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Abstract
Osteoporosis is a metabolic bone disease that seriously jeopardizes the health of 
middle-aged and elderly people. Mesenchymal stem cell-based transplantation for os-
teoporosis is a promising new therapeutic strategy. Induced mesenchymal stem cells 
(iMSCs) are a new option for stem cell transplantation therapy. Acquired mouse skin 
fibroblasts were transduced and reprogrammed into induced pluripotent cells and 
further induced to differentiate into iMSCs. The iMSCs were tested for pluripotency 
markers, trilineage differentiation ability, cell surface molecular marker tests, and 
gene expression patterns. The iMSCs were injected into the tail vein of mice by tail 
vein injection, and the distribution of cells in various organs was observed. The effect 
of iMSCs on the bone mass of mice was detected after injection into the mouse os-
teoporosis model. The effects of iMSCs infusion on metabolites in femoral tissue and 
peripheral blood plasma were detected based on LC–MS untargeted metabolomics. 
iMSCs have similar morphology, immunophenotype, in vitro differentiation potential, 
and gene expression patterns as mesenchymal stem cells. The iMSCs were heavily 
distributed in the lungs after infusion and gradually decreased over time. The iMSCs 
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1  |  INTRODUC TION

Osteoporosis is a disease characterized by low bone mineral content 
and degeneration of bone tissue microstructure. It is not only the most 
common chronic metabolic bone disease but also a serious health 
hazard for middle-aged and elderly people.1,2 The prevalence of os-
teoporosis in men and women over the age of 50 is 6.3% and 21.2%, 
respectively, and based on the current global population, it is estimated 
that approximately 500 million people may be affected by the disease.3 
In the United States alone, approximately 10 million men and women 
have been diagnosed with osteoporosis, and this number is growing.4 
The basic intervention and drug treatment of osteoporosis are very 
important, and the ultimate goal is to prevent the aggravation of os-
teoporosis and the occurrence of osteoporotic fractures. At present, 
the pathogenesis of osteoporosis is still unclear. Clinical treatment of 
osteoporosis mainly involves anti-bone resorption drugs and bone syn-
thesis metabolic drugs. Although more emerging treatments and drugs 
for osteoporosis have been developed, the development of stem cell 
therapy and regenerative medicine provides a new approach and hope 
for the treatment of osteoporosis.

It has been proven that the failure and abnormal differentiation 
of stem cells in vivo is closely related to the occurrence of osteoporo-
sis.5–7 Stem cell-based therapy is becoming increasingly important in 
the treatment of chronic and long-term diseases, including osteopo-
rosis.8–10 Bone marrow mesenchymal stem cells (BMSCs) have been 
widely studied and applied in the treatment of osteoporosis because of 
their high differentiation ability and tissue regeneration and repair.11–14 
However, the efficacy of BMSCs is closely related to donor age, cell 
status and expansion generations, while BMSCs infusion is mostly 
from allogeneic sources, which have a potential risk of immune rejec-
tion, which limits the clinical application of stem cells.15

Induced pluripotent stem cells (iPSCs) can be constructed from 
arbitrary cells in the whole body and have good differentiation 
ability. The biological functions of Induced mesenchymal stem 

cells (iMSCs) derived from iPSCs are similar to those of mesenchy-
mal stem cells. In theory, they can not only solve the problem of 
autologous donors but also provide a large number of expanded 
cells, which can fully meet the needs of clinical research.16 IPSCs-
derived iMSCs transplantation therapy has been preliminarily 
verified in disease models, including desiccation syndrome,17 cu-
taneous wound healing,18 steroid-associated femoral head necro-
sis,19 and bone defects.20 However, there are few reports on the 
potential osteogenesis and chemotactic homing of iMSCs in the 
treatment of osteoporosis.

The purpose of our study was to clarify the similarities and dif-
ferences between iPSCs-derived iMSCs and BMSCs in cell biology, 
to further explore the distribution and chemotaxis of iMSCs via 
veins in vivo, to verify the role and osteogenic mechanism of iMSCs 
transplantation in osteoporosis and to analyse the changes in me-
tabolites. The results of this study lay the foundation for revealing 
the safety and efficacy of iMSCs in the future treatment of oste-
oporosis and provide new insights into the clinical translation and 
application of iPSCs-derived iMSCs.

2  |  METHODS

2.1  |  Acquisition of mouse skin fibroblasts

The bilateral ear tissues of C57BL/6 female mice (8 weeks old, weight 
20 ± 3 g) were obtained and washed repeatedly with phosphate buff-
ered saline (PBS) after soaking in 75% ethanol. The skin tissue was 
cut into pieces less than 1 mm3, digested with 0.25% trypsin, trans-
ferred to a culture bottle containing high sugar DMEM (Gibco, USA) 
and 10% fetal bovine serum (FBS) (Gibco, USA), and cultured at 37°C 
and 5% CO2. On the 3rd-5th day, the cells around the tissue frag-
ments grew radially and were digested by TrypLE Express (Gibco, 
USA) and subcultured.
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in the femoral bone marrow cavity gradually increased with time. iMSCs infusion sig-
nificantly avoided bone loss due to oophorectomy. The results of untargeted metabo-
lomics suggest that amino acid and lipid metabolic pathways are key factors involved 
in iMSCs bone protection and prevention of osteoporosis formation. iMSCs obtained 
by reprogramming-induced differentiation had cellular properties similar to those of 
bone marrow mesenchymal stem cells. The iMSCs could promote the remodelling 
of bone structure in ovariectomy-induced osteoporotic mice and affect the changes 
of several key metabolites in bone and peripheral blood. Some of these metabolites 
can serve as potential biomarkers and therapeutic targets for iMSCs intervention in 
osteoporosis. Investigating the effects of iMSCs on osteoporosis and the influence of 
metabolic pathways will provide new ideas and methods for the clinical treatment of 
osteoporosis.
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2.2  |  Induction from fibroblasts to iPSCs

The mouse skin fibroblasts (Fibs) were reprogrammed accord-
ing to the CytoTuneTM-iPS 2.0 SV (Invitrogen, USA) program. 
After calculating the volume according to a multiplicity of infec-
tion (MOI) = 5:5:3 (KOS:c-Myc:Klf4), Fibs containing 3 × 105 cells 
were added for reprogramming. The 2nd–6th day was cultured in 
fresh DMEM containing 10% FBS, 1 × MEM Non-Essential Amino 
Acids Solution (Gibco, USA), and 0.1% 2-mercaptoethanol (Gibco, 
USA). On the 7th day, the reprogrammed cells were digested and 
plated on the inactivated feeder layer treated with mitomycin C 
for culture. DMEM/F-12 GlutaMAX Supplement (Gibco, USA) 
containing 10% KnockOut Serum Replacement Multi-Species 
(Gibco, USA), 1 × MEM Non-Essential Amino Acids Solution, 0.1% 
2-mercaptoethanol and 10 μg/mL LIF Recombinant Mouse Protein 
(Gibco, USA) was used every 2–3 days. On the 16th–21st day, 
the colonies were identified by alkaline phosphatase (ALP) ac-
tive staining (Invitrogen, USA). The fluorescence-labelled colonies 
were observed by white light and FITC channel under a fluores-
cence microscope (Nikon, Japan). The colony was picked out with 
a needle and transferred to a new culture medium for amplifica-
tion. When the iPSCs colony reaches approximately 60%–80% 
confluence, it will be subcultured.

