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Aims

Magnesium ions (Mg*") play an important role in promoting cartilage repair in cartilage
lesions. However, no research has focused on the role of Mg?* combined with microfracture
(MFX) in hyaline-like cartilage repair mediated by cartilage injury. This study aimed to
investigate the beneficial effects of the combination of MFX and Mg?* in cartilage repair.

Methods

A total of 60 rabbits were classified into five groups (n = 12 each): sham, MFX, and three
different doses of Mg?* treatment groups (0.05, 0.5, and 5 mol/L). Bone cartilage defects
were created in the trochlear groove cartilage of rabbits. MFX surgery was performed
after osteochondral defects. Mg*" was injected into knee joints immediately and two and
four weeks after surgery. At six and 12 weeks after surgery, the rabbits were killed. Carti-
lage damage was detected by gross observation, micro-CT, and histological analysis. The
expression levels of related genes were detected by real-time quantitative reverse transcrip-
tion polymerase chain reaction (RT-gPCR).

Results

The histological results showed that the 0.5 mol/L Mg?* group had deeper positive staining
in haematoxylin-eosin (H&E), safranin O, Alcian blue, and type Il collagen staining. The
new cartilage coverage in the injury area was more complete, and the regeneration of
hyaline cartilage was higher. The RT-qPCR results showed that sirtuin 1/bone morphogenetic
protein-2/sex-determining region Y box 9 (SIRT1/BMP-2/SOX-9) and hypoxia-inducible factor
1-alpha (HIF-1a) messenger RNA levels were up-regulated after Mg?* injection.

Conclusion

MFX combined with Mg*" treatment has a positive effect on cartilage repair. The Mg*
injection dose of 0.5 mol/L is most effective in enhancing microfracture-mediated cartilage
repair.

Article focus cartilage repair and improves cartilage

* Promotion of microfracture-mediated repair in a rabbit model.
cartilage repair by the intra-articular * The Mg?* injection dose of 0.5 mol/L
injection of magnesium ions (Mg*) in a showed a more significant improvement
rabbit model. in cartilage repair.

* Intra-articular injection of Mg?* after MFX
improves cartilage repair in rabbit
models, and may be related to the up-
regulation of the expression of sirtuin 1/

Key messages
e Intra-articular injection of Mg?* after
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bone morphogenetic protein-2/sex-determining region Y
box 9 (SIRT1/BMP-2/SOX-9) and hypoxia-inducible factor 1-
alpha (HIF-1a).

Strengths and limitations

* This study reports for the first time that MFX combined
with Mg?* treatment results in a positive effect on cartilage
repair.

* The staining effect of some tissue sections was poor due to
the lack of correct reference method for tissue decalcifica-
tion.

* In all experiments, the number of experimental animals was
not continuously expanded, and large animal models used
for verification were lacking due to the limitations of
research funding.

Introduction

Cartilage lesions (e.g. focal cartilage defects and damage
caused by cartilage degeneration) are the main cause of joint
pain and disability.'® The treatment of these lesions has been a
challenge due to the poor self-healing capability of cartilage.*®
Among cartilage lesions, microfracture (MFX) remains the
most widely used clinical treatment technique.”” However,
MFX easily induces the formation of fibrocartilage tissue that
has poor biomechanical characteristics and tissue mechani-
cal properties which degrade over time, resulting in poor
clinical outcomes in MFX therapy patients.'"'> Therefore, MFX
technology has been combined with cytokines, biomaterials,
and chemical drug therapies to improve the repair of cartilage
injury in recent years.'”” At present, some nutritional supple-
ments, including vitamins C and D, and magnesium ions
(Mg?"), have been reported to promote cartilage regenera-
tion.”” However, the effect of combining Mg** with MFX
technology on cartilage repair (especially hyaline cartilage) is
unclear.

As a supplement, Mg** plays an important role in
promoting cartilage repair in cartilage lesions."*'® Over the
past few years, Mg has been explored as a potential bioma-
terial for orthopaedic implants owing to its similar mechani-
cal properties and biocompatibility to bone. Furthermore, it
has been widely used in orthopaedic surgery with positive
results.”” Previous studies have found that Mg?* can upregulate
the expression of cartilage differentiation genes and facilitate
cartilage differentiation.’®’® In the process of chondrocyte
differentiation, Mg** can promote the production of glycosa-
minoglycans (GAGs),” the severe deficiency of which will lead
to cartilage lesions.”’ In addition, some studies have begun to
focus on the intra-articular direct injection of Mg?* to improve
cartilage lesions. Yao et al'” found that the injection of Mg**
into joints accelerates the synthesis of cartilage matrix, inhibits
inflammation, and alleviates the development of osteoarthri-
tis. This also proves the therapeutic potential of Mg** in
cartilage damage. Nevertheless, the effect of Mg?* injection
on MFX-mediated cartilage repair is unclear.

