT in osteoclasts showed a significant
decrease (Fig. 5, E and F), which was closely associated with osteo-
clast survival. We also used transcriptome sequencing to analyze
the differences in genes and found that, among the up-regulated
genes, the PI3K/AKT pathway accounted for the most significant
alteration in addition to proteoglycans and focal adhesion (Fig. 5,
G and H). Collectively, our findings demonstrate that Mg*" effec-
tively inhibits the formation and function of osteoclasts by sup-
pressing AKT phosphorylation.

MPs were successfully prepared and characterized

To enhance the dispersibility of MgO nanoparticles in PLGA
solution, we used biocompatible stearic acid (SA) molecules to
modify the MgO nanoparticles. The modification aimed to im-
prove the loading efficiency of the nanoparticles within the
PLGA MPs (Fig. 6A). During the preparation of MgO&SA@PLGA,
neither anhydrous ethanol nor dichloromethane (DCM) can de-
stroy MgO nanoparticles and release Mg** when used as sol-
vents. Even during the solvent evaporation process, there is no
significant release of Mg** because MgO&SA is modified through
a hydrophobic interaction over a short period. Our previous
studies have demonstrated that the utilization of fatty acids for
the modification of Mg(OH), or MgO can enhance the interac-
tion between the inorganic interface and fat-soluble polymers
such as PLGA and poly(trimethylene carbonate) (PTMC) (13).
X-ray diffraction (XRD) patterns and transmission electron mi-
croscopy (TEM) images revealed that treatment with SA did not
affect the structure and size of the MgO nanoparticles (Fig. 6B
and figs. S5 and S6).
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To investigate the anchoring of SA molecules on the surface of
MgO, Fourier-transform infrared spectroscopy (FTIR) analysis was
conducted. The FTIR spectrum of MgO&SA, as shown in fig. S7,
exhibited characteristic peaks at ~2973 cm™" for —CH3 groups and
2883 cm ™! for —CH, groups, which were similar to those of SA. This
finding confirmed the successful modification of the MgO surface
by SA molecules. Furthermore, the hydrophobic properties of
MgO&SA tablets were examined (Fig. 6C). While MgO displayed a
superhydrophilic nature, the surface of MgO&SA exhibited hydro-
phobicity, with an average contact angle (CA) even greater than
136°. This hydrophobicity may be explained by the presence of —CH3;
groups at the end of SA molecules.

To enhance the dispersibility of MgO&SA nanoparticles in
DCM compared with MgO, we introduced different nanoparticles
into a DCM solution and performed ultrasonic treatment. After
centrifugation, we found clear precipitation of MgO in the MgO
group, while there was a little precipitation in the MgO&SA group
(Fig. 6D). Dynamic light scattering (DLS) results demonstrated
that MgO&SA (30) exhibited the narrowest size distribution, ~100 nm
in DCM. Both MgO&SA (7.5) and MgO&SA (30) showed aggrega-
tion in DCM, which was attributed to incomplete modification and
excessive fatty acids, respectively (fig. S8). Therefore, we selected
MgO&SA (30), referred to as MgO&SA nanoparticles, for loading
into PLGA microspheres for subsequent experiments.

Compared with PLGA microspheres, the MPs exhibited a broader
size distribution ranging from 3.36 + 1.79 pm to 3.72 + 1.93 pm
(fig. S9). The surface of MPs displayed small holes, possibly due to
residual SA molecules or loss of MgO&SA nanoparticles (Fig. 6E). To
confirm successful encapsulation of MgO&SA nanoparticles within
PLGA microspheres, energy-dispersive x-ray spectroscopy (EDS)
mapping was used, revealing an even distribution of Mg elements
within the MPs (Fig. 6E). In addition, we explored the loading effi-
ciency of MgO particles in the PLGA microspheres by analyzing the
content of Mg in the liquid supernatant. The loading efficiency is cal-
culated as 65.90% subsequently.