2.3  |  Immunofluorescence staining

Fibs or iPSCs were cultured in a 4-well chamber slide (Thermo 
Scientific, USA) and fixed with 4% paraformaldehyde, and 0.1% 
Triton X-100 (Solarbio, China) was added for osmosis. Bovine serum 
albumin (BSA) (Solarbio, China) was added at room temperature for 
30 min. Fibs were incubated with vimentin (2 μg/mL, abcampene, 
UK) and cytokeratin 19 (1:500, Abcam, UK), and iPSCs were incu-
bated with Oct4 (1:250, Abcam, UK), Nanog (1:500, CST, UK), SOX2 
(1:200, Abcam, USA) and SSEA-4 (1:200, Abcam, UK) primary anti-
bodies overnight at 4°C. The primary antibody was removed, and 
the sections were washed and incubated at room temperature for 
1 h with an anti-mouse fluorescence secondary antibody (1:1000, 
Proteintech, China) and an anti-rabbit fluorescence secondary 
antibody (1:1000, Proteintech, China). Nuclei were stained with 
DAPI, and the sections were sealed with an anti-quenching agent 
(Meilunbio, China). The staining results were observed, and the fluo-
rescence results were photographed by laser confocal microscopy 
(Nikon, Japan).

2.4  |  Transdifferentiation from iPSCs to iMSCs

The iPSCs were planted in a nonadhesive coated plate without 
a feeder layer at a rate of 1 × 105/mL. On the 2nd day, embry-
oid (EB) was induced by low-sugar DMEM culture medium con-
taining KnockOut Serum Replacement Multi-Species, 1 × MEM 

Non-Essential Amino Acids Solution, and 0.1% 2-mercaptoethanol. 
To compare the effects of different induction methods on the pro-
duction efficiency of iMSCs, they were divided into the control 
group (Ctrl-iMSCs), transforming growth factor-β (TGF-β) group 
(TGF-β-iMSCs), basic fibroblast growth factor (bFGF) group (bFGF-
iMSCs), and TGF-β1 and bFGF group (TGF-β1/bFGF-iMSCs). From 
the 8th day, EB was transferred to a 1% gelatin-coated cell culture 
plate to continue culture. Ctrl-iMSCs were induced in low-sugar 
DMEM containing 10% FBS, TGF-β-iMSCs were induced in low-
sugar DMEM containing 10 ng/mL TGF-β recombinant protein and 
10% FBS, and bFGF-iMSCs were induced in low-sugar DMEM con-
taining 5 ng/mL bFGF recombinant protein and 10% FBS. TGF-β1/
bFGF-iMSCs were induced with 10 ng/mL recombinant TGF-β1 
protein, 5 ng/mL recombinant bFGF protein and 10% FBS in low-
glucose DMEM. The number of EB adherent cells and free cells 
per unit area were observed and recorded. On the 16th day, low-
sugar DMEM containing 10% FBS was added to all groups. When 
the free cells fused, TrypLE Express was used for digestion and 
subcultured.

2.5  |  Real-time fluorescence quantitative PCR

The iPSCs and iMSCs grown in the logarithmic phase were cleaved 
according to the instructions of the TRIzol kit (Invitrogen, USA), and 
cell RNA was obtained by the centrifugal column method accord-
ing to the procedure of the RNA extraction kit (Tiangen, China). The 
concentration and purity of RNA were determined by a NanoDrop 
One micro-UV–Vis spectrophotometer. Template RNA (20 μL) was 
synthesized from 2 μg of total cDNA by a HiScript 1st Strand cDNA 
Synthesis Kit (Vazyme, China). Using the FastStart Universal SYBR 
Green Master (Roche, Switzerland) kit, each gene was amplified with 
3 μL template cDNA and 2.4 μmol/L primers. Denatured at 95°C for 
40 cycles and annealed at 60°C for 1 min. The specific primer se-
quences can be found in Table S1. The relative expression level of 
the target gene was calculated by 2−∆∆ct.

2.6  |  Flow cytometry analysis

The stably passaged iMSCs were digested and dispersed into single 
cells, and an adequate amount of resuspended cells was added to 
CD16/CD32 (1 μg per 106 cells in 100 μL volume, BD, USA) for block-
ing. After centrifugation, under light-avoiding conditions, the cells 
were incubated with anti-CD29 APC (0.25 μg per 106 cells in 100 μL 
volume, Biolegend, USA), anti-Sca-1-PE-Cy7 (0.25 μg per 106 cells in 
100 μL volume, Biolegend, USA), anti-CD45 PE/Cyanine5 (0.25 μg 
per 106 cells in 100 μL volume, Biolegend, USA), and anti-CD11b-PE 
(0.55 μg per 106 cells in 100 μL volume, Biolegend, USA) for 30 min. 
After washing with PBS and resuspension, a flow cytometer (BD 
FACSAria, USA) was used for detection within 1 h. Flow Jo software 
(version V10.0) was used to analyse the data.
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2.7  |  Cell proliferation and osteogenic and 
adipogenic differentiation

5-Bromo-2-deoxyuridine (BrdU, Thermo Fisher, USA) was added to 
BMSCs and iMSCs and incubated for 48 h. The cells were fixed with 
4% paraformaldehyde and permeabilized with 0.1% Triton X-100. 
The cells were incubated with BrdU primary antibody (1:200, Cell 
Signalling, USA) overnight at 4°C. Remove the primary antibody and 
wash before adding a fluorescent secondary antibody against rabbit 
(1:1000, Proteintech, China) and incubating at room temperature for 
1 h. DAPI was added for nuclear staining, and the slides were sealed 
with an anti-quenching agent. A confocal laser microscope was used 
to observe and capture the staining results.

According to the procedure of the CCK8 cell proliferation de-
tection kit (Tongren, Japan), the proliferation of BMSCs and iMSCs 
was detected on 0, 1, 3, 5 and 7 days. According to the induction 
procedures of the osteogenic differentiation kit (OriCell, China) and 
adipogenic differentiation kit (OriCell, China), Alizarin Red staining 
and Oil Red O staining were performed on Fibs, BMSCs and iMSCs 
cultured for 14 days to verify the osteogenic and adipogenic differ-
entiation capabilities of the cells.