In this study, we evaluated the potential of intra-articu-
lar injection of Mg*" after MFX in the treatment of cartilage
repair. A rabbit cartilage injury model was established, and the
repair effect of intra-articular injection of different concen-
trations of Mg®* on cartilage damage after MFX treatment
was detected by histological staining and gross observation.

Primer sequences.

Gene ID Primer sequence

Hif-1a F TTGAAGATGAAATGAAGGC
Hif-1a R ATGGTCACACGGATGGGTA
Sirt1 F GAAAAACCTCCACGAACAC
Sirt1 R TGGCAACTCTGACAAATGA
Sox9 F CGCCCTGCCCGTC

Sox9 R CCGCTCCGCCTCC

Bmp2F CCTTTGCTCGTAACTTTTG
Bmp2R CTGTTTGTGTTTCGCTTGA
Gapdh F GGGCGGAGCCAAAAGG
Gapdh R GGGTGGGCACACGGAA
Bmp2, bone morphogenetic protein  2; F  forward; Gapdh,

glyceraldehyde 3-phosphate dehydrogenase; Hif-a, hypoxia-inducible
factor 1-alpha; R, reverse; Sirt1, sirtuin family member 1; Sox9, SRY-box
transcription factor 9.

The possible molecular pathways after Mg injection were
explored by detecting the mRNA expression levels of several
key factors in cartilage repair (sirtuin 1/bone morphoge-
netic protein-2/sex determining region Y box 9 (SIRT1/BMP-2/
SOX-9)).

Methods

Animal model

The use of animals followed the approval of the Ethical
Review Committee of the 920th Hospital of the Joint Logistics
Support Force of the PLA, and complied with the institutional
guidelines for the care and use of experimental animals.
All animal procedures and substance administration were
approved by animal protocol 2022-072-01. In this study, 60
healthy New Zealand white rabbits (aged 4 months, 2.5 to
3 kg) were randomized into five groups (n = 12 each): 1)
sham group; 2) microfracture group (MFX group); 3) 0.05 mol/L
group (microfracture + 0.05 mol/L injection of Mg?"); 4)
0.5 mol/L group (microfracture + 0.05 mol/L injection of Mg?");
and 5) 5 mol/L group (microfracture + 5 mol/L injection of
Mg?*). Doses were determined based on a previous cellular
study.”” We have included an ARRIVE checklist to show that we
have conformed to the ARRIVE guidelines.

Microfracture surgery and Mg** treatment

Rabbits were injected with ceftriaxone sodium (50 mg/kg)
30 minutes before surgery to prevent infection. Then,
the rabbits were anaesthetized with ketamine (40 mg/kg
subcutaneously), acepromazine (0.5 mg/kg subcutaneously),
and were maintained under anaesthesia by inhalation of 1%
to 4% isofluorane. Next, the rabbits’ fur in the surgical area
was shaved and disinfected with 75% povidone iodine. A
No. 15 blade was used to make a 4 to 5 cm longitudinal
incision along the medial side of the patella to fully expose
the femoral trochlear groove. An osteochondral defect (5 mm
in diameter, 2 mm in depth) was created using a trephine on
the articular cartilage of the trochlear groove.”” For the MFX
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Fig. 1

1
MFX Sham 0.05 0.5 5

Micro-CT and gross observation at six weeks after microfracture (MFX). a) Micro-CT showing the healing of subchondral bone. b) Gross image of
osteochondral defect healing. c) International Cartilage Repair Society (ICRS) score. Asterisks indicate statistical significance (MFX vs Sham, p < 0.001;
MFX vs 0.05, p = 0.193; MFX vs 0.5, p = 0.003; MFX vs 5, p = 0.848; Sham vs 0.05, p = 0.003; Sham vs 0.5, p = 0.194; Sham vs 5, p < 0.001. All p-values
were calculated using independent one-way analysis of variance. *p < 0.05, **p < 0.01). Scale bar = 5 mm; n = 6 rabbits per group.

group, the osteochondral defects (5 mm in diameter, 2 mm in
depth) were created in the trochlear part of the rabbit knee
joint with a trephine. Five holes were drilled immediately after
the osteochondral defect with a 0.75 mm burr, with a hole
spacing of 0.9 mm and a depth of 2 mm (care was taken not
to disrupt the miniclot formed on the microfracture holes).”
Following surgery, the wound was closed using a suture.
The different concentrations of Mg?* groups were injected
immediately after surgery, and at two and four weeks after
surgery. The sham group was injected with 1T ml physiologi-
cal saline of the same volume (1 ml; M8266, Sigma Aldrich,
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USA). The veterinarian of the Animal Research Office of the
920th Hospital of the Joint Logistics Support Force of the
PLA provided postoperative care to the rabbits, including all
animals receiving antibiotic prophylaxis (ceftriaxone sodium)
for one day postoperatively. All rabbits were allowed to move
freely and were housed in a stainless steel cage with a mesh
bottom.

