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Metformin enhances osteogenic
differentiation of BMSC

by modulating macrophage M2
polarization

Siyu Fan'2, Cunliang Zhang'?, Xin Sun%, Chuanchao Su'?, Yiwen Xuel?, Xiao Song' &
Runzhi Deng®**

Bone marrow-derived mesenchymal stem cells (BMSCs) are capable of developing into osteoblastic
cell lines in vitro and regenerating bone tissue in vivo, and they are considered to be a reliable

source for bone regenerative medicine. In recent years, studies have shown that the immune
microenvironment is important for osteogenesis, in which macrophages are an important component
of innate immunity and coordinate with stem cells. Metformin (Met), a hypoglycemic drug that exerts
a powerful effect on metabolic signaling, has been shown to modulate inflammatory responses

and osteogenic activity. However, whether metformin modulates macrophage polarization and
subsequently affects osteogenesis remains to be elucidated. In the present study, we investigated
the potential immunomodulatory capacity of metformin on macrophage inflammatory responses
and phenotypic switching, and the subsequent effects on osteogenic differentiation of BMSCs.

Flow cytometry and qPCR were used to study the effects of metformin on macrophage phenotypic
regulation. qPCR, ALP, ARS and calcium content measurement and ALP activity assay were used to
determine the effects of macrophage-secreted activators on the osteogenic differentiation of BMSCs.
Our study demonstrates that metformin can improve the immune microenvironment by modulating
macrophage polarization towards an anti-inflammatory phenotype, promoting an increase in a range
of anti-inflammatory factors and inhibiting pro-inflammatory factors. This was characterized by
increased expression of IL-10 and CD206, Arg-1 and decreased expression of IL-13, TNF-q, IL-6 and
iNOS. In addition, metformin-modulated macrophage-conditioned medium promoted osteogenic
differentiation of BMSCs, increased the expression levels of genes (ALP, Runx-2, OCN, and Col-

1), enhanced ALP activity, and significantly formed mineralized nodules. In conclusion, our new
study elucidates that metformin can promote osteogenic differentiation of BMSCs by modulating
macrophage phenotype and thereby.

Fractures are a widespread public health issue and frequent surgical damage. The number of new fracture patients
worldwide is estimated to be over 178 million in 2019; this represents an increase of 33.4% from 1990. 1.9-4.9%
of patients still have issues from fracture treatment procedures, such as delayed bone healing or bone nonunion,
which lengthens the healing process and raises patient healthcare expenses>’. As a result, the treatment focus in
bone repair has shifted to ways to encourage bone healing.

Bone marrow-derived mesenchymal stem cells are capable of developing into an osteoblastic cell line in vitro
and regenerating bone tissue in vivo, and they are considered a reliable source for bone regenerative medicine*”.
In recent years, it has been shown that the immune microenvironment is important for osteogenesis®”’, in which
macrophages are an important component of innate immunity and coordinate with stem cells®*’. Macrophages
are key cells in the inflammatory cascade response and play an important role in the bone healing process. Mac-
rophages are highly plastic and can differentiate into two types, the pro-inflammatory M1 phenotype and the anti-
inflammatory, pro-tissue regeneration M2 phenotype!’. Different phenotypes of macrophages play different roles
in various stages of bone regeneration, with M1 macrophages enriched at early inflammatory sites, phagocytizing
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bacteria and apoptotic cell debris. In contrast, M2 macrophages play roles such as inhibiting inflammation and
repairing tissues in the later stages of fracture, while promoting BMSCs-mediated bone formation and healing"!.
The ratio of the number of M1/M2 macrophage taxa changes over time during the development of inflamma-
tion, and the two phenotypes of macrophages can be interconverted, which makes them attractive targets for
therapeutic intervention. Recent studies have shown that targeting and controlling macrophage phenotypes can
be used to treat a number of diseases, including atherosclerosis, obesity, and bone disorders'! 3. This milieu is
then favourable to tissue repair and regeneration. Studies have determined that regulating the crosstalk between
macrophages and stem cells is critical for bone healing'*'>.