The degradation behavior was evaluated by monitoring the pH
variation and Mg** release. In vitro immersion testing in phosphate-
buffered saline (PBS) at 37 + 0.5°C for up to 14 days was used to
assess the degradation rate. The degradation reaction for MgO-
based materials can be represented as follows: MgO + H,0 — Mg™* +
20H". This indicates that the generation of 1 mol Mg** consumes
1 mol MgO while producing 2 mol OH™. Initially, the pH change in
the immersion solution was monitored over time. The MgO group
exhibited more significant pH value changes than all other groups,
particularly during the early stage (~4 days). In contrast, the pH
value of the PLGA group steadily decreased to around 7.0, indicat-
ing the formation of acidic products. The MP group maintained a
stable pH in the long term due to the preventive effect of PLGA on
MgO degradation, and the degradation products of PLGA, such as
lactic acid, contributed to pH regulation by neutralizing the OH™
released from MgO degradation. As a bioactive element involved in
the regulation of chondrogenesis, the Mg** concentration mirrored
the pH evolution (Fig. 6F). The Mg** concentration reached signifi-
cantly higher levels early on and maintained this state in the later
stage, surpassing that of the MP group. The MPs achieved controlled
Mg** release with a smooth release rate over 14 days (Fig. 6G). In
addition, conspicuous magnesium phosphate crystals were found in
the later stage of the MgO group, attributable to the higher concen-
tration of Mg>" precipitating as crystals.
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Fig.5. Mg2+ inhibits the formation and function of osteoclasts via inhibiting the phosphorylation of AKT in vitro. (A) TRAP and (B) immunofluorescence (Actin-belt)
staining of BMMs after treatment with osteoclastic medium with/without Mg+ (10 mM) for 7 days, and (C) the corresponding quantitative results (n = 9). Scale bars, 200 um.
(D) SEM images of bone slices seeded by BMMs after treatment with osteoclastic medium with/without Mg?* (10 mM) for 7 days. Scale bars, 100 pm. (E) Protein levels of
P-AKT and AKT in BMMs treated with osteoclastic medium with/without Mg2+ (10 mM) for 7 days, and (F) the corresponding quantitative results (n = 6). (G and H) Dif-
ferentially expressed genes (DEGs) and the Kyoto Encyclopedia of Genes and Genomes pathway analysis of Mg?*-treated BMMs. ECM, extracellular matrix; EGFR, epider-
mal growth factor receptor; HIF-1, hypoxia-inducible factor1; IgA, immunoglobulin A; AGE-RAGE, advanced glycation endproducts-the Receptor of Advanced Glycation
Endproducts. Notes: All data are shown as the means + SD. Statistical differences between groups were determined by t test. **¥#P < 0.0001.

MPs protect rats from instability-induced OA

After characterization in vitro, the MPs were injected into the ar-
ticular cavities of OA rats to evaluate the in vivo effects. The thera-
peutic effect on OA was reflected in the alterations in gait and pain
of the examined rats. Therefore, we performed gait analysis and the
Von Frey pain test. As shown in Fig. 7A, spatial asymmetry was

Zheng et al., Sci. Adv. 10, eadk6084 (2024) 8 March 2024

calculated on the basis of the distribution of left and right gaits. In
the control group, the red-marked right front and hind tracks did
not overlap with the blue-marked tracks at 2- and 4-week time
points after medial meniscus tear (MMT) surgery, indicating spa-
tial asymmetry (Fig. 7B). However, with MP treatment, the tracks
overlapped, and the stride length became more extended compared
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with that in the control group. In addition, the hindlimb footprint
of the rats in the MP group was approximately halfway between the
two left hindlimb footprints. Quantitative results demonstrated
that spatial stability tended to be lost in the control group but re-
covered in the MP group (Fig. 7C). In the pain test, the pain thresh-
old significantly decreased in the control group compared with the
sham group, indicating a more sensitive reaction to pain stimuli.
Conversely, with MP treatment, the pain threshold increased sig-
nificantly at 2- and 4-week time points after MMT surgery (Fig. 7D).
These results indicate that MPs effectively relieve pain symptoms
in OA rats.

Four weeks after destabilizing medial meniscus surgery (Fig. 8A),
the rats treated with saline exhibited an apparent cartilage defect. In
contrast, we found a smoother cartilage surface in the MP-treated
group (Fig. 8B). Representative microscopy images of the joint tissue
sections stained with Safranin O/Fast Green revealed apparent carti-
lage defects and osteophytes in the control group, while fibrillation
was observed in the MP group (Fig. 8C). In addition, immunostain-
ing of COL2A1 indicated that the newly formed cartilage was natural
hyaline cartilage (Fig. 8D). Micro—computed tomography (micro-CT)
analysis revealed the presence of newly formed osteophytes around

Zheng et al., Sci. Adv. 10, eadk6084 (2024) 8 March 2024

the knee in the control group, whereas the MP group showed almost
no osteophyte formation in 4 weeks (Fig. 8E). The degrees of cartilage
degradation, osteophyte formation, calcified cartilage, subchondral
bone damage, and synovial membrane inflammation were individually
evaluated on the basis of the Osteoarthritis Research Society International
(OARS]I) system (Fig. 8F). There was a significant decrease in the MP
group, indicating milder joint cartilage damage compared with the
control group (Fig. 8G). Terminal deoxynucleotidyl transferase—
mediated deoxyuridine triphosphate nick end labeling staining
was performed on sections with continuous cartilage surfaces in
the edge of the lesion area (Fig. 8H). In the control group, the positive
cell rate was 25.31 + 7.83 times higher than that in the sham group.
However, with MP treatment, the rate decreased to the average level
of the sham group (Fig. 8I). These results demonstrate that MPs pro-
tect the cartilage in OA rats from damage by inhibiting chondrocyte
apoptosis in vivo.