Gross observation
The New Zealand rabbits were euthanized with pentobarbi-
tal (100 to 150 mg/kg intravenously) at six and 12 weeks

Bone & Joint Research  Volume 14, No. 1 January 2025
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0.05

Haematoxylin and eosin (H&E) staining and Alcian Blue staining at six weeks after microfracture (MFX). a) H&E staining. b) Alcian Blue staining. Scale

bar = 500 pm (20x); scale bar = 100 um (100x%); n = 6 rabbits per group.

after surgery, and the distal femur was dissected imme-
diately after euthanasia. Gross observation of the femur
(macroscopic appearance was assessed using the International
Cartilage Repair Society (ICRS)* macroscopic assessment
scoring system) and imaged.'’

Micro-CT

After micro-CT fixation, the distal femora were wrapped with
paraffin film. Then, the femora were scanned using a Skyscan
1276 micro-CT instrument (Bruker micro-CT, Belgium) using
the following settings: source voltage, 100 kV; source current,
200 pA; Al + Cu filter; pixel size 20 um; rotation step, 0.4°. The
images were then reconstructed with NRecon software (Bruker
micro-CT) using the following settings: ring artifact correction,
smoothing. In addition, 200 slices (4 mm) in the middle of the
defect area were analyzed, and subchondral bone healing was
assessed.

Histological analysis

The tissue was decalcified with 10% ethylenediaminetetraace-
tic acid (EDTA) plus 1% sodium hydroxide for four weeks,
and after two weeks of decalcification with 5% formic acid,
the dehydrated and transparent tissue block was placed
in dissolved paraffin, and after the tissue block was com-
pletely immersed in paraffin, it was embedded and sliced.
Sections were cut into 4 um-thick slices and were dried
and stained with haematoxylin-eosin (G1120), safranin O-fast
green (G1371), and Alcian blue (G1560; all Solarbio, China).
Image acquisition and analysis after panoramic scanning were
conducted with an imaging system (NIKON DS-U3; Nikon,
Japan).

Quantitative real-time PCR

Total RNA was extracted from fat pad tissues using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, USA). Comple-
mentary DNA (cDNA) synthesis was performed using total RNA
using the SureScript-First-strand-cDNA-synthesis-kit (Service-
bio, China), and two doses of Universal Blue SYBR Green qPCR
Master Mix Kit were used to perform qPCR on the extrac-
ted cDNA (Servicebio). Primer sequences are listed in Table
l, including hypoxia-inducible factor 1-alpha (Hif-1a), sirtuin
family member 1 (Sirt1), SRY-box transcription factor 9 (Sox9),
bone morphogenetic protein 2 (Bmp2), and glyceraldehyde
3-phosphate dehydrogenase (Gapdh). The relative levels of
gene expression were expressed as ACt-Ct gene-Ct reference
and calculated by the 2-4“* method.

Immunohistochemistry

The tissue was decalcified with 10% EDTA plus 1% sodium
hydroxide for four weeks, and after two weeks of decalcifica-
tion with 5% formic acid, the dehydrated and transparent
tissue block was placed in dissolved paraffin, and after the
tissue block was completely immersed in paraffin, it was
embedded and sliced. Sections cut into 4 um-thick slices were
dried, hydrated, permeabilized, and rinsed with 0.01 mol/L
PBS (Tangier, China) solution. Antigen retrieval was conduc-
ted, the sections were blocked with 3% hydrogen peroxide,
protected from light and incubated at room temperature
for 25 minutes. The sections were then blocked with 10%
goat serum (K5007; Dako, China), 25°C for one hour, and
the appropriate concentration of primary antibody (Collagen
I and Collagen II; Proteintech, USA) was added at 4°C over-
night. Goat anti-rabbit universal secondary antibody (K5007;
Dako) was added, corresponding to the species of the primary
antibody to label the covered tissue, and incubated at room
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Fig.3

Safranin O staining at six weeks after microfracture (MFX). a) Safranin O staining. b) O'Driscoll histology score. Asterisks indicate statistical significance
(MFX vs Sham, p < 0.001; MFX vs 0.05, p < 0.001; MFX vs 0.5, p < 0.001; MFX vs 5, p = 0.179; Sham vs 0.05, p = 0.044; Sham vs 0.5, p = 0.582; Sham vs
5, p < 0.001. All p-values were calculated using independent one-way analysis of variance. *p < 0.05, **p < 0.01). Scale bar = 500 um (20x); scale bar =

100 um (100x); n = 6 rabbits per group.

temperature for 50 minutes. Next, diaminobenzidine (DAB)
colour development was conducted for five to ten minutes at
room temperature, washing with distilled water. After washing
with distilled water, the sections were subjected to a series
of operations such as counterstaining, dehydration, transpar-
ency, and mounting. An upright fluorescence microscope
(NIKON ECLIPSE E100; Nikon) was used for microscopic
inspection, and an imaging system was used for panoramic
scanning (NIKON DS-U3; Nikon) for image acquisition and
analysis.