Metformin is a hypoglycemic agent that has a powerful effect on metabolism. Several studies have demon-
strated the beneficial effects of metformin in bone disease and inflammatory disorders that can ameliorate inflam-
mation and modulate bone homeostasis, including osteolysis, periodontitis, osteoarthritis, and osteoporosis'®™.
In addition, previous studies have shown that metformin inhibits inflammation and avoids chronic inflammation
at the site of injury by polarizing macrophages to an anti-inflammatory M2 phenotype through activation of the
AMPK pathway'*?°. When injury occurs, metformin modulates the surrounding microenvironment. Studies
have shown that metformin reduces the transcription of TNF-a and IL-6 and decreases the expression of IL-1p,
COX-2, and iNOS by inhibiting NF-kB and MAPKs. In addition, metformin increases the secretion of two anti-
inflammatory cytokines, IL-4 and IL-10, in an inflammatory setting. It is believed that metformin induces these
effects through activation of AMPK, inhibition of ROS formation, NF-kB activation, JNK and ERK activity®..

However, the mechanism of crosstalk between macrophages and bone marrow mesenchymal stem cells
(BMSCs) and the role played by metformin remain to be further explored. Therefore, in the present study, we
investigated the effects of metformin on macrophage polarization and inflammatory responses, and co-cultured
BMSCs with different macrophage-conditioned media to explore the effects of macrophage polarization phe-
notype on the osteogenic differentiation ability of BMSCs. We aimed to explore whether metformin could be a
bioactive stimulator of bone regeneration and enhance bone regeneration by modulating macrophage-BMSC
intercellular communication to further promote osteogenic differentiation.

Results

Metformin has no pharmacotoxic effect on Raw264.7 cultured in vitro

In order to find a suitable concentration of metformin, the CCK-8 test was used to study the pharmacotoxic
effects of different concentrations of metformin on Raw264.7 after 24 h of action. As shown in Fig. 1a, there
was no statistically significant difference in Raw264.7 proliferation with 0.5 mM, 1 mM, and 2 mM metformin.
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Fig. 1. (a) Effect of different concentrations of metformin on the proliferative activity of Raw264.7. (b) Flow
cytometry analysis of macrophage polarization (M2 type for CD206). (c) Mean fluorescence intensity of
CD206. (d) Relative mRNA expression levels of M2-related genes Arg-1, CD206, and IL-10. (e) Relative mRNA
expression levels of M1-related genes iNOS, IL-6, IL-1P. Data are presented as mean + SD from triplicate
experiments. *P <0.05, **P<0.01, **P <0.001, and****P <0.0001.
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Therefore, metformin was not cytotoxic to Raw264.7 and had no effect on Raw264.7 proliferation in our tested
dose range. Finally, 0.5 mM and 2 mM concentrations of metformin were selected for subsequent experiments.

Metformin modulates macrophage phenotype towards M2 polarization in both inflammatory
and non-inflammatory settings

In view of the previous literature showing that metformin can modulate inflammatory responses, we investigated
the macrophage phenotype modulation by metformin. First, flow cytometry results showed that 0.5 mM and
2 mM metformin induced high expression of CD206 (Fig. 1b), and there was a statistically significant difference
in MFI in the experimental group compared with the control group (Fig. 1c). As shown in Fig. 1d, the expres-
sion of M2 macrophage-associated factors CD206, Arg-1, and IL-10 was detected to increase significantly with
the increase of metformin concentration by qRT-PCR analysis. In addition, the expression levels of M1-related
genes iNOS, IL-6, and IL-1P gradually decreased with the increase of drug concentration compared with the
control group (Fig. 1e). All these results confirmed the potential of metformin to upregulate M2 polarization
in macrophages.