2.8  |  Mouse teratoma experiment

Resuspend passaged iPSCs and iMSCs and mix with Matrigel Matrix 
substrate gel (Corning, USA). An 8-week-old BALB/c-nu male nude 
mouse was injected with 2 × 106 cells into the subcutaneous axilla 
of the mouse. The nude mice were kept under standard conditions 
(12 h light and dark cycle, temperature 18–22°C, humidity 55% ± 5%). 
The nude mice were fed standard mouse feed and allowed ad libi-
tum access to water, the growth of axillary tumours was regularly 
observed. When subcutaneous cell implantation was approximately 
6 weeks old, the mice were euthanized by cervical dislocation, and 
photos were taken. Surgical instruments were used to separate the 
subcutaneous implantation site, and the cells were fixed with 4% 
paraformaldehyde for 72 h. After fixation, the tissue was dehydrated 
in a gradient, cleared, embedded in paraffin and then sliced on a 
paraffin slicer to a thickness of 10 μm. After dewaxing and rehydra-
tion, an HE staining kit was used for staining, followed by xylene 
for transparency and neutral balsam for sealing. The staining results 
were observed and photographed under an optical microscope.

2.9  |  Cell transcriptome sequencing and analysis

To compare the expression patterns of Fibs, iPSCs and iMSCs through-
out the induction process, transcriptome sequencing was performed 
on each type of cell in three independent cultures using TRIzol reagent 
to extract total RNA. High-quality RNA samples with RIN values >7.0 
were used to construct a sequencing library. All library construction 
and sequencing work was assisted by Lianchuan Bio. Samples were 
sequenced on an Illumina NovaSeq™ 6000 with 2 × 150 bp paired-end 

sequencing. After the final transcriptome was generated, StringTie 
and Ballgown (http://​www.​bioco​nduct​or.​org/​packa​ges/​relea​se/​bioc/​
html/​ballg​own.​html) were used to estimate the expression levels of all 
transcripts and perform FPKM value calculations for mRNA expression 
abundance. DESeq2 software was used to perform differential gene 
expression analysis between the two different groups. Genes with a 
false discovery rate (FDR) parameter below 0.05 and an absolute fold 
change (logFC) >2 were considered differentially expressed genes 
(DEGs). Then, GO function and KEGG pathway enrichment analyses 
were performed on the differentially expressed genes. The princomp 
function in R (http://​www.​r-​proje​ct.​org/​) was used to perform princi-
pal component analysis (PCA).

2.10  |  Cell labeling and implantation

In combination with previous research reports,21–23 stably passaged 
BMSCs and iMSCs were resuspended at a concentration of 1 × 106/
mL, DiD staining reagent (Thermo Fisher, USA) was added at a volume 
of 5 μL into a cell suspension of 1 mL, incubated for 20 min and then 
washed repeatedly with PBS. We used an 8-week-old C57BL/6 mouse 
that had undergone ovariectomy (OVX) for 7 days and separately in-
jected DiD-BMSCs and DiD-iMSCs at a cell count of 2 × 106/200 μL 
into the mouse via tail vein injection. At 4 h, 1, 7, and 14 days after cell 
infusion, three mice were euthanized each time by cervical dislocation, 
and the mouse's heart, lungs, kidneys, spleen, liver, brain and bilateral 
femurs were quickly removed and fixed with 4% paraformaldehyde. 
After femur fixation, decalcification treatment was performed with 
0.5 M EDTA. After fixation, the tissue was dehydrated with 20% su-
crose for 24 h, embedded in OCT embedding agent (SAKURA, Japan) 
for freezing and prepared into slices of 20 μm thickness on a freezing 
microtome (Thermo Fisher, Japan). Nuclear staining with DAPI was 
performed, and the slides were sealed with a fluorescence quenching 
agent. A confocal laser microscope was used to observe and capture 
the staining results. The excitation wavelength parameters were 340 
and 594 nm, and the results were finally analysed and quantified using 
ImageJ 3.0 software.

2.11  |  Mouse osteoporosis model construction and 
cell Implantation

Eight-week-old C57BL/6 female mice (weight 20 ± 3 g) were ran-
domly divided into four groups: the Sham group, OVX group, 
BMSCs group and iMSCs group; each group contained 12 mice. To 
establish an osteoporosis model after OVX, the mice were anaes-
thetised intraperitoneally with 3% pentobarbital sodium (Kermel, 
China). The mice were shaved on their backsides; through bilateral 
dorsal entrances, the bilateral ovaries and part of the fallopian 
tubes of the OVX group, BMSCs group and iMSCs group were 
removed; then, they were sutured and disinfected. For the Sham 
group, only the ovaries were exposed, and a small amount of fat 
near the ovaries was removed; the rest of the surgical procedure 
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was the same. During and after surgery, the mice were placed on a 
small animal heating blanket until they woke up. Feed them stand-
ard mouse feed and allow ad libitum access to water. After 7 and 
21 days of model construction, tail vein infusion was performed on 
the BMSCs group and iMSCs group; each time, BMSCs and iMSCs 
were infused at a cell count of 2 × 106 per mouse. For each mouse 
in the Sham group and OVX group, an equivalent volume of PBS 
was injected via the tail vein. On day 35 postsurgery, the mice 
were euthanized by cervical dislocation, and mouse plasma and 
bilateral femurs were obtained.

2.12  |  Micro-CT evaluation and mechanical 
evaluation

The NEMO small animal high-resolution imaging CT system (Pingsheng 
Medical, China) was used to scan and analyse mouse femurs. The x-ray 
source tube pressure is set to 90 kV, the current is 60 μA, the frame rate 
is 20, DSD is set to 395 mm, Cruiser software is used for scanning and 
reconstruction, the CT reconstruction algorithm is FDK, the CT field of 
view is 15 mm, the pixel size is 0.0146 mm, and the slice thickness is 
0.025 mm. After the scanning data were reconstructed, the region of in-
terest was selected to analyse the main parameters of trabecular bone 
and cortical bone. Avatar3 software was used to analyse mouse femurs, 
with the proximal growth plate of the femur as a reference point. The 
metaphyseal region was selected, and the bone volume/density volume 
(BV/TV), number (N), thickness (Th) and bone mineral density (BMD) of 
trabecular bone (Tb) were mainly measured. The middle of the femur 
was selected to measure the BMD, Th, bone volume (BV) and bone area 
to total area ratio (Ar/Tt. Ar) of cortical bone (Ct).