Statistical analysis

Statistical analysis was conducted using SPSS version 23.0
(IBM, USA). All data were presented as mean (SD). One-way
analysis of variance (ANOVA) was performed for RT-gPCR. A
p-value < 0.05 was considered to be statistically significant.

Results

After six weeks, the results of micro-CT showed that the
MFX group and the 0.05 mol/L, 0.5 mol/L, and 5 mol/L Mg**

24

groups all had bone healing, but the 0.5 mol/L group showed
smaller subchondral bone defects in tomograms compared
to the MFX group and healed faster, while there was still a
small amount of bone defects compared to the sham group
(Figure 1a). Gross observation results showed that only a small
amount of fibrous tissue-like structures with rough surfaces
and obvious local defects were visible in the MFX group and
the 5 mol/L group. In the 0.05 mol/L group, the height of
the repair tissue was noticeably lower than the surrounding
normal cartilage, the surface was uneven, and the bounda-
ries of the bone defects were still clear. In the 0.5 mol/L
group, a large amount of cartilage regeneration was observed.
However, compared with the sham group, the quality of repair
was still inferior, and the boundaries of the bone defects
remained clearly visible (Figure 1b). The ICRS cartilage repair
macroscopic score (Figure 1c) showed that the ICRS cartilage
repair effect of the 0.5 mol/L group was significantly better
than that of the MFX group (p < 0.001), but lower than that of
the sham group.

Bone & Joint Research  Volume 14, No. 1 January 2025
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a) and b) Collagen Il and c) and d) collagen | staining at six weeks after microfracture (MFX), indicated by brown colour. Asterisks indicate statistical
significance (collagen Il: MFX vs Sham, p < 0.001; MFX vs 0.05, p < 0.001; MFX vs 0.5, p = 0.411; MFX vs 5, p = 0.980; Sham vs 0.05, p < 0.001; Sham vs
0.5, p < 0.001; Sham vs 5, p < 0.001; collagen I: MFX vs Sham, p < 0.001; MFX vs 0.05, p < 0.001; MFX vs 0.5, p < 0.001; MFX vs 5, p < 0.001; Sham vs
0.05, p =0.011; Sham vs 0.5, p = 0.012; Sham vs 5, p < 0.001. All p-values were calculated using independent one-way analysis of variance. *p < 0.05,
**p < 0.01); Scale bar = 500 um (20x). Scale bar = 100 um (100x); n = 6 rabbits per group.

At six weeks after surgery, we performed H&E testing
on the regenerated cartilage tissue. The colour of nuclei of
cells was blue, and the cytoplasm was pink. At 20x magnifica-
tion, the results showed that the MFX group, the 0.05 mol/L
group, 0.5 mol/L group, and 5 mol/L group all had regener-
ated cartilage, and the subchondral bone was not completely
healed. In the MFX group, the cartilage defects were seen on
the side connected to normal cartilage. Compared with other
groups, the regenerated cartilage in the 5 mol/L group was
poorer. At 100x magnification, compared with the MFX group,
0.05 mol/L group, and 5 mol/L group, the 0.5 mol/L group
healed better. In the 0.5 mol/L group, chondrocytes were
evenly distributed in the cartilage layer, and the regenerated
cartilage layer was visibly thicker, but compared with the sham
group, the surface of regenerated cartilage in the 0.5 mol/L
group was not tightly connected. In the MFX group, the
surface showed intermittent filamentous continuous cartilage.
In the 0.05 mol/L group, the defect repair tissue showed a
natural cartilage state, and chondrocytes filled the model in
the microfracture hole area, forming endochondral ossifica-
tion. In the 5 mol/L group, the pink staining was not as
obvious as in the other groups (Figure 2a).

Alcian blue staining was further performed on
glycosaminoglycans (GAGs) after six weeks. MFX and 5 mol/L
groups showed the weak positive staining of Alcian blue
staining. Additionally, the 0.05 and 0.5 mol/L groups showed

more intense blue staining. Moreover, Alcian blue staining
showed a fibre-like structure in the cartilage layer of the
0.05 mol/L group at higher magnification. Compared with the
Sham group, the staining results showed that the cartilage
layer had a minor degree of a fibre-like structure in the
0.5 mol/L group (Figure 2b).