To further validate the regulatory effect of metformin on macrophage phenotype under inflammatory state,
we stimulated macrophages using 100 ng/ml LPS for 24 h with or without metformin for 24 h. The results of
flow cytometry showed a significant increase in the expression of CD86 compared to the control group after
24 h of LPS stimulation (Fig. 2a), and the mean fluorescence intensity was statistically different from that of the
control group (Fig. 2b). This indicated that LPS-stimulated macrophages had elevated levels of inflammation and
were polarized towards the M1 type. Subsequent to the addition of different concentrations of metformin in the
inflammatory state, flow cytometry showed a significant increase in the expression level of CD206 (Fig. 2¢), and
the mean fluorescence intensity was statistically different from that of the control group (Fig. 2d). In addition,
by qRT-PCR analysis, we found that the expression levels of inflammatory factors and M1-related factors TNF-a
and IL-1p in the LPS-stimulated group were significantly higher compared with the control group, while the
expression levels of the related pro-inflammatory factors were significantly decreased 24 h after the addition of
0.5 mM and 2 mM of metformin (Fig. 2f); In contrast, the expression of CD206 and Arg-1 was suppressed under
LPS stimulation, whereas the expression of both increased significantly and statistically differently compared to
the control group after the addition of metformin(Fig. 2e). All of these data suggest that even in the inflamma-
tory state metformin can modulate macrophage phenotype towards M2 polarization. In addition, 2 mM Met
promoted the expression of Arg-1 in M0 and M1 type macrophages more than 0.5 mM Met with statistically
significant difference, while in the expression of other genes, although there was no statistically significant
difference between the two concentrations, 2 mM Met showed a stronger tendency to induce macrophage M2
polarization, so 2 mM Met was used in part of the subsequent osteogenesis experiments.

Macrophage-conditioned medium promotes osteogenic differentiation of BMSCs after met-
formin action

To further investigate the effects on osteogenic differentiation of BMSCs in different macrophage OCM,the
experiment was divided into six groups :Control group: BMSCs cultured in normal osteogenic medium; Met
group: BMSCs cultured in osteogenic medium containing 2 mM Met; M0 group: BMSCs cultured in untreated
macrophage OCM; M0+ Met group: BMSCs cultured in macrophage OCM after 2 mM Met treatment for 24 h;
LPS group: BMSCs cultured in macrophage OCM treated with LPS (100 ng/mL) for 24 h; and LPS + Met group:
BMSCs cultured in macrophage OCM treated with Met and LPS. Figure 3a shows a schematic diagram of the
cell processing method and Fig. 3b shows a timeline of the cell processing. CCK8 results showed significant
proliferation of BMSCs cultured in the MO0 + Met group after 7 days, while the LPS group exhibited suppressed
cell proliferation vigor, and the rest of the macrophage-conditioned media had no significant effect on the pro-
liferative vigor of BMSCs (Fig. 4a). We used qRT-PCR to detect the expression of osteogenesis-related genes
(i.e., ALP, OCN, Col-1, Runx2) (Fig. 4b). On day 7, the Met group and M0-OCM showed a minor promotion
of osteogenesis-related genes in BMSCs, whereas M0 + Met-OCM showed a statistically significant promotion
of ALP, OCN, Col-1, and Runx2 expression in BMSCs compared to the control and Met groups as well as the
MO group. On the contrary, in LPS-OCM , the osteogenesis-related genes ALP, OCN, Col-1, and Runx2 were
significantly reduced in BMSCs compared with the control group, and osteogenic gene expression was improved
in LPS + Met-OCM treated with Met.