Mouse femurs soaked in 4% paraformaldehyde were placed on 
a universal mechanical testing machine (HY-0230, Shanghai Hengyi 
Precision Instrument Co., Ltd., China) to measure the biomechanical 
properties of femurs. The parameter settings are as follows: the diam-
eter of the pressure head is 5 mm, the loading speed is 2 mm/min, and 
the span is 10 mm. The acquisition computer records the elastic load, 
maximum displacement, breaking load and stiffness. The mouse femur 
immersed in 4% paraformaldehyde was placed on a universal mechan-
ical testing machine (HY-0230, Shanghai Hengyi Precision Instrument 
Co., Ltd., China) to measure the biomechanical properties of the femur. 
The parameters were set as follows: the diameter of the indenter was 
5 mm, the loading speed was 2 mm/min, and the span was 10 mm. The 
elastic load, maximum displacement, breaking load and stiffness were 
recorded by the acquisition computer.

2.13  |  Histological staining analysis of mouse 
femur pathology

After the completion of decalcification, the femur was embedded 
in paraffin wax after gradient dehydration, transparency and trans-
lucent wax embedding. Sections were made in the sagittal position 
at a thickness of 10 μm, rehydrated by dewaxing, stained with an 

HE kit (Solarbio, China) and Masson staining kit (Solarbio, China), 
and sealed with xylene clear and neutral gum. Decalcified femurs 
were immersed in 20% sucrose for 24 h. The staining results were 
observed and photographed using a light microscope (Olympus, 
Japan). The histological results were analysed using ImageJ software 
(version 2.0).

2.14  |  Nontargeted metabolomics testing and 
analysis

Acquired mouse femur tissues were accurately weighed to 100 mg 
(±2%), added to 1 mL of tissue extract (75% 9:1 methanol:chloroform, 
25% H2O) (−20°C), and placed in a high-throughput tissue grinder 
(Scientz, Ningbo, China) for grinding (55 Hz, 60 s) and centrifuga-
tion (12,000 rpm, 4°C, 10 min). The supernatant obtained after 
centrifugation was concentrated to dryness in a vacuum con-
centrator (Eppendorf, Germany). The samples were resolubi-
lized by adding 200 μL of 50% acetonitrile solution configured as 
2-chlorophenylalanine solution (4 ppm) and filtered through a 
0.22 μm membrane. The plasma samples were thawed and vortexed 
to mix well, an appropriate amount of sample was pipetted and vor-
texed with 400 μL of methanol solution for 1 min, and all the super-
natant was extracted and filtered through a 0.22 μm membrane. The 
bone tissue and plasma filtrates were added to the assay vials and 
subjected to LC–MS. The LC–MS procedure and assay parameters, 
quality control and analysis of the raw metabolomics data were per-
formed using a previously published paper.24

2.15  |  Data processing and statistical analysis

GraphPad Prism software V 9.0 was used for data analysis and visu-
alization. The Shapiro–Wilk test and PP and QQ plots were used 
to determine the normality of the data, and data that conformed 
to a normal distribution were expressed as the mean ± SD. For data 
that conformed to a normal distribution and homogeneity, analysis 
of variance (ANOVA) was used to compare the overall mean differ-
ences between multiple groups of data, and then the least signifi-
cant difference (LSD) test was performed on significantly different 
data to test the differences between the two groups. For data that 
did not conform to a normal distribution, the Kruskal–Wallis test 
was used to compare the statistical significance of the groups. 
p < 0.05 indicated that the difference was statistically significant.

3  |  RESULTS

3.1  |  Acquired skin Fibs reprogrammed into iPSCs

Skin tissues obtained from the auricle of C57BL/6 mice were 
sterilized, fragmented, and digested for isolation and culture of 
primary Fibs (Figure  1A). Immunofluorescence results showed 
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that the cells in the passages were typically pike-shaped, swirled 
arrangement or longitudinal. The cells expressed characteristic 
vimentin proteins and did not express cytokeratin 19, consist-
ent with the cellular characteristics of Fibs25,26 (Figure  1B). The 
process of reprogramming mouse Fibs into iPSCs is summarized 
in Figure  1C. Fibs were infected with Sendai virus carrying the 
human transcription factors Oct4, SOX2, Klf4 and c-Myc. Cells 
exhibiting mesenchymal-epithelial transformation began to appear 
at 6–7 days post-transfection, and small colony colonies appeared 
at approximately 12–15 days (Figure  1D). By selecting colonies 
and expanding them, typical iPSCs had a morphologic structure 
similar to that of early embryonic cells, including features such 
as a larger nucleus, one or several nucleoli and less cytoplasmic 
cytoplasm, with tightly arranged cells growing in colonies. iPSCs 
colony clones had a variety of morphologies, with most of them 
generally island- or nest-shaped. After ALP live staining of iPSCs, 
it was observed that iPSCs colonies were stained with green fluo-
rescence, indicating high expression of ALP in the cells (Figure 1E). 
Immunofluorescence staining of iPSCs for endogenous pluripo-
tency markers (Oct4, SOX2, Nanog and SSEA-4) demonstrated 
high expression of the endogenous pluripotency markers Oct4, 
SOX2, Nanog and SSEA-4 within iPSCs colonies (Figure  1F). We 
also observed in teratoma tumorigenicity experiments in nude 
mice that the constructed iPSCs could differentiate into tricho-
blasts (Figure S1), suggesting that the constructs were successfully 
constructed as iPSCs via Fibs.

3.2  |  iMSCs induced and generated by iPSCs 
exhibit a cellular phenotype and differentiation 
potential similar to that of BMSCs

Induction of derivation from iPSCs to iMSCs was performed accord-
ing to previous research methods27–29 by inducing iPSCs to EB fol-
lowed by further induction of derivation to iMSCs (Figure 2A). iPSCs 
were induced with TGF-β or bFGF after generating EB on the 7th 
day. iPSCs were induced with either TGF-β or bFGF. On the 10th 
day of induction, the number of wall affixations was significantly 
increased in the TGF-β1 and bFGF group compared with the other 
groups, and a large number of iMSCs were free around the EB on 
the 16th day. On the 20th day, the iMSCs could be stably passaged 
(Figure 2B). The number of EB affixed to the wall per unit area and 
the number of cells around the EB were counted in each group on the 
15th day. The results showed that the combined induction of TGF-β 
and bFGF had a better induction effect (Figure 2C). RNA from iPSCs 
and iMSCs was extracted for RT–qPCR expression detection. The 
results showed that the mRNA expression of Oct4, Nanog, SOX2 
and ALP was significantly reduced after induction (p < 0.0001), in-
dicating that the pluripotency of iMSCs was decreased compared 
with that of iPSCs (Figure 2D). We previously validated the primary 
extraction and cellular characterization of mouse BMSCs14,24 and 
used BMSCs as a reference to characterize the cellular properties of 
iMSCs using flow cytometry and osteoblastogenic lipid-induced dif-
ferentiation assays. The results showed that iMSCs highly expressed 

F I G U R E  1 Acquisition of mouse Fibs and iPSCs construction. (A) Extraction and culture process of mouse Fibs; (B) Immunofluorescence 
of mouse Fibs showed high expression of vimentin and no expression of cytokeratin; (C) Flowchart of iPSCs construction; (D) 
Cell morphology at 0, 7, 15 and 21 d in iPSCs constructs; (E) ALP staining of iPSCs colonies showed high expression of ALP; (F) 
immunofluorescence of iPSCs.
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the BMSCs surface markers Sca-1 and CD29 and did not express 
CD45 and CD11b, which was consistent with the mesenchymal stem 
cells surface marker expression characteristics (Figure 2E). After in-
duction under certain conditions, both iMSCs and BMSCs showed 
similar differentiation characteristics and could successfully differ-
entiate into osteoblasts and adipocytes (Figure 2F).