We performed safranin O staining for GAGs, an
important structural component of the cartilage matrix. At
20x magnification, the cartilage in the MFX group contained
some proteoglycans, indicated by weak safranin O staining
(weak orange-red staining). By contrast, the repaired carti-
lage in the 0.05 mol/L and 0.5 mol/L groups contained
more proteoglycans and showed strong safranin O staining
(strong orange-red staining), and the subchondral bone had
not yet fully healed. In the 5 mol/L group, a small amount
of regenerated cartilage was observed as weak safranin O
staining (weak orange-red staining). At a higher magnification
(100x), the MFX group showed weak safranin O staining,
and the regenerated cartilage showed obvious fibrosis. In the
0.05 mol/L group, a small amount of fibrosis was observed on
the surface cartilage; in the 0.5 mol/L group, a small amount
of loose connective tissue was observed in the regenerated
cartilage; in the 5 mol/L group, a filamentous connective
tissue was observed in the regenerated cartilage (Figure 3a).
O'Driscoll histology score was performed on all samples.””
Compared with the MFX group, the O'Driscoll scores of the
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Gross observation at 12 weeks after microfracture (MFX). a) Photographs of osteochondral defect healing and b) International Cartilage Repair
Society (ICRS) scores. (MFX vs Sham, p < 0.001; MFX vs 0.05, p = 0.087; MFX vs 0.5, p = 0.004; MFX vs 5, p = 0.999; Sham vs 0.05, p = 0.032; Sham vs 0.5,
p =0.523; Sham vs 5, p < 0.001. All p-values were calculated using independent one-way analysis of variance. *p < 0.05, **p < 0.01). Scale bar =5 mm;

n = 6 rabbits per group.

0.05 mol/L group and the 0.5 mol/L group were significantly
upregulated. However, there was no statistical significance
between the 0.5 mol/L group and the Sham group (Figure 3b).

Over 90% of the collagen in hyaline cartilage extracellu-
lar matrix (ECM) is collagen II. Our staining results for collagen
Il showed that this was mainly located on the cartilage surface.
At 20x magpnification, the surface of the regenerated cartilage
in the MFX group showed a small amount of brown colla-
gen Il staining, and the regenerated cartilage in the cartilage
defect area was not completely filled. Compared with the
0.05 mol/L group and the 5 mol/L group, the 0.5 mol/L group
had more collagen Il positive cartilage; but compared with the
sham group, the subchondral bone in the 0.5 mol/L group
was strongly stained and not completely healed. At higher
magnification (100x), in the 0.5 mol/L group and the MFX
group, the collagen Il staining in the cartilage area was visible.
In the MFX group, the surface of the regenerated cartilage
was separated, and there were substantial gaps between the
regenerated tissues, resulting in a vacuolar tissue morphol-
ogy. In the 0.05 mol/L group, the regenerated cartilage was
negatively stained by collagen II; in the 5 mol/L group, the
cartilage surface was negatively stained by collagen Il, and the

26

cartilage surfaces of both groups were not tightly connected
(Figure 4b).

At 20x magnification, there was a large amount of
collagen I staining on the surface of the regenerated cartilage
in the MFX group; by comparison, the collagen | staining
in the sham group and different Mg?* concentrations was
weaker. The subchondral bone in the 0.05 mol/L group and
the 0.5 mol/L group was strongly stained and not completely
healed. At 100x magnification, fibrosis occurred on the surface
of the regenerated cartilage and in the centre of the subchon-
dral bone in the MFX group. A small amount of fibrosis was
seen on the surface cartilage in the 0.05 mol/L, 0.5 mol/L, and
5 mol/L groups. Quantitation results showed that there was
statistical significance between the 0.5 mol/L group and the
MFX and sham groups (Figure 4d).

Gross observation after 12 weeks showed that the
cartilage in the defect area in the MFX, 0.05 mol/L, and
0.5 mol/L groups had nearly healed: the regenerated cartilage
was the same colour as the surrounding normal cartilage. The
colour difference between the regenerated cartilage in the
defect area and the surrounding host cartilage in the MFX
group was noticeable; a small amount of cartilage formed in

Bone & Joint Research  Volume 14, No. 1 January 2025
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Haematoxylin and eosin (H&E) staining and Alcian Blue staining at 12 weeks after microfracture (MFX). a) H&E staining; b) Alcian Blue staining; scale
bar = 500 pm (20x). Scale bar = 100 pm (100x); n = 6. Each staining photograph represents the results of one rabbit from each group.

the defect area in the 5 mol/L group (Figure 5a). The ICRS
score showed that there was statistical significance between
the 0.5 mol/L group and the MFX group, but no statistical
significance between the sham group and the 0.5 mol/L group
(Figure 5b).