MPs protect the subchondral bone from

instability-induced OA

As shown by Safranin O/Fast Green staining of the knee sections,
there was a large subchondral bone cyst beneath the medial tibial
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Fig. 7. Mg**-releasing MPs relieve pain and gait in a rat OA model. (A) Schematic diagram of measurement indexes for gait analysis. (B) A photograph of the rats’ gait
after conditional treatment for 2 and 4 weeks. (C) Spatial symmetry calculation results of the rats after conditional treatment for 2 and 4 weeks (n = 6). (D) Pain threshold
of the rats tested at 2 and 4 weeks after conditional treatment (n = 6). Notes: All data are shown as the means =+ SD. Statistical differences between groups were deter-

mined by one-way ANOVA. **P < 0.01; ****P < 0.0001.

plateau, occupying almost all subchondral bone areas in the control
group. However, this was not the case in the MP-treated groups
(Fig. 8C). On the basis of this, the subchondral bone ranging from
the osteo-epiphysis to the joint surface (Fig. 9A) was selected for
the analysis of bone morphological parameters. Consistent with the
section photographs, a significant bone cyst was observed in the
control group, while it disappeared in the MP group (Fig. 9B). We
found a significant decrease in bone mineral density (BMD) of total
volume (TV) in the OA rats, whereas MP treatment increased
BMD of TV to the level of the sham group. Specifically, bone
volume (BV) fraction (BV/TV), instead of BMD of BV, showed a
clear alteration (Fig. 9, C to E). The micro-CT results showed that
MPs protected the subchondral bone damage caused by OA. Other
bone morphological parameters are presented in table S2. Further-
more, the bone turnover level was assessed in vivo. The TRAP
staining revealed a decrease in the TRAP-positive erosive area
(Er.Pm) in both subchondral and cancellous bone with MP treat-
ment, indicating the decrease in bone resorption activity (Fig. 9, F
to H). Moreover, Masson staining demonstrated a significant in-
crease in newly formed osteoid (quantified as O.Pm) in the two
areas, indicating the increased bone formation in vivo. Calcein and
xylenol orange staining of newly formed osteoid at 2 and 3 weeks
revealed that the bone formation rate (BFR) increased in both the
control and the MP groups compared with the sham group, with a

Zheng et al., Sci. Adv. 10, eadk6084 (2024) 8 March 2024

higher value observed in the MP group (2.707 + 0.421 pm/day)
than in the control group (1.735 + 0.035 pm/day). This was sup-
ported by the results of Masson staining that demonstrated the in-
creased bone formation level in the subchondral bone (Fig. 9, L and
M). These findings suggest that the MPs protect the subchondral
bone in rats from OA damage in vivo.

MPs are biosafe in vivo

Four weeks after MP injection, we evaluated their biocompatibility.
Experienced pathologists examined hematoxylin and eosin (H&E)-
stained sections of crucial metabolic organs, such as the hearts, livers,
kidneys, and lungs. No structural differences or signs of inflammato-
ry cell infiltration were found (fig. S10). Furthermore, we analyzed
serum biochemical markers of hepatic and renal functions, namely,
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and creatinine (Cr), and found no indi-
cations of damage (fig. S11, A to D). We also assessed the levels of
serum Ca** and Mg”* and found no abnormalities (fig. S11, E and F).

DISCUSSION

Mg** is the fourth most common divalent cation in the human body
and the second most abundant intracellular cation, and it is primarily
stored in the skeletal system (24). Considering the excellent bioactivity
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Fig. 8. Mg2*-releasing MPs protect cartilage in a rat OA model. (A) Timeline of the animal experiments. The MPs were administered to the rats’ joint cavity 7 days after
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cartilage sections. Scale bars, 2 mm and 400 pm. (E) Three-dimensional (3D) reconstruction of micro-CT results of the rats’knees. The black arrow refers to the osteophytes.
Scale bars, 1 mm. (F) OARSI score of cartilage, osteophyte, calcified cartilage, and synovitis (n = 6). (G) Total OARSI score in different groups (n = 6). (H) Representative
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and biodegradability, Mg-based biomaterials have widely been applied
in the bone and cartilage tissue engineering, while Mg**-enriched
hyaluronic acid has been approved in Europe for cartilage repair
(10, 25, 26). Previous epidemiological studies have demonstrated a
significant decrease in systemic and local levels of Mg®* in patients
with OA, which is positively associated with knee deterioration and

Zheng et al., Sci. Adv. 10, eadk6084 (2024) 8 March 2024

structural damage (27, 28). As shown in animal experiments, sup-
plementation with Mg** effectively protects the knee joint from OA
damage (20). Although the therapeutic effect has previously been
explained by the alleviation of inflammation and the inhibition of
apoptosis, the mechanistic explanations focused on one kind of tis-
sue instead overall joint. It has been noted that Mg®" might enhance
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the cell adherence, migration velocity and proliferation, and chon-
drogenic differentiation, but experimental evidence is still needed
(29). Our current studies have provided compelling evidence that
Mg" can enhance chondrogenic differentiation and inhibit chondro-
cyte apoptosis. Furthermore, the therapeutic effect may be partially
attributed to its regulation of bone metabolism. Combined with our
previous findings that Mg®* can effectively alleviate synovitis, we be-
lieve that Mg®" has the potential to become a promising next-
generation anti-OA therapeutic drug, which simultaneously regulates
multiple periarticular tissues (21). The present work also provided
strong experimental evidence for the preparation of Mg*"-containing
vehicles for treating OA.