3.3  |  iMSCs exhibit faster proliferation 
rates and tumour-free and BMSCs-like transcriptome 
phenotypes

BrdU was used to label the cell division capacity, which was fixed, 
stained and blocked 48 h later and photographed and counted under 
a confocal microscope (Figure 3A). The results showed that iMSCs 
split faster than BMSCs (Figure 3B p = 0.0206). The proliferative po-
tential of both cell lines was determined by CCK8 at 0, 1, 3, 5, and 
7 days, and the results showed that iMSCs proliferated at a faster 
rate (Figure  3C). We injected iMSCs into BALB/c-nu male nude 
mice, and no significant tumour formation was observed subcuta-
neously in mice after 6 weeks (Figure S2). Pathological sections and 

HE staining of the site of injected cells showed only collagen and 
subcutaneous structures in the area, indicating that iMSCs were not 
tumorigenic in the subcutis.

To clarify the differences in gene expression patterns between 
Fibs, BMSCs, iPSCs and iMSCs, three independent replicates of 
culture and transcriptome sequencing were performed on these 
cells. The results showed tighter clustering between iMSCs and 
BMSCs in PCA, while iMSCs showed greater differences in gene 
expression with Fibs and iPSCs (Figure 3D). Two-by-two compar-
ative analysis of DEGs showed that the maximum number of dif-
ferentially expressed genes between iMSCs and iPSCs was 7752, 
accounting for 36.3% of the 21,367 genes, and the minimum 
number of differentially expressed genes between iMSCs and 
BMSCs was 616, accounting for only 2.9% of the 21,367 genes 
(Figure  3E). We referred to the stem cell-specific Mueller pluri-
net genes proposed by Müller et al,30 intersected the differential 
genes with Mueller plurinet genes between iMSCs and Fibs, iPSCs, 
and BMSCs, and found that there were 12 stem cell characteri-
zation genes with differences between iMSCs and Fibs, 12 stem 
cell characterization genes with differences between iMSCs and 
iPSCs, and 9 stem cell characterization genes with differences 

F I G U R E  2 Induction and biological characterization validation of iMSCs. (A) Flow diagram of EB generation by iPSCs and induction as 
iMSCs; (B) Cell growth of EB induction as iMSCs; (C) EB adherent condition and percentage growth area of iMSCs showed higher induction 
of TGF-β and bFGF; (D) A significant decrease in the mRNA expression of iMSCs pluripotency markers; (E) iMSCs flow results showing high 
expression of Sca-1 and CD29, does not express CD45 and CD11b; (F) BMSCs and iMSCs showed numerous calcium nodules detected by 
Alizarin red staining after osteogenic induction, and intracellular fat particles were revealed by oil red O staining after adipogenic induction. 
***p < 0.001, ****p < 0.0001.
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between iMSCs and BMSCs. Heatmapping was performed for all 
differentially characterized stem cell genes (Figure 3F). Meanwhile, 
GO enrichment and KEGG enrichment analyses were performed 
for the top 4000 differentially expressed genes (Figure 3G). The 
results showed that the differentially expressed genes between 
iMSCs and Fibs were mainly related to epithelial cell proliferation, 
extracellular matrix, glycosaminoglycan binding and the PI3K-Akt 

signalling pathway. The differentially expressed genes between 
iMSCs and iPSCs were mainly related to the pattern specification 
process, extracellular matrix, DNA-binding transcription activator 
activity and cell adhesion molecules. The differentially expressed 
genes between iMSCs and BMSCs were mainly related to leuko-
cyte migration, extracellular matrix, receptor ligand activity and 
cytokine-cytokine receptor interaction.

F I G U R E  3 Proliferation and transcriptome sequencing analysis of iMSCs. (A) Fluorescence staining results of BMSCs and iMSCs after 
48 h; (B) Statistics of the percentage of positive cells showing more iMSCs and BMSCs than BMSCs; (C) CCK-8 proliferation rate of BMSCs 
and iMSCs showing a faster proliferation rate; (D) PCA principal component analysis of iMSCs, Fibs, iPSCs and BMSCs; (E) Differential genes 
between the four cells, with red font representing upregulated genes and blue font representing downregulated genes; (F) Different genes 
and Mueller plurinet genes, heatmap visualization of the expression of all intersection genes; (G) GO enrichment and KEGG enrichment 
analysis of differential genes between the four cells. *p < 0.05.
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3.4  |  iMSCs have intraosseous chemotaxis

We stained BMSCs and iMSCs with DiD, injected them into mice 
via the tail vein, and collected different organs of mice at 4 h, 1, 7, 
and 14 days for sectioning and cytofluorescence observation. The 
results showed that a large number of fluorescent signals of DiD-
BMSCs and DiD-iMSCs were present in the lungs (Figure S3A), fol-
lowed by the liver (Figure S3B), spleen (Figure S3C) and femoral 
bone marrow (Figure S3D). Fewer aggregated organs and tissues 
were kidney (Figure S3E) and heart (Figure S3F), and almost no cells 
were deposited in brain tissue (Figure S3G). Because of the high 
number of cells in the lungs, liver, spleen and femoral bone mar-
row cavity after cell infusion and significant quantitative changes 
over time, quantitative fluorescence statistical analyses were 
performed for the above four tissues and organs (Figure  S3H,I). 
Infused iMSCs and BMSCs appeared in large numbers in the lungs 
at 4 h compared to other tissues and organs, but the number of 
cells in the lungs gradually declined with time, reaching a minimum 
at the observation time point in the lungs by 14 days. Exogenous 
infused cells in the liver and spleen increased progressively with 
time, peaking on 7 days and declining on 14 days. The iMSCs and 
BMSCs in the femoral marrow cavity gradually increased with 
time, with a peak on 14 days. Comparison of the two types of cells 
in the same organs revealed that iMSCs were retained in the lungs 
less than BMSCs at 4 h postinfusion (p = 0.0076, Figure S3J), while 
the number of iMSCs in the liver was less than that of BMSCs 
(p = 0.0042, Figure S3K), and in the spleen and femur, the distribu-
tion did not differ (p > 0.05, Figure S3L,M).