We performed histological H&E detection on the
femora at 12 weeks. At 20x magnification, in the 0.5 mol/L
group, the regenerated cartilage was thicker, and the interface
between the new cartilage and the host cartilage was more
fully integrated, but the side of the subchondral bone was not
completely healed. In the MFX group, incomplete subchon-
dral bone healing was observed. In the 0.05 mol/L group,
there were substantial gaps between the regenerated tissues,
resulting in a vacuolar tissue morphology. In the 5 mol/L
group, the central cells of the regenerated cartilage were
missing, and the subchondral bone healing was incomplete.
At higher magnification (100x), H&E staining demonstrated
that the central connection of the subchondral bone in
the MFX group was discontinuous, and a small amount of
adipocytes had infiltrated. In the 0.05 mol/L group, the pink
bone matrix of the subchondral bone regenerated well, but
the surface of the regenerated cartilage was cell-free and there
was a small amount of filamentous tissue in the middle. In the
0.5 mol/L group, the regeneration was closely connected with
the normal cartilage layer, compared with the sham group,
and the regenerated cartilage showed most of the normal
natural cartilage. In the 5 mol/L group, the connection of the
cartilage layer was poor, the cell nuclei were stained darker,
and the difference with the surrounding normal cartilage was
greater (Figure 6a). Alcian Blue Staining illustrated that the
cartilage defect area showed a thick cartilage layer at lower
magnification (20x). In the MFX group, regenerated cartilage

punctuated connections. In the 0.05 mol/L group and the
0.5 mol/L group, subchondral bone union was incomplete. In
the 5 mol/L group, positive cells were missing in the centre of
the regenerated cartilage. At 100x magnification, the cartilage
layer in the MFX group was discontinuous. There was obvious
fibrosis at the cartilage surface, a few fat cells were present
at the cartilage layer, and the area of defect demonstrated
a cartilage that was lighter blue in colour. In the 0.05 mol/L
group, dark blue cartilage was observed from the cartilage
layer to the subchondral bone, a small amount of fat cells
appeared in the cartilage layer, and a small amount of fibrosis
appeared on the cartilage surface. In the 0.5 mol/L group,
the morphology of cartilage was normal, dark blue cartilage
staining was observed from the centre of the cartilage layer to
the subchondral bone, and lighter blue cartilage was observed
in the cartilage defect area on one side. In the 5 mol/L group,
a large amount of fibrosis in the central part of the cartilage
defect, dark blue cartilage, and a large number of fat cells were
observed in the cartilage layer. Compared with the MFX group,
the 0.5 mol/L group had the best regenerated cartilage, with a
natural transparent surface and more positive cells. Compared
with the sham group, the subchondral bone in the 0.5 mol/L
group continued to grow dark blue (Figure 6b).

At 20x magnification, the middle part of the regener-
ated cartilage to the subchondral bone in the MFX group
was positively stained, and the surface of the cartilage was
colourless. Compared with the 0.05 mol/L and 5 mol/L groups,
the repaired cartilage in the 0.5 mol/L group showed strong
orange-red staining. In the 5 mol/L group, the orange-red
staining in the centre of the regenerated cartilage was absent.
At 100x magnification, the surface of cartilage in the MFX
group showed extensive fibrosis. In the 0.05 mol/L group, the
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Safranin O staining at 12 weeks after microfracture (MFX). a) Safranin O staining. b) O'Driscoll histology score. Asterisks indicate statistical significance
(MFX vs Sham, p < 0.001; MFX vs 0.05, p = 0.989; MFX vs 0.5, p < 0.001; MFX vs 5, p = 0.097; Sham vs 0.05, p < 0.001; Sham vs 0.5, p = 0.309; Sham vs
5, p < 0.001. All p-values were calculated using independent one-way analysis of variance. *p < 0.05, **p < 0.01). Scale bar = 500 um (20x); scale bar =
100 um (100x); n = 6 rabbits per group. Each Safranin O staining photograph represents the results of one rabbit from each group.

regenerated cartilage was stained orange-red, the subchon-
dral bone had healed, and the surface of the cartilage had a
small amount of reactive fibrous tissue. In the 0.5 mol/L group,
the regenerated cartilage was smooth on the cartilage surface,
showing an organized transparent structure. In the 5 mol/L
group, fibrosis appeared in the regenerated cartilage, loss of
orange-red staining was seen in the centre of the cartilage,
and the cartilage connection was not tight (Figure 7a). The
O'Driscoll score showed that there was statistical significance
between the 0.5 mol/L group and the MFX group, but there
was no statistical significance between the Sham group and
the 0.5 mol/L group (Figure 7b).