To elucidate the anti-OA effect of Mg**, we examined the distinct
effects of Mg** on the regulation of AKT phosphorylation in different
cell types. The role of P-AKT in OA has generated controversy in
previous studies (30). On the one hand, the activation of the PI3K/
AKT pathway can enhance extracellular matrix anabolism, promote
chondrocyte proliferation, and inhibit apoptosis. In our experiments,
we used some key proteins, such as ERK and CASPASE-3, as exam-
ples to evaluate the function of AKT phosphorylation. We used the
sample to prove that the regulation of proliferation is of significance.
In other processes, factors other than ERK might play an important
role, such as the AKT-CASPASE-3 pathway in the regulation of cel-
lular agoptosis. In this work, we focused more on the regulatory effect
of Mg™" on the AKT protein, while the determined pathway should
be explored in the future works. The phosphorylation of AKT is also
linked with cartilage catabolism and subchondral bone sclerosis.
Here, we cultured OA cartilage tissues encompassing both catabolic
and anabolic processes from patients with OA. We discovered that
Mg** concurrently up-regulated representative catabolic factors and
anabolic markers (COL2A1 and SOX9), suggesting a state of heightened
metabolic equilibrium within the cartilage. Another aspect concerns
subchondral bone sclerosis, which is conceptually ambiguous. Previous
investigations have shown that early-stage OA typically exhibits re-
duced bone density, while the subchondral cancellous bone beneath
the subchondral plate may remain osteopenic (31, 32). According to
previous work (33), our data indicated that OA in the MP group of
rats was in the early stage, whereas OA in the control group was in
the advanced stage. However, the BFR of our sham control was higher
than 0.7 pm/day but still lower than 1.4 pm/day, which may be
attributed to differences between animal species. This phenomenon
can be attributed to the differential regulatory effects of Mg** across
various cell types, which ultimately prove advantageous for OA
treatment (34). Consequently, we termed this therapeutic effect the
“bone-cartilage synergistic effect”

Protein phosphorylation is a crucial posttranslational modification
process. Through an extensive review of the literature, we concluded
that this phenomenon could potentially be explained by the en-
zymes involved in phosphorylation in various cell types. Calcium-
and calmodulin-dependent protein kinases (CaMKs), particularly
CaMKII, are activated by Ca** but are often competitively inhibited
by Mg**. CaMKII facilitates the reaction between adenosine
5'-triphosphate and Ser, resulting in the production of H". In osteo-
clasts, the acidic microenvironment is more conducive to this reaction,
and the addition of Mg** may inhibit AKT phosphorylation by
suppressing CaMKs activity (35-37). In contrast, in BMSCs, the neu-
tral or alkaline microenvironment favors the activity of protein phos-
phatase 2s (PP2s), an Mg”*-dependent protein phosphatase (38-40).
The addition of Mg”" may enhance AKT phosphorylation by activating
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the PP2s activity. Briefly, the bone-cartilage synergistic effect is based
on the balance of Mg** and Ca®*. These assumptions need to be ex-
plored further in the future.

To deliver Mg** into the joint cavity, we first need to identify a
suitable Mg”* provider. It is known that metallic Mg has the highest
Mg content, but their high reactivity makes them easily released in the
joint cavity filled with joint fluid, rendering them unsuitable for clini-
cal translation due to biosafety concerns (41). In contrast, MgCO3 and
Mg(OH); are more stable, but their Mg content is lower than that of
MgO. In addition, ionic compounds such as MgCl,, MgSO,, and
magnesium gluconate can be directly injected into the joint cavity, but
it is challenging to prepare them as sustained-release drugs. There-
fore, MgO was ultimately chosen as the Mg** provider in this study.
In previous studies focusing on bone defect regeneration, surface-
modified MgO coated with the Food and Drug Administration
(FDA)-approved polymer vehicle PLGA was used (42, 43). The deg-
radation of PLGA generates an acidic environment capable of neu-
tralizing the alkaline environment produced by MgO. To increase the
loading rate and Mg®" content, we modified the MgO using SA and
prepared microspheres measuring 2 to 3 pm in size. The use of SA
molecules to modify MgO nanoparticles improves the dispersity of
nanoparticles in preparation of MgO&SA@PLGA. In our previous
work (13), SA molecules were used to pretreat Mg(OH), coating to
reduce the gap below a poly(1,3-trimethylene carbonate) (PTMC)
layer, which improved the adhesion strength and anticorrosion be-
havior. Meanwhile, the pH changes of AZ31-OH&SA@PTMC re-
mained around 7.7 + 0.1, which benefited from the SA molecules’
modification of the surface of MgO and Mg(OH),. The present work
chose a similar strategy in the nanoscale, which not only increases the
loading efficiency of MgO but also regulates Mg** sustained release.
In addition, the MPs used in our study were prepared using FDA-
approved PLGA as the base material for drug delivery.