3.5  |  iMSCs prevent osteoporotic bone loss and 
reduce bone fragility

We used C57BL/6 female mice to construct an ovariectomized 
osteoporosis model. Bone mass and bone biomechanical changes 
were assessed on 35 days after OVX, that is, 28 days after cell in-
jection. The femurs of the Sham, OVX, iMSCs and BMSCs groups 
were scanned using microCT (Figure 4A). Semiquantitative analy-
sis of femoral micro CT scans showed (Figure 4B) that Tb. BV/TV 
(p = 0.0149), Tb. Th (p = 0.0129), Tb. N (p = 0.029), and Tb. BMD 
(p = 0.0141) was significantly lower in femoral tissues in the OVX 
group than in those in the Sham group. Tb. BV/TV (p = 0.0074), Tb. 
Th (p = 0.008), Tb. N (p = 0.0314), and Tb. BMD (p = 0.0226) was 
significantly higher in the iMSCs group than in the OVX group. Tb. 
BV/TV (p = 0.0311), Tb. Th (p = 0.0177), and Tb. BMD (p = 0.0385) 
was significantly higher in the BMSCs group than in the OVX group, 
and there was no significant difference in Tb. N (p = 0.0617). There 
was no difference in Tb. BV/TV (p = 0.8803), Tb. Th (p = 0.9765), 
Tb. N (p = 0.9837), and Tb. BMD (p = 0.9923) in the BMSCs group 
compared with the iMSCs group. Biomechanical testing of mouse 
femurs on 35 days after OVX (Table S2) revealed that OVX resulted 
in a significant decrease in elastic load, breaking load and stiffness 
and a significant increase in maximum displacement of the femur. 

In contrast, compared to the OVX group, infusion of either iMSCs 
or BMSCs increased the elastic load, breaking load and stiffness 
of the femur and decreased the maximum displacement. These re-
sults suggest that iMSCs significantly reduced OVX-induced bone 
loss and decreased bone fragility in cancellous bone in mice.

We performed HE staining and Masson staining after sectioning 
femoral tissues to assess the changes in morphology within the bone 
after iMSCs transplantation (Figure 4C). HE staining showed no signifi-
cant morphological changes between groups. Masson staining showed 
that OVX resulted in reduced new bone formation near the femoral 
growth plate, whereas the iMSCs and BMSCs groups promoted bone 
and collagen maturation compared to the OVX group (iMSCs vs. OVX: 
p = 0.0127, BMSCs vs. OVX: p = 0.0099, Figure 4D). These results sug-
gest that both BMSCs and iMSCs can promote new bone generation.

3.6  |  Metabolomic analysis of mouse 
femur and plasma

Six independent femoral tissue samples and plasma samples from 
each group were fully scanned for positive and negative ions using 
LC–MS under optimal conditions. To ensure the stability of instrument 
operation, one QC sample was interspersed with every 10 samples. 
The good reproducibility of LS–MS was evident from the typical basal 
peak intensity chromatograms of the Sham, OVX and iMSCs groups 
(Figure  5A). After matching, extracting and normalizing the peaks, 
PCA showed significant differences in the variation between groups 
(Figure  5B). While there is still some overlap, there is also a clear 
trend toward separation. The effect on metabolite patterns after cell 
transplantation was investigated using PLS-DA and OPLS-DA models. 
The results showed positive patterns of 0.562, 0.995 and 0.878 and 
negative patterns of 0.564, 0.992, and 0.751 for R2X, R2Y and Q2, re-
spectively, in the PLS-DA model score plot (Figure 5C). The positive 
patterns of R2X, R2Y and Q2 in the OPLS-DA model were 0.562, 0.995 
and 0.685, respectively; the negative patterns were 0.564, 0.992 and 
0.406, respectively (Figure 5D). Positive pattern in PLS-DA permuta-
tion test: R2 = (0.0, 0.99), Q2 = (0.0, 0.69); negative pattern: R2 = (0.0, 
0.96), Q2 = (0.0, 0.4) (Figure 5E). The above results indicate that the 
PLS-DA and OPLS-DA models are of high quality.

3.7  |  Identification of potential 
intraosseous and plasma biomarkers in mice after 
iMSCs transplantation

Variables were selected to search for significantly altered metabolites 
based on VIP values in the OPLS-DA model. To identify the metabo-
lites that contributed most to the clustering, variables with VIP values 
higher than 1.0 and independent t-tests of p < 0.05 between the two 
groups were selected. Metabolites were identified based on the accu-
racy provided by the HMDB, METLIN, LIPID MAPS and KEGG data-
bases and validated using MS/MS fragment ion information. Finally, 15 
metabolites of different abundance in bone tissue and 30 metabolites 
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of different abundance in plasma were identified. Tables  S3 and S4 
list basic information on potential biomarkers screened in bone and 
plasma, fold change (FC) of the biologically corresponding pathway, and 
p-value. Box plots were used to visualize the differences in potential 
biomarkers in bone and plasma screened between the Sham, OVX and 
iMSCs groups (Figure S4). The ROC curves of potential biomarkers in 
bone for iMSCs with anti-osteoporotic effects were plotted based on 
OPLS-DA (Figure S5). The figure shows that the biomarkers in bone 
and plasma have high sensitivity AUC values (>0.80), suggesting that 

they can be used as potential biological targets of action and biomark-
ers in bone for the anti-osteoporotic effects of iMSCs infusion.