After 12 weeks, the surface of the regenerated cartilage
in the MFX group showed a small amount of brown colla-
gen Il staining, and the regenerated cartilage in the cartilage
defect area was not completely filled; the 0.5 mol/L group
had more collagen Il positive cartilage than the 0.05 mol/L
and 5 mol/L groups. The subchondral bone stained strongly
in the 0.5 mol/L group, but had not completely healed.
At higher magnification (100x), cracks appeared on the
surface of the regenerated cartilage in the MFX group. In the
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0.05 mol/L group, collagen Il staining was negative. In the
0.5 mol/L group, a large amount of collagen Il positive staining
appeared on the cartilage surface, and a small amount of
cracks appeared on the cartilage surface. In the 5 mol/L
group, the staining of collagen Il on the cartilage surface
was negative, and a large number of cracks appeared on
the cartilage surface. Quantitation results showed statistical
significance between the 0.5 mol/L group and the MFX group
and sham group (Figure 8b). At 20x magnification, a large
amount of collagen Il staining was observed on the surface of
the regenerated cartilage in the MFX group, and compared
with the MFX group the collagen Il staining for different
Mg?** concentrations was weaker. The subchondral bone in
the 0.05 mol/L group and the 0.5 mol/L group was strongly
stained and not completely healed. At 100x magnification,
fibrosis occurred on the surface of the regenerated cartilage
and in the centre of the subchondral bone in the MFX group.
A small amount of fibrosis was seen on the surface of cartilage
in the 0.05 mol/L, 0.5 mol/L, and 5 mol/L groups. Quantitation
results showed statistical significance between the 0.5 mol/L
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Immunohistochemistry of a) and b) collagen Il and c) and d) collagen | 12 weeks after microfracture (MFX). The brown colour indicates the presence
of collagen | and collagen Il. Asterisks indicate statistical significance (collagen Il: MFX vs Sham, p < 0.001; MFX vs 0.05, p < 0.001; MFX vs 0.5, p <
0.001; MFX vs 5, p < 0.001; Sham vs 0.05, p < 0.001; Sham vs 0.5, p = 0.009; Sham vs 5, p < 0.001; collagen I: MFX vs Sham, p < 0.001; MFX vs 0.05, p <
0.001; MFX vs 0.5, p < 0.001; MFX vs 5, p = 0.080; Sham vs 0.05, p = 0.019; Sham vs 0.5, p = 0.017; Sham vs 5, p < 0.001. All p-values were calculated
using independent one-way analysis of variance. *p < 0.05, **p < 0.01). Scale bar = 500 um (20x); scale bar = 100 pm (100x); n = 6 rabbits per group.
Each staining photograph represents the results of one rabbit from each group.

group and the MFX group, but no statistical significance
between the 0.5 mol/L group and the sham group (Figure 8d).

Effects of Mg®* injection on SIRT1/BMP-2/SOX-9 and HIF-1a
We detected the expression of SIRT1/BMP-2/SOX-9 and HIF-1a
in fat pad tissues by RT-qPCR, and the results showed that
compared with the MFX group, Mg?* injections significantly
upregulated the expression of SIRT1, BMP-2, and SOX-9.
In addition, Mg?* injections significantly upregulated the
expression of HIF-1a (Supplementary Figure a).

Discussion

In this study, our results demonstrated that the intra-articular
injection of Mg?* after MFX can improve cartilage repair in
rabbit models, which is related to the promotion of hyaline
cartilage repair by Mg?*. Additionally, 0.5 mol/L Mg?* showed a
more significant improvement in cartilage repair by histologi-
cal staining and gross observation after the injection of Mg?*
at three concentrations (0.05, 0.5, and 5 mol/L) (Supplemen-
tary Figure b).

MFX has become the main treatment method for
cartilage lesions because it features minimal trauma, low
technical requirements, high surgical safety, and quick
postoperative recovery. However, its long-term effect is
unsatisfactory because it produces more fibrocartilage with
an insufficient bearing capacity.”** Thus, combining MFX
technology with cytokines, biomaterials, and chemotherapeu-
tic drugs further stimulates the generation of hyaline cartilage

with a stronger load-bearing capacity to improve the repair
ability of MFX after cartilage injury.”*' While searching for
a combination of MFX and drug therapies, some investiga-
tors found that the oral drug losartan combined with MFX
can promote the formation of hyaline cartilage in a cer-
tain degree of cartilage damage.”” Other researchers also
combined platelet-rich plasma (PRP) with MFX to promote
cartilage repair.” In addition, small molecular compounds or
metabolic factors play a role in MFX therapy: the injection
of the small molecule compound kartogenin after MFX can
improve fibrocartilage strength.’” The growth factor recombi-
nant human fibroblast growth factor 18 (rhfGF-18) partially
increases hyaline cartilage formation after MFX.”> Despite
some studies on the combination therapy of MFX and drugs,
the following limitations still exist. First, the concentration
of drug combinations is unclear. Second, MFX has different
therapeutic effects due to changes in the age of the treatment
subjects. Third, small molecule compounds and metabolic
growth factors have little effect in treatment. Currently, the
combination of MFX and drug therapies to promote carti-
lage repair is still less studied, which leads to little progress.
Therefore, it is important to further explore the combination of
MFX and drugs to promote the research progress of cartilage
repair. Drugs or supplements that can be combined with MFX
treatment should be in line with current clinical standards. For
this reason, Mg?* has caught the attention of researchers.