In our animal experiments, a single injection was administered
instead of repeated injections of Mg”*, and a similar protective effect
was demonstrated. However, we noticed the appearance of cartilage
fibrosis in the group treated with MPs, suggesting that degradation
in vivo differs from the in vitro situation. According to clinical re-
sults, supplementation of Mg”* in the joint cavity reduces pain as
assessed by the von Frey test (44). Overall, the MPs demonstrated a
satisfactory therapeutic effect in animal models and are promising
for the clinical translation. The treatment view of OA has shifted
toward the systemic treatment, which includes three stages: lifestyle
changes, drugs, and surgical operation. On the basis of our results,
we believe that the Mg-based therapy could be translated to clinical
application in the first two stages: the nutritional intervention and
intra-articular injection. In the patients with the risk factors for OA,
such as those with obesity and knee trauma, the dietary supplemen-
tation of Mg®* should be encouraged. When there is radiological
evidence of early OA, such as the signal change in cartilage and sub-
chondral bone area in magnetic resonance imaging, our agents
could be applied by the intra-articular puncture. In addition, in the
patients with inaccurate low limb alignment, the combination of
high tibial osteotomy and distal femoral ostomy operation with the
agents might promote the stimulation of cartilage regeneration. By
incorporating MgO&SA, the acidic degradable products were ren-
dered neutral, making them more suitable for drug loading purposes.
a single injection of MgO&SA@PLGA could provide a sustained
release of Mg®" in microenvironments, which could avoid repeated
injections of Mg*". Treatment with multiple injections of Mg*" has
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been reported previously (20), and our strategy using MgO&SA@PLGA
aimed to improve the compliance of patients.

There were some limitations to this study. First, the material de-
sign may be further improved. The therapeutic effect might be
enhanced by co-loading other well-recognized drugs that target dif-
ferent aspects of OA. For example, loading of kartogenin or other
bioactive molecules stimulates the regeneration of cartilage, and
parathyroid hormone enhances the protection of subchondral bone
(45-47). However, in terms of future translational work, the sim-
plest formula is highly recommended, and the MPs are promising as
a foundation for developing multifunctional microvehicles. Second,
we did not explain how Mg”* affects the phosphorylation of AKT in
different cells. Although we hypothesized that the different acid-
base microenvironment in different cells plays an important role in
the process, it is hard to verify the synergistic effect in vivo due to the
complex microenvironment and multiple kinds of cells involved in
the process of OA. The problem might be solved with the combination
of stem-cell tracing, single-cell sequencing, and spatial transcriptomics.
The Mg** concentration in synovial fluid directly affects treatment
effectiveness, while the volume of synovial fluid in rats’ joint cavities
is too small for quantitative analyses. As shown in fig. S1 (A to C),
the Mg** concentration not higher than 20 mM is safe in both in-
flammatory and noninflammatory environments. In this work, the
total volume of MgO injected in the joint cavity was 164.74 pg,
which was eight times that of the in vitro studies. The sustainable
release of Mg”* may have resulted in the period when Mg** was at
its effective concentration being less than 1 month. In this work, we
found that the rats in the MP group were still in the early stage of
OA, which might result in an underestimation of the therapeutic
effect of Mg**. Further studies are needed to verify these findings
and improve treatment outcomes.

To conclude, Mg** can protect both cartilage and subchondral
bone in cases of OA, and the combined effect on these tissues can
explain the therapeutic benefits through the activation of the PI3K/
AKT pathway, both in vitro and in vivo. To enhance the therapeutic
effect, we developed and fabricated MPs, enabling the targeted de-
livery of Mg** into the joint cavity. The MPs demonstrated satisfac-
tory therapeutic efficacy and exhibited excellent biocompatibility
in vivo, providing further evidence for the synergistic effect of Mg**
in treating OA-related issues in both cartilage and subchondral bone.

MATERIALS AND METHODS

Materials and characterization

MgO, SA, absolute ethanol, DCM, and Vitamin E Polyethylene Glycol
Succinate (TPGS) were purchased from Shanghai Aladdin Biochemical
Technology Co. Ltd. PLGA (LA/GA, 50:50; molecular weight, 150,000)
was obtained from Jinan Daigang Biotechnology Co. Ltd. All re-
agents were used as received without further purification. All aqueous
solutions used in the experiments were prepared using deionized
water (18.2 megaohms-cm, Millipore).

Preparation of MgO&SA nanoparticles

First, MgO nanoparticle powders were purchased from Aladdin
Biochemical Technology Co. Ltd. and placed in a 160°C oven for 2 hours
to eliminate excess water. Next, MgO nanoparticles (300 mg) were
dispersed in absolute ethanol (100 ml) and sonicated for 10 min.
SA (7.5, 15, 30, or 60 mg) was added to the MgO nanoparticle solu-
tion while stirring and refluxed for 12 hours. Then, the resulting
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SA-modified MgO nanoparticles were centrifuged and subjected to
three rounds of cleaning. Last, the SA-modified MgO nanoparticles
were treated at 120°C for deprotonation and designated as MgO&SA.

Preparation of MgO&SA@PLGA microspheres

The choice of the dosage was based on our in vitro studies, the en-
capsulation efficiency, and the release profile data. In the in vitro
studies, we considered 10 mM Mg®" as suitable for the treatment of
OA. Considering that the joint cavity was about 50 pl, the total
amount of Mg** was 500 nmol (10 nmol/pl x 50 pl). The mass of
MgO used was 20 pg (500 nmol X 40 ng/nmol). Given that the
sustainable-releasing system cannot release all Mg** immediately
after injection and that the metabolism in vivo is faster than that in
vitro, we increased the dosage of MgO for package. The encapsula-
tion efficiency was measured with ICP and calculated to be 65.90%;
this meant that when 50 pl of MPs were injected, ~164.74 pg of MgO
nanoparticles were injected, which is about eight times as many as in
the in vitro studies.