3.8  |  Biological pathways and functional 
analyses of metabolites

Heatmap analysis showed that biomarkers in the intraosseous and 
peripheral blood (Figure 6A) iMSCs groups were similar to those in 

F I G U R E  4 Micro-CT and pathological histological staining of mouse femurs. (A) The results of micro CT scanning 3D reconstruction, 
sagittal and horizontal scanning of femur; (B) results of analysis of distal femoral bone; (C) HE staining and Masson staining results of femoral 
sections in each group; (D) Statistical results of new bone generation with Masson staining. *p < 0.05, **p < 0.01, ns p > 0.05.
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the Sham group. In contrast, there was a significant difference be-
tween the OVX group and the iMSCs group, suggesting that iMSCs 
significantly improved the metabolic profile in the bone tissue of 
osteoporotic mice. Pathway and enrichment analyses of 30 impor-
tant biomarkers in peripheral blood and 15 important biomarkers in 
bone tissue were performed according to Metaboanalyst 5.0. After 
analysing and visualizing the relevant metabolic pathways, calcu-
lations based on pathway topology analysis identified taurine and 
taurine metabolism, purine metabolism and histidine metabolism as 
the three metabolic pathways with the most important impacts after 
intraosseous iMSCs infusion (Table S5) and nicotinic acid and nicoti-
namide metabolism, propionic acid metabolism, and glycine/serine/
threonine metabolism as the three most important metabolic path-
ways with the most important impacts in peripheral blood (Table S6). 
Metabolite enrichment analyses showed that taurine and subtaurine 
metabolism, purine metabolism, histidine metabolism, pantothen-
ate, and coenzyme A biosynthesis, and sphingolipid metabolism 
were the top five metabolite enrichment sets altered by iMSCs in 
bone (Figure  6C). In peripheral blood nicotinic acid and nicotina-
mide metabolism, propionic acid metabolism, glycine, serine and 
threonine metabolism, arginine and proline metabolism, and drug 

metabolism-other enzymes were the top five metabolite condensed 
sets altered by iMSCs (Figure 6C). The above results suggest that the 
metabolism of amino acids and lipids is a key factor involved in bone 
protection and the prevention of osteoporosis formation in iMSCs. 
Through database searches (KEGG) and a review of relevant litera-
ture,31–34 we found that these metabolites are mainly associated 
with purine metabolism, histidine metabolism and lipid metabolism 
but also with oxidative stress and inflammatory responses. These 
metabolic pathways are usually closely associated with bone for-
mation and bone resorption (Figure 6D). By mapping the metabolic 
pathways of these significantly different metabolic markers, we can 
more intuitively reflect the relationship between these metabolites 
and the osteoporosis phenotype.

4  |  DISCUSSION

Postmenopausal osteoporosis is one of the most common types of os-
teoporosis and is characterized by low BMD due to abnormal bone me-
tabolism.35,36 The main clinical treatments for osteoporosis are exercise 
interventions and medication, but long-term medication use can lead to 

F I G U R E  5 Multivariate statistical analysis of bone and plasma metabolites in mice based on LC–MS. (A) Chromatogram of base peak 
intensity in the Sham, OVX and iMSCs (OVX) groups in positive and negative ion modes; (B) PCA scores in positive and negative ion modes; 
(C) PLS-DA scores in positive and negative ion modes; (D) OPLS-DA scores in positive and negative ion modes; (E) PLS-DA displacement test 
in positive and negative ion modes.
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serious side effects.37 Stem cells and their related products have made 
great strides in treating osteoporosis.37–43 However, there are still risks 
of immune rejection and tumorigenesis in stem cell therapy, and efficacy 
is closely related to donor age, cell status and number of generations 
of expansion.15 The use of iPSCs induction to generate iMSCs has the 
property of unlimited growth and differentiation, which avoids the ethi-
cal controversy associated with embryonic stem cells being the source 
of embryos and can be a potential alternative source of BMSCs.16,44–46

iMSCs are a class of derived stem cells with strong and reliable 
regenerative capacity. Over the past decade, several protocols have 

been developed to generate iMSCs from iPSCs for induction. The 
earliest induction of iMSCs from embryonic stem cells, such as 
deprivation of the feeder layer or nonadhesive encapsulation, was 
used, and the resulting cells had an immunophenotype similar to 
that of BMSCs.47–49 Later, researchers found that the addition of 
bFGF resulted in iMSCs from iPSCs, which were highly similar to 
mesenchymal stem cells in terms of morphology and marker ex-
pression.50–52 Whereas some of the studies have looked at signal 
regulation in terms of mimicking embryonic development, the me-
soderm of the EB is thought to be the main source of mesenchymal 

F I G U R E  6 Heatmap and Metaboanalyst pathway enrichment analysis of bone tissue and plasma biomarkers. (A) Heatmap analysis of 
biomarkers; blue and yellow indicate increased and decreased levels, respectively; (B) Analysis of metabolic pathway impact; (C) Overview 
of metabolite enrichment; (D) Interaction of metabolic pathways and biological phenotype of relevant metabolites screened based on iMSCs 
intervention.
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stem cells, which develop into adipose and skeletal tissue.53,54 The 
TGF-β signalling pathway is closely associated with embryonic de-
velopment, epithelial mesenchymalization and the development 
and maintenance of various organs in stem cells.55,56 Therefore, the 
use of TGF-β as an inducer was also effective in maintaining iMSCs 
transdifferentiation.27,28 In the present study, based on the sum-
mary of iMSCs induction methods,27 iPSCs were induced into EB, 
and then iMSCs with stable transmission, morphology and pheno-
type in accordance with BMSCs were generated under the induction 
of TGF-β and bFGF cytokines. iMSCs were also closer to BMSCs in 
terms of their gene expression patterns, and iMSCs did not show 
similar tumorigenicity to iPSCs. The results further indicated that 
the coinduction of TGF-β and bFGF was more efficient than that of a 
single cytokine, and the coinduction effectively promoted the free-
ing and expansion of iMSCs from EB.

In this study, we employed tail vein infusion to investigate the 
distribution pattern and anti-osteoporotic effects of iMSCs in 
ovariectomized mice. We found that after intravenous injection, 
a large number of iMSCs accumulated in the lungs, followed by 
the liver, spleen and femoral marrow cavity, which is consistent 
with previous reports.57,58 The initial capture of cells in the lungs 
reflects the well-known “pulmonary first-pass effect” in stem cell 
delivery, aligning with earlier studies.58 However, we observed a 
low level of iMSC accumulation in the kidneys and heart, and al-
most no deposition in the brain tissue, suggesting a low affinity of 
these tissues for iMSCs. Furthermore, 4 h after iMSC infusion, the 
retention of iMSCs in the lungs and liver was lower than that of 
BMSCs, while their distribution in the spleen and femur showed 
no significant differences, possibly due to differences in tissue 
affinity and cell diameter between iMSCs and BMSCs. Notably, 
the iMSCs demonstrated a higher affinity for the femoral marrow 
cavity, reaching a peak at Day 14, which facilitates their recruit-
ment into bone tissue to participate in bone repair.59 Over time, 
the number of iMSCs in the femoral marrow gradually increased, 
indicating that bone tissue has a specific chemotactic attraction, 
which is crucial for bone regeneration. This suggests that iMSCs 
have the potential to become a targeted therapy for osteoporo-
sis, as they not only survive but also actively home back to the 
bone marrow to promote bone formation. This finding is particu-
larly valuable for the treatment of osteoporosis, as it underscores 
the ability of iMSCs to migrate to bone tissue after systemic ad-
ministration. Such homing capability could reduce the need for 
localized injections, offering a less invasive option for long-term 
osteoporosis treatment. The use of iMSCs could be optimized to 
enable targeted delivery to bone tissue in subsequent therapies, 
thereby enhancing the efficacy of osteoporosis treatment while 
reducing systemic side effects.