In the human body, approximately half of Mg is
distributed in skeletal muscle’*** The deficiency of Mg*
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is associated with osteoarthritis,”’ osteoporosis, and other
cartilage lesions.*® Mg** can facilitate the repair of cartilage
damage and plays an important role in human skeletal
muscle. Based on this, Mg?* is currently used as a supple-
ment in conjunction with biomaterials, including hydrogels,
osteochondral scaffold, etc, to repair cartilage damage.®*
However, results of MFX combined with Mg*" in cartilage
repair have not yet been reported. Since Mg?* meets the
requirements of drugs or supplements combined with MFX
treatment, it was hypothesized that MFX combined with
Mg?* treatment can also promote cartilage repair. Different
concentrations of Mg* were injected intra-articularly after
MFX. It was found that 0.5 mol/L Mg** can effectively increase
the formation of hyaline cartilage after MFX and promote
cartilage repair. After six and 12 weeks, gross observations
confirmed that the regenerated cartilage in the 0.5 mol/L
group recovered better, and the ICRS score of the 0.5 mol/L
group was higher than that of the other experimental groups.
In addition, the results of H&E staining, Alcian blue staining,
and Safranin O staining all showed that the regenerated
cartilage layer in the 0.5 mol/L group was visibly thicker,
closely connected to the normal cartilage layer, and more
GAGs were secreted. At the same time, the collagen Il-positive
rate in the 0.5 mol/L group was significantly higher than that
in the other experimental groups. These findings may benefit
the further clinical application of MFX combined with Mg*
treatment.

Mg?* can promote cartilage repair via several mech-
anisms. One previous study found that Mg*" significantly
upregulates the chondrogenic related gene SOX-9.”° Mean-
while, high-purity (HP) Mg has good cytocompatibility,
which also promotes the expression of bone morphogenetic
protein-2 (BMP-2)." BMP-2, a key factor in the induction of
chondrogenic differentiation, can induce the chondrogenic
differentiation of stem cells.”” From the perspective of cartilage
formation, the upregulation of BMP-2 and SOX-9 in chondrosis
is an important signal to the promotion of cartilage forma-
tion and the alleviation of local cartilage diseases.” Further-
more, SIRT1 enhances the expression of the BMP2-induced
chondrogenic differentiation factor SOX-9.* In this study, the
MRNA expression levels of SIRT1-BMP-2/SOX-9 were detected.
It was found that Mg?* injection significantly upregulated the
expression of SIRT1, BMP-2, and SOX-9 compared with the
MEFX group. Previous studies have demonstrated that HIF-1a
further induces hyaline cartilage by promoting collagen I
synthesis and aggrecan formation.”'”*>“¢ Therefore, we also
examined the expression of HIF-1a. mRNA. We found that Mg?*
injection significantly upregulated the level of HIF-1a mRNA. In
general, MFX combined with Mg?*" treatment could signifi-
cantly upregulate the mRNA levels of chondrogenesis-related
genes SIRT1, BMP-2, and SOX-9, and increase the HIF-1a mRNA
level to promote the formation of hyaline chondrocytes.

Compared with previous studies that combined
treatment with small molecule drugs or growth factors and
MFX, the results of this study indicated that 0.5 mol/L Mg**
combined with MFX has a better effect. The combined
treatment of 0.5 mol/L Mg?* and MFX was superior to that
of bevacizumab and MFX in histological staining, immunobhis-
tochemical (IHC) analysis, and scoring after six weeks."” The
gross observation results were similar to those obtained by the
intra-articular injection of 1 and 10 mg losartan after MFX.*
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The combined treatment of 0.5 mol/L Mg* and MFX was
superior to that of PRP and MFX in gross observation, the
ICRS score and histological staining results after 12 weeks.” In
summary, the findings of this study establish that 0.5 mol/L
Mg?* combined with MFX has a positive effect on cartilage
repair.

In the current study, it was demonstrated that MFX
combined with Mg*" treatment has a positive effect on
cartilage repair. MFX combined with Mg** treatment promo-
ted the expression of collagen Il and the regeneration of
hyaline cartilage. In addition, the therapeutic effect of Mg*
may be linked with the upregulation of the expression of
SIRT1/BMP-2/SOX-9 and HIF-1a. The research progress of this
study will inspire clinicians to explore the effective treatment
measures of MFX combined with Mg?*" treatment to promote
cartilage repair.

To conclude, MFX combined with Mg?* treatment has
a positive effect on cartilage repair. The Mg?* injection dose
of 0.5 mol/L is most effective in enhancing MFX-mediated
cartilage repair.

Supplementary material
ARRIVE checklist, and bar charts showing the expression levels of
related genes.
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