First, 50 mg of PLGA was added to 1 ml of DCM in a glass tube.
When PLGA was completely dissolved, MgO&SA (1 or 2.5 mg) was
added to the PLGA solution. The mixture was sonicated for 10 min
and stirred for 12 hours to achieve a uniform solution. To prevent
evaporation, the level of DCM was marked, and additional solvent
was added as needed.

We added 22.5 ml of TPGS solution (0.01% w/v) to a 100-ml
glass beaker with stirring at 360 rpm. Simultaneously, 2 ml of TPGS
(0.01% w/v) was added to a glass test tube. Holding the glass tube
containing TPGS vertically and under high vortexing, a glass Pas-
teur pipette was used to gradually add the PLGA/MgO&SA solu-
tion dropwise into the TPGS solution in the glass tube, thereby
forming an emulsion. After additional 15 s of vortexing, the glass
tube with the emulsified polymer was immediately immersed in ice
water and sonicated in three 10-s bursts. Each sonication was
paused to allow the solution to cool down before proceeding. The
sonicator settings were 40% amplitude for a 700-W sonicator, and
about 1/8 size of the probe tip of device was kept in the emulsion
during the sonication process.

Next, 1 to 2 ml of TPGS from the stirring solution was added to
the emulsion using a glass Pasteur pipette to thin the emulsified
polymer for easier pouring. The nanoparticles were then hardened
by stirring for 3 hours at 60°C.

The hardened nanoparticles were collected and cleaned by
centrifugation three times with water. The final pellet resuspen-
sion volume was 2 ml. The resulting product was either lyophi-
lized or dispersed in water for future use. The prepared PLGA
microspheres loaded with MgO&SA nanoparticles were labeled
as MgO&SA@PLGA.

Degradation testing of MgO&SA@PLGA microspheres in vivo
To investigate the degradation behavior of MgO&SA@PLGA
microspheres in vivo, we monitored the pH changes and Mg**
release rate. In brief, 50 mg of MgO&SA@PLGA microspheres,
47.5 mg of PLGA, and 2.5 mg of MgO were encased into a dialysis
bag (3500 Da), and, then, all samples were immersed into 20 ml
of PBS at 37°C. The pH changes of the solution were detected
using a pH meter. In addition, 200 pl of immersion solution ali-
quot was diluted 40 times to measure the concentration of Mg**.
To maintain the total volume of the immersion solution, we added
200 pl of PBS.
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Characterization of MgO&SA@PLGA microspheres

TEM images were recorded on a FEI TECNAI F20 TEM (FEI,
USA) at an acceleration voltage of 200 kV. The surface morphol-
ogy and element distribution of MgO&SA@PLGA microspheres
were investigated using an SEM (XL30, Philips, The Netherlands)
with EDS (S-2500C, Hitachi, Japan). To increase the conductivity
of the samples, the microspheres were coated with gold by a
sputter-coater (E1030, Hitachi, Tokyo, Japan). The XRD patterns
were obtained at a speed of 2°/min on a diffractometer (Rigaku
Ultima III, Japan) using Cu Ka radiation. We analyzed MgO&SA
by FTIR spectroscopy (Spectrum 100, PerkinElmer, USA). Water
CA measurements were performed with a CA meter (CA100C,
Innuo Co., Ltd., China) after MgO&SA powder was pressed into
tablets. The particle size distribution of MgO&SA in DCM was
measured by DLS (Malvern ZetaSizer Nano ZS, Malvern, UK). A
PHS-3C-type laboratory acidity meter was used to monitor the
pH change in the process of immersion in vitro. The concentra-
tions of Mg*" in the immersion solution were determined using
an inductively coupled plasma-optical emission spectrometer
(Avio 500, PerkinElmer).

Cell culture

Primary human BMSCs and chondrocytes were isolated from clinical
donors with the approval from the Ethics Committee of Nanjing
Drum Tower Hospital. Primary bone marrow monocytes (BMMs)
were isolated from 12-week-old C57BL/6 mice in a sterile environment.
The ATDC5 and SW1353 cells, which are chondroblast and chon-
drocyte cell lines, respectively, were obtained from the Chinese
Academy of Sciences Cell Bank. The cells were cultured in specific
medium as follows: Dulbecco’s modified Eagle’s medium (DMEM)
for ATDCS5, primary chondrocytes, and BMSCs; DMEM/Ham’s
F-12 for SW1353; and DMEM/high glucose for monocytes. The
media were supplemented with 10% fetal calf serum and 1% penicillin/
streptomycin (Gibco, USA). The cells were cultured at 37°C with
5% CO,, and the culture medium was changed every 2 to 3 days.
Only cells in the exponential growth phase were used for the
experiments.

Induction of chondrogenic, osteogenic, and

osteoclastic differentiation

The culture medium was switched to chondrogenic, osteogenic, and
osteoclastic media, as indicated in table S3, at the onset of differen-
tiation. It is important to note that micro-mass culture is a specific
method used for cultivating cartilage mass during chondrogenic
differentiation. In brief, BMSCs were trypsinized and suspended at
a density of 1 x 107 cells/ml in a chondrogenic differentiation me-
dium. A 20-pl drop of the single-cell suspension was seeded at the
bottom of each well in a 24-well plate. When the cells adhered to the
bottom of the wells, the chondrogenic medium was added to reach
a final volume of 500 pl per well. The evaluation indexes for differ-
entiation are shown in table S3.