The mechanisms by which stem cells inhibit bone resorption and 
promote bone formation are more complex. Differences in the energy 
metabolism and antioxidant defence systems of mesenchymal stem 
cells from different sources have been found to affect the efficacy 
of cell therapy in osteoporosis treatment.60 Stem cells can also be in-
volved in systemic immunomodulation, angiogenesis and inflammatory 

responses systemically or in bone by secreting soluble paracrine fac-
tors, such as TGF-β, prostaglandin E2 and vascular endothelial growth 
factor.14,61–63 Additionally, MSCs play a key role in regulating the bone 
microenvironment through immunomodulation. MSCs interact with 
various immune cells, such as macrophages, T cells and dendritic cells, 
to modulate the inflammatory environment.64,65 By promoting the po-
larization of macrophages from the pro-inflammatory M1 phenotype 
to the anti-inflammatory M2 phenotype, MSCs help reduce inflam-
mation, which is a key factor exacerbating bone loss in osteoporosis 
patients.65 This immunomodulation is crucial for creating a favourable 
environment for bone repair and regeneration. Furthermore, MSCs se-
crete a variety of cytokines and growth factors, including transforming 
growth factor-beta (TGF-β), interleukin-10 (IL-10), and vascular endo-
thelial growth factor (VEGF), which promote osteoblast activity and 
inhibit osteoclast-mediated bone resorption.38,66,67 In osteoporosis, 
excessive osteoclast activity leads to increased bone degradation, but 
MSC-derived cytokines help restore the dynamic balance between os-
teoclasts and osteoblasts. The interaction between MSCs and osteo-
clasts is particularly important in osteoporosis, where bone resorption 
exceeds bone formation. Through their paracrine signalling, MSCs can 
inhibit the differentiation and activity of osteoclasts, thereby allevi-
ating the excessive bone loss characteristic of osteoporosis.68 This 
regulatory effect on osteoclasts highlights the therapeutic potential of 
MSCs, as they not only stimulate bone formation but also control bone 
resorption, addressing both aspects of the pathological imbalance in 
osteoporosis.69 In summary, MSCs have the ability to differentiate 
into osteoblasts, regulate immune responses and modulate osteoclast 
activity, thus playing a multifaceted role in bone regeneration. These 
functions make MSCs a potential target for treating osteoporosis, of-
fering prospects for bone tissue regeneration and restoring bone bal-
ance. In the present study, we found that iMSCs transplantation into 
ovariectomized mice was able to increase the elastic load, breaking 
load and stiffness of the femur and decrease the maximum displace-
ment. The microCT results demonstrated that iMSCs transplantation 
resulted in an elevation of Tb. BV/TV, Tb. N, Tb. BMD, Ct. BMD, Ct. BV 
and Ct. Th in the femur of the mouse, which was in line with previous 
reports.70 This finding is consistent with the pro-osteogenic effect of 
BMSCs that we verified.14 Transplantation of iMSCs was able to pro-
mote collagen maturation within the bone. This suggests that exoge-
nous iMSCs infusion may mediate the osteogenesis in bone, acting as a 
significant osteogenic and potentially anti-fracture agent.

Intrabony metabolic disorders are important predisposing 
mechanisms for osteoporosis, and metabolomics can be effective 
in assessing osteoporosis efficacy and finding new therapeutic 
targets. Untargeted and targeted metabolomics have been widely 
used in osteoporosis mechanism and treatment studies, especially 
drug studies.71–73 In this study, LC–MS was used for metabolite 
changes in the femur and peripheral blood of mice after iMSCs 
infusion. Fifteen key metabolites, including L-serine, dihydrouracil, 
and taurine, were screened in bone tissue, and 30 key metabolites, 
including 2-pyrrolidone, 1-aminocyclopropanecarboxylic acid 
and 2-hydroxybutyric acid, were screened in peripheral blood. 
Of these, lactone triacetate, 1H-indole-3-acetamide and maleic 
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acid were common differential biomarkers in plasma and bone. 
Previous studies have identified a number of potential biomarkers 
of osteoporosis associated with osteoporosis,74–77 and the pres-
ent study further enriches the database of potential markers of 
osteoporosis and provides additional guidance for the diagnosis 
of osteoporosis. Meanwhile, we found that the effects of iMSCs 
infusion on the metabolic pathways in osteoporotic bone were 
mainly related to taurine and taurine metabolism, purine metab-
olism, histidine metabolism etc., and the effects on the metabolic 
pathways in peripheral blood were mainly related to nicotinic acid 
and nicotinamide metabolism, propionic acid metabolism, glycine/
serine/threonine metabolism, etc., and the result was partially in 
agreement with other metabolites found in the serum.78,79 More 
validation of these potential metabolic pathway modulations is 
necessary in the future to elucidate the potential mechanism of 
action of stem cell therapy for osteoporosis.

Overall, the iMSCs we obtained promoted OVX-induced bone struc-
tural remodelling in osteoporotic mice, were able to influence a variety 
of key metabolite changes in intraosseous and peripheral blood, and had 
potential anti-osteoporotic fracture effects. However, we acknowledge 
that our study is insufficient. First, this study did not explore the role of 
human-derived iMSCs in a mouse model given the immune rejection 
caused by species differences, and future comparisons between murine 
and human-derived iMSCs are needed. Second, the in vivo distribution 
of iMSCs was not studied in all organs and tissues throughout the body, 
and cell tracer techniques need to be summarized for a more precise 
study of the dynamic in vivo distribution of iMSCs. Meanwhile, the bone 
tissue of mice lacks Haver's system, which may differ from humans in the 
formation of osteoporosis. The anti-osteoporotic effects and metabolic 
mechanisms of iMSCs in all bone tissues of the whole body in other large 
animal models need to be further investigated.

5  |  CONCLUSIONS

The iMSCs derived from fibroblasts in this study exhibit biological 
characteristics similar to those of BMSCs. Following intravenous in-
fusion, iMSCs accumulate predominantly in the lungs and gradually 
increase in the femoral bone marrow cavity over time. Importantly, 
iMSCs promote the remodelling of bone structure in OVX-induced 
osteoporotic mice, demonstrating potential anti-osteoporotic and 
anti-fracture effects. Additionally, iMSC infusion influences several 
key metabolites in both bone and peripheral blood, some of which 
may serve as potential biomarkers and therapeutic targets for iMSC-
based interventions in osteoporosis. In summary, this study explores 
the application of iMSCs in osteoporosis treatment and lays an im-
portant foundation for translational research on the use of transdif-
ferentiated stem cells in osteoporosis therapy.
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