Two important markers, ALP activity and calcium deposition, were used to characterize the osteogenic differ-
entiation capacity of BMSCs. As shown in Figs. 5 and 6, under non-inflammatory conditions, Met and RAW264.7
by itself exhibited a minor promoting effect on the osteogenic differentiation of BMSCs, whereas M0 + Met-OCM
pretreated with Met for 24 h exerted a significant promoting effect on the osteogenic capacity of BMSCs, and the
staining colors of ALP and calcium (alizarin red) became darker. In contrast, under inflammatory conditions,
osteogenic differentiation capacity was significantly inhibited in LPS-OCM, with ALP and calcium (alizarin red)
staining colors becoming lightest in comparison. In contrast, the osteogenic differentiation capacity of BMSCs
improved in the inflammatory macrophage conditioned base after metformin induction. From the quantitative
analyses of ALP and calcium content shown in Fig. 7, it is possible to distinguish more clearly the differences
between the different groups, and the results are consistent with the staining. Based on these results, we concluded
that macrophage-conditioned medium after metformin action promoted BMSCs osteogenic differentiation.

Discussion

In this study, we investigated the effects of metformin on macrophage polarization and inflammatory responses
and cultured BMSCs with different macrophage-conditioned media to explore the effects of exogenous substrates
secreted by different macrophage phenotypes on the osteogenic differentiation capacity of BMSCs. The results
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Fig. 2. (a) Flow cytometry analysis of macrophage polarization after Lps stimulation (CD86 for M1 type). (b)
Mean fluorescent intensities of CD86 by flow cytometry. (c) Flow cytometry analysis of macrophage polarization
after metformin treatment in the inflammatory state (CD206 for M2 type). (d) Mean fluorescent intensities of
CD206 by flow cytometry. (e) Relative mRNA expression levels of the M2-related genes Arg-1 and CD206 in

the macrophage after metformin treatment in the inflammatory state. (f)Relative mRNA expression levels of

the M1-related genes IL-1p and TNF-a in the macrophage after metformin treatment in the inflammatory state.
*P<0.05, **P<0.01, **P<0.001, and*™***P <0.0001.

indicated that metformin plays a regulatory role in converting M1 macrophages to M2 macrophages, which
contributes to the transition from an inflammatory state to a tissue regenerative state. In addition, the extracel-
lular matrix of macrophages after metformin stimulation improved the osteogenic differentiation capacity of
BMSCs regardless of inflammatory or non-inflammatory conditions.

In recent years, studies have demonstrated the importance of the immune microenvironment for osteogenesis,
and an increasing number of studies have focused on the association between macrophages and BMSCs and
provided innovative strategies to enhance bone regeneration through targeted immunomodulation®*%. Functional
dynamic transformation of macrophage phenotype plays a crucial role in inflammatory response and bone repair,
and with this in mind, strategies to modulate macrophage activity to generate an ideal immune microenviron-
ment and thereby promote osteogenic differentiation of BMSCs were the focus of this study.
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Fig. 3. (a) Schematic diagram of different macrophage OCM treatments. (b) Timeline of different macrophage
OCM treatments.

Recent studies have reported that functional components in certain drugs may affect macrophage activity and
convert the phenotype from M1 to M2'>?, In the present study, metformin modulated macrophage phenotypic
polarization toward the M2 phenotype. Met not only promoted the polarization of untreated Raw264.7 toward
the M2, but also inhibited the polarization of LPS-stimulated macrophages toward the pro-inflammatory phe-
notype and increased the conversion to the anti-inflammatory phenotype. Thus, metformin has great potential
to create favorable immune conditions for tissue regeneration. Previous studies have reached consistent con-
clusions regarding the immunomodulatory effects of metformin on macrophages. Wang et al. concluded that
metformin inhibits LPS-induced macrophage inflammatory responses and modulates macrophage phenotypes
to influence the immune environment thereby ameliorating allergic contact dermatitis in mice?*. In addition, Jing
et al. concluded that metformin ameliorated the low-grade inflammatory state in obese patients and regulated
macrophage polarization to an anti-inflammatory M2 phenotype partly through AMPK activation®. Metformin
also plays an immunomodulatory role in osteoarthritis. Li et al. further found that metformin was more effec-
tive in the treatment of arthritis in obese mice, mainly because it reduced synovial macrophage infiltration and
regulated macrophage polarization'®. Similarly Yan et al. found that metformin inhibited polyethylene particles-
induced cranial osteolysis in mice by promoting macrophage polarization as an anti-inflammatory phenotype and
improved the immune microenvironment for tissue regeneration'’. Our study is consistent with the above studies
that metformin has a promising immunomodulatory effect, creating an immune microenvironment that pro-
motes tissue regeneration by modulating the inflammatory response and macrophage phenotypic polarization.