In the bone resorption experiment, calf bone slices (150 pm in
thickness; Lushen biotechnology, China) were placed at the bottom
of 96-well plates, and BMMs were seeded on the bone slices and
incubated with conditional osteoclastic media for 7 days. After the
cells were removed using an ultrasonic cleaner, the bone slices were
fixed with 2.5% glutaraldehyde at 4°C for 2 hours and dehydrated
using gradient alcohol. Then, the surface of the slices was observed
using SEM.
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Cell viability and proliferation

Cell viability was evaluated using a commercial cell counting kit-8
(CCK-8) kit. To evaluate cytotoxicity, the cells were seeded in 96-
well plates and maintained at 70 to 80% confluence. To evaluate cell
proliferation, the same number of cells were seeded initially in all
holes, while cell confluence was kept at about 30%. After incubation
with conditioned medium for 24 hours, the cells were washed three
times with PBS. Subsequently, 200 pl of the complete medium was
added to each well. Next, 20 pl of CCK-8 solution was introduced to
each well using multiple pipettes. The plates were then incubated at
37°C for 2 hours. The absorbance at 450 nm (OD) was measured using
a microplate reader, and cell viability was calculated using Eq. 1

-OD

ODeX sham
o~ ham g (1)

1 viabili _
Cell viability (%) oD, — 0D

sham

Cell staining

We conducted Alcian blue, ALP, ARS, and TRAP staining to confirm
the differentiation of cells. Following fixation with 4% paraformal-
dehyde for 20 min, the corresponding commercial kits were used for
staining. For Alcian blue staining, chondrocytes were dissolved in 7 M
guanidine after staining. The absorbance of the solution was mea-
sured at 595 nm using a microplate reader (Multiskan GO, Thermo
Fisher Scientific, USA). Calcium nodules stained with ARS were
dissolved in 10% hexadecyl pyridinium chloride, and the absor-
bance of the solution was measured at 562 nm for quantification
purposes. The positive area of ALP staining was quantified on
microscopy images. Similarly, TRAP staining was quantified by
measuring the number and area of osteoclasts.

Total RNA extraction, reverse transcription, and quantitative
real-time PCR

mRNA extraction from cells and tissues was conducted using TRIzol
following a standard protocol. The extracted mRNA was then iden-
tified and quantified using a spectrophotometer. Reverse transcrip-
tion was carried out using the PrimeScript RT Reagent Kit (Takara,
catalog no. RR037A) in accordance with the manufacturer’s instruc-
tions. For quantitative polymerase chain reaction (PCR), we used 20 pl
of reaction volume, which consisted of 7.8 pl of ribonuclease-free
water, 10 pl of mix, 1 pl of diluted cDNA, 0.6 pl of forward primer,
and 0.6 pl of reverse primer. The forward and reverse primers used
in this work are listed in table S4. Quantitative PCR was performed
on a LightCycler 4801l (Roche, Switzerland) under the following
parameters: initial denaturation at 94°C for 3 min, followed by
cycles of denaturation at 94°C for 20 s, annealing at the primer-
specific temperature for 20 s, and elongation at 72°C for 15 s. Cycle
threshold values were recorded for subsequent analysis.

Preparation of protein samples and Western blotting

Cell and tissue protein samples were prepared using radioimmuno-
precipitation assay (RIPA) lysis buffer containing cocktails. The tissues
were snap-frozen with liquid nitrogen and, subsequently, ground to
powder. The powder was mixed with RIPA lysis buffer, and the mix-
ture was mixed with a homogenizer (Bioprep-24) by bead beating
method. The cell lysates were prepared using an ultrasonic cell dis-
ruptor. Subsequently, the lysates were centrifuged at 13,000g for
20 min, and the supernatant was retained for further experiments.
Protein concentration was determined using a bicinchoninic acid
(BCA) kit (Thermo Fisher Scientific, catalog no. 23235) in accordance
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with the manufacturer’s instructions. The protein was then adjusted
to a concentration of 1 pg/ml and mixed with loading buffer at 95°C
for 10 min. Western blotting was carried out using a standard protocol,
with the primary antibodies used listed in table S5. The gray value
was measured using a Tanon 5200-Multi Chemiluminescent Imaging
System (Tanon, China).

Cell apoptosis

After treatment with conditioned medium for 24 hours, cells were
subjected to flow cytometry using a commercial kit [Becton, Dickinson
and Company (BD), USA]. The cells collected by pancreatin with-
out EDTA were mixed with the cell supernatant and then centri-
fuged at 1500¢ for 3 min. Then, the precipitated cells were washed
with PBS three times and with binding buffer once. Following resus-
pension in binding buffer, propidine iodide (PI), and annexin V dye
were added to the samples. The fluorescence intensity was lastly de-
tected by flow cytometry (BD).