Regarding the direct promotion of stem cell osteogenesis by metformin, Lei et al. showed that low concentra-
tions of metformin could promote the proliferation of BMSCs, with the best proliferative effect of metformin
at 100 uM, and the proliferation of BMSCs was inhibited by too high a concentration of metformin?. Dong
et al. also showed that, although low concentrations of metformin promoted the proliferation of BMSCs and the
expression of the related osteogenic protein factors OPN, Runx-2 and Col-1, this promotion was substantially
reduced at higher concentrations?. In this study, 2 mM metformin did not significantly affect the osteogenic
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Fig. 4. (a) The activity of BMSCs under different macrophage OCM was assessed after 7 days of culture. (b)
Relative mRNA expression levels of osteogenic genes OCN, Runx2, ALPand COL-1 in BMSCs cultured with
different macrophage OCMs.*P <0.05, **P <0.01, ***P <0.001, and****P <0.0001.

effect of BMSCs, which may be due to the high concentration of metformin. However, the osteogenic effect of
BMSCs in M0 + Met-OCM was significantly higher than that in all other groups, suggesting that the regulation
of macrophages by metformin plays an important role in this.

The immune microenvironment generated by macrophages of different polarization types plays an important
role in osteogenic differentiation. In the present study, metformin promoted the polarization of macrophages to
M2 type, and the conditioned medium formed by such M2-polarized macrophages promoted the osteogenic dif-
ferentiation ability and proliferative activity of BMSCs. Previous studies have shown that M2-type macrophages
can secrete a range of anti-inflammatory factors and growth factors such as IL-10, TGF-f, IGF-1, and VEGF
to promote osteogenic differentiation of BMSCs?*, which is consistent with the results of the present study.
Meanwhile, we found that Lps-stimulated macrophages had a significant inhibitory effect on the osteogenic
differentiation ability of BMSCs and suppressed the cell proliferation viability of BMSCs, which is consistent
with the findings of Gong et al.**. Although there are other studies suggesting that M1 enhances the osteogenic
differentiation capacity of stem cells, these contrary findings may be due to the different induction of M1-type
macrophages®*% Our results showed that under inflammatory conditions, metformin was able to reduce the
release of proinflammatory factors and reverse the switch in polarization of M1 macrophages under LPS condi-
tions, thereby promoting osteogenic differentiation of BMSCs. This is consistent with the findings of Shen et al.
who suggested that metformin could promote osteogenesis in human umbilical cord MSCs by promoting mac-
rophage polarization and thus osteogenesis'’. These results suggest that metformin has some immunomodulatory
effects and that its stimulated macrophages can promote BMSCs osteogenesis under both non-inflammatory
and inflammatory conditions.
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Fig. 5. Representative images of alkaline phosphatase (ALP) staining of BMSCs cultured with the different
macrophage OCM at day 7. Scar bar=100 um (x100).

Met Mo

Fig. 6. Representative images of Alizarin Red staining (ARS) of BMSCs cultured with the different macrophage
OCM at 21 days.Scar bar=100 um (x100).

In summary, metformin improves the immune microenvironment formed by macrophages by regulating
the crosstalk between macrophages and BMSCs, and then promotes osteogenic differentiation of BMSCs, sug-
gesting that metformin has great potential for bone regeneration. However, the specific mechanism behind this
phenomenon needs to be further investigated and further validation in vivo is required.
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Fig. 7. (a) Quantitative analysis of ALP staining. (b) The relative quantitative analysis of ARS.*P <0.05,
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Materials and methods

Cell culture and treatment

Mouse mononuclear RAW264.7 macrophages were provided by the Shanghai Cell Bank of the Chinese Academy
of Sciences and cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and 1% penicillin-streptomycin in a humidified environ-
ment at 37 °C containing 5% CO,, and passaged every 1-2 days once without trypsin digestion. Mouse bone
marrow mesenchymal stem cells (purchased from Zhongqiaoxinzhou Biotech, Shanghai, China) were cultured
in DMEM/F12 medium (Gibco, Waltham, MA, USA)containing 10% FBS and 1% penicillin-streptomycin. The
cell culture medium was changed every three days, and when the cells reached 80-90% confluence, the cells were
passaged with 0.05% trypsin-EDTA (Gibco, CA, USA). BMSCs from generation 4 to 6 were used in this study.

To investigate the effect of metformin on macrophage polarization and inflammatory response in a non-
inflammatory environment, RAW 264.7 cells were cultured in 6-well plates with Dulbecco’s modified Eagle’s
medium containing 10% FBS at 37 °C overnight and treated with different doses (0.5, 2 mmol/L) of metformin
(Sigma-Aldrich, Saint Louis, MO, USA) treatment for 24 h for further experiments. In addition, to investigate
the regulatory role of metformin in the inflammatory milieu, macrophages were stimulated using 100 ng/mL
E. coli lipopolysaccharide (Sigma-Aldrich, Saint Louis, MO, USA) for 24 h followed by the addition of different
concentrations of metformin for 24 h.

To assess the effect of macrophages on BMSCs osteogenesis after treatment with different treatments, mac-
rophage conditioned medium (MCM) was collected, centrifuged at 4’ for a continuous period of 1 h, and filtered
through a 0.22 pm pore filter (Millipore, Billerica, MA,USA). Then, MCM was mixed with osteogenic differentia-
tion medium containing 10% FBS, 1% penicillin-streptomycin, 0.1 uM dexamethasone, 50 mM ascorbic acid, and
10 mM pB-glycerophosphate in a 1:2 volume ratio as osteogenic conditioned medium (OCM) to induce osteogenic
differentiation of BMSCs (Fig. 3) . BMSCs changed the OCM every other day during osteogenic induction.

CCK-8 assay

The cell viability of RAW264.7 at different concentrations of metformin and the viability of BMSCs at different
OCM were detected using the Cell Counting Kit-8 (CCK-8, Dojindo, Japan). Briefly, cells were inoculated into
96-well plates at a concentration of 3 x 10° cells per well. Different concentrations of metformin were then added
to the medium to culture Raw264.7 for 24 h, or BMSCs were cultured with different macrophage-conditioned
medium for 7 days. The medium was then replaced with 100 ul of freshly prepared DMEM containing 10 pl of
CCK-8 solution. The cells were incubated in the dark at 37 °C for 2 h. The absorbance at 450 nm was measured
using a spectrophotometer (BioTek SynergyH1, USA). Experiments were performed in triplicate.

Flow cytometry

RAW264.7 cells were inoculated in 6-well plates (4 x 10° cells per well) and treated according to the section of
Cell culture and treatment. Then, the plates were blocked with FcR receptor blocker (Miltenyi Biotec, Bergisch
Gladbach, Germany) for 10 min. Subsequently, the plates were incubated in the dark with anti-mouse CD86
antibody (BioLegend, SanDiego, CA, USA) and anti-mouse CD206 antibody (BioLegend. SanDiego, CA, USA)

Scientific Reports |

(2024) 14:20267 | https://doi.org/10.1038/s41598-024-71318-1 nature portfolio



www.nature.com/scientificreports/

Gene Forward primer sequences (5'-3') Reverse primer sequences (5'-3")