Tissue culture

Articular cartilage tissue was collected from 13 patients with OA
diagnosed with Kellgren and Lawrence grade 4 OA by radiography
according to the inclusion and exclusion criteria. During total knee
arthroplasty, cartilage was obtained from the lesion area and trans-
ported to clean bench using ice boxes within 1 hour. The tissues
were maintained in DMEM/Ham’s F-12 medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin. After
treatment with conditioned medium, part of the tissues was used for
frozen sections, and the other part was used for extracting protein.
In the time course experiments, after treatment with conditioned
medium for 0, 4, 12, and 72 hours, the tissues were used for paraffin
embedding, immunostaining, and protein and mRNA extraction.

Animal management

A total of 24 8-week-old male rats were purchased from Beijing Vital
River Laboratory Animal Technology Co. Ltd. (China). The rats
were maintained in a specific pathogen-free environment, and feed
and bedding were changed twice a week. Experimental protocols
were reviewed and approved by the Drum Tower Hospital Ethics
Committee (20180201).

Establishment of the rat OA model

The rats were anesthetized using isoflurane, and the right knee was
chosen as the site of operation. Before fixation of the rats in the su-
pine position, the skin in the surgical area was shaved. The medial
collateral ligament was exposed and transected using micro-scissors,
and muscles were dissected to achieve medial meniscectomy within
the articular cavity. This procedure aimed to induce instability in the
lower limbs. Following stratified saturation, radiography-assisted
arthrocentesis was performed, and 50 pl of injectant was injected
using a micro-injector. After a period of 4 weeks, the rats were eu-
thanized with an overdose of anesthesia. Tissue samples from their
right knee, heart, liver, lung, kidney, and blood were collected for
subsequent experiments.

Histological section and staining analysis

The soft tissues (heart, liver, lung, kidney, and cartilage tissue) were
prepared into frozen sections for H&E staining following a standard
protocol. The knee joints were decalcified by 10% EDTA (pH 7.4)
for 4 to 8 weeks after fixation in 4% paraformaldehyde for 48 hours.
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After gradient alcohol dehydration, the joints were embedded in
paraffin. Ten-micrometer-thick coronal-oriented sections of the
knee joint were processed for Safranin O/Fast Green staining and
immunohistochemical staining using a standard protocol. The
OARSI score was evaluated in a blinded fashion with two indepen-
dent observers, and the average score was defined as the final score
(ZEISS, Axio Lab Al).

Micro-CT analysis

High-resolution micro-CT (VivaCT 80, SCANCO Medical AG,
Switzerland) was used to assess the subchondral bone. The scanning
parameters were as follows: voltage of 45 kV, current of 177 pA, and
voxel size of 15.6 pm. Sagittal images of the tibial subchondral bone
were acquired for subsequent three-dimensional histomorphometric
analysis. A region of interest measuring 312 pm (20 consecutive images)
from the medial tibial plateau was defined. Only cancellous bone
was included in the histological and morphological analysis, which
encompassed the following parameters: the BMD of the TV and BV,
the BV/TYV, the trabecular spacing, the trabecular thickness, the
structural model index, and the bone surface area—to—volume ratio.
After excluding the maximum and minimum values, statistical analysis
was conducted on six samples per group.

Undecalcified bone slicing and evaluation of bone formation
Nine rats were used to evaluate subchondral bone formation.
Following the establishment of the OA model, separate intraperitoneal
injections of calcein and xylenol orange were administered at 2 and
3 weeks, respectively. The right knee joints of the rats at the 4-week
mark were used for undecalcified bone slicing. The tissues were
fixed with 4% paraformaldehyde and subsequently dehydrated using
alcohol gradient. After a 3-day immersion in curable resin with 70,
50, and 30% ethyl alcohol consecutively, the tissues were embedded
in curable resin and solidified using light for ~12 hours. A hard-
tissue slicer (EXAKT 310/36-00216, Germany) was used to grind
the tissue blocks. Undecalcified bone slicing was performed, and the
sections were observed under a fluorescence microscope using 10X
and 40X objective lenses. The distance between the calcein and
xylenol orange lines was measured five times per section, and, sub-
sequently, the BFR was calculated as the distance divided by the
interval time (7 days).

Behavioral tests

The behavioral tests, including gait measurement and von Frey test,
were conducted at 2 and 4 weeks following the establishment of the
OA model. In the gait measurement, the fore and rear foot were
marked separately with red and blue, and the rats were placed on a
straight track. The stride length and stepped length, as shown in
Fig. 7A, were defined. Spatial symmetry was calculated using Eq.2,
as per previous studies. A spatially symmetric gait was indicated by
a spatial symmetry value close to 0, suggesting that the right foot
was positioned between the two left feet.

In the von Frey test, the rats were placed in a quiet environment
for over 30 min. Subsequently, a needle was used to apply increasing
pressure to the right rear paw of each rat. The force at which the rat
retracted its paw was recorded for further analysis. This test was re-
peated at least three times for each rat

Step Length

Spatial S try = Abs| o T ereth
patial Symmetry S< Stride Length ) @
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Statistical analysis

Statistical significance of differences between groups was assessed using
one-way analysis of variance (ANOVA) followed by Tukey post hoc
analysis (for more than two groups) and t test (for two groups). A P
value lower than 0.05 was considered significant. Statistical analysis
was conducted using SPSS 20.0, while GraphPad 9.0 was used to
create the statistical graphs.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Tables S1 to S5
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