Arg-1 AGCTCTGGGAATCTGCATGG ATGTACACGATGTCTTTGGCAGATA
CD206 ACAAAGGGACGTTTCGGTG TGGACATTTGGGTTCAGGAG

IL-10 GCCAGAGCCACATGCTCCTA GATAAGGCTTGGCAACCCAAGTAA
iNOS TTTGCTTCCATGCTAATGCGAAAG GCTCTGTTGAGGTCTAAAGGCTCCG
IL-1p AATCTATACCTGTCCTGTGTAATGA AAGAC | TGGGTATTGCTTGGGATCCA

IL-6 CTTGGGACTGATGCTGGTGACA GCCTCCGACTTGTGAAGTGGTA
TNF-a GGAGGGGTCTTCCAGCTGGAGA CAATGATCCCAAAGTAGACCTGC
Runx2 AACTTGCTAACGTGAATGGTC TAGCCCACTGAAGAAACTTGG

ALP ACCACCACGAGAGTGAACCA CGTTGTCTGAGTACCAGTCCC

OCN GAACAGACAAGTCCCACACAG TCAGCAGAGTGAGCAGAAAGAT
COL-1 GAGTCAGCAGATTGAGAACATCC AGTCAGAGTGGCACATCTTGAG
GADPH | AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

Table 1. The primers used for RT-qPCR detection.

at 4 °C for 30 min for cell surface staining. Cells were then washed and tested on a flow cytometer acquisition
(BD FACSCalibur). Data were analyzed using FlowJo software (Flow]Jo, USA).

Real-time quantitative polymerase chain reaction (RT-qPCR)

RAW?264.7 cells were inoculated in 6-well plates and treated according to the section of Cell culture and treatment;
BMSCs were inoculated in 6-well plates (2 x 10° cells per well) overnight and incubated with different prepara-
tions of OCM for 5 days. Total RNA was extracted from the cells using the Total Cellular RNA Extraction Kit
(Novizan, Nanjing, China) according to the manufacturer’s instructions, and then the PrimeScriptTM II Ist
Strand ¢cDNA Synthesis Kit was used for real-time polymerase chain reaction) (Noviza, Nanjinng, China) for
further reverse transcription to cDNA. qRT-PCR was performed using ChamQ Universal SYBR qPCR Master
Mix (Novizan, Nanjing, China). The transcription levels of macrophage phenotype-related genes and osteogen-
esis-related genes were evaluated by qRT-PCR. The results were calculated by 2724°T method. qPCR primers
are shown in Table 1.

Alkaline phosphatase (ALP) activity and staining

BMSCs were inoculated in 24-well plates (5 x 10* cells per well) overnight and incubated with different prepara-
tions of OCM. The medium was changed every other day. On day 7, cells were washed three times with PBS and
lysed with lysis buffer without phosphatase inhibitors. Then, ALP activity of different samples was measured
using an ALP assay kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. ALP staining
was also performed on day 7. Samples were fixed with 4% paraformaldehyde for 30 min, washed three times with
PBS, and stained for 6 h using the BCIP/NBT Alkaline Phosphatase Staining Kit (Beyotime, Shanghai, China).
Colorimetric changes were analyzed using a microscope and the stained cells were imaged.

Alizarin red staining

BMSCs were inoculated and treated as described in section 2.5. On day 14, fixed cells were stained with 2% aliza-
rin red S staining solution (Cyagen, Suzhou, China) for 5 min, and then the excess dye was washed with distilled
water. After observation and photography, mineralized nodules were dissolved with 10% (w/v) cetylpyridinium
chloride to detect the absorbance at 520 nm.

Statistical analysis
All experiments were performed three times. All data are shown as mean + standard deviation (SD). Statistical
analysis was performed using GraphPad Prism 6.0 software. Differences between groups were analyzed using
one-way analysis of variance (ANOVA) and Tukey post hoc tests. Differences were considered statistically sig-
nificant when P <0.05.

Data availability

The data used to support the findings of this study are available from the corresponding author upon request.
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