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Abstract

Background: Type 2 diabetes (T2D) is a global metabolic condition associated with complications of
multiple organs, including the bone. However, the exact impact of T2D on bone along the disease
progression, particularly in the early phase, remains largely unknown.

Methods: Four-week and sixteen-week high-fat diet (HFD) feeding-induced T2D mouse models were
established, and the glucose metabolic status was examined. Bone mass was evaluated by
micro-computed tomography (micro-CT), and immunofluorescent (IF) staining was performed for bone
histomorphometry with enzyme-linked immunosorbent assay (ELISA) determining serum markers. RNA
sequencing analysis was performed to examine the transcriptome of bone, and single-cell
RNA-sequencing (scRNA-seq) analysis was further applied. Bone marrow mesenchymal stem cells
(BMMSCs) were isolated and analyzed for functional behaviors.

Results: The occurrence of glucose metabolic disorders was confirmed at both four weeks and sixteen
weeks of HFD feeding, showing increased blood glucose levels with impaired glucose tolerance and
insulin sensitivity. Notably, early T2D osteoporosis symptoms were detected at four weeks, especially in
the trabecular bone, demonstrating reduced bone mass and mineral density. Histological analysis
confirmed that bone remodeling and immune-related inflammation were also altered in T2D mice,
remarkably at the early phase, mainly reflected by suppressed bone formation, stimulated bone
resorption, increased macrophages, and elevated tumor necrosis factor-alpha (TNF-a) levels.
Transcriptomic sequencing further demonstrated significant yet distinct changes in the gene expression
profile of bone during T2D progression, which confirmed the histological findings. Notably, overlapping
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genes with altered expression at four weeks and sixteen weeks of T2D compared to the respective
control were identified, and bone marrow scRNA-seq analysis indicated many of them were expressed in
BMMSCs, suggesting BMMSC:s critically involved in T2D osteoporosis. Dysregulated molecular profiles
and functional abnormalities of BMMSCs in T2D mice were validated by ex vivo assays, showing early and
persistent occurrence of impaired colony-forming and proliferative capacities with biased differentiation

potential.

Conclusions: These findings elucidate the bone lesion phenotype in T2D, particularly at the early phase,
uncover changes in gene expression profiles of bone during T2D progression, and clarify the functional
alterations in bone stem cells, providing a basis for subsequent research and the development of

treatment strategies.

Keywords: Type 2 diabetes; bone; osteoporosis; transcriptome; mesenchymal stem cells

Introduction

Type 2 diabetes (T2D) is a chronic metabolic
disease worldwide characterized by high blood sugar
(hyperglycemia) and high blood fat (hyperlipemia),
which accounts for approximately 90-95% of all
diagnosed cases of diabetes [1-3]. The global
prevalence of T2D has been rising steadily, posing
significant health challenges and economic burdens
[4, 5]. T2D has been reported to lead to various
complications affecting multiple organ systems [1, 6,
7]. One significant complication that often arises in
individuals with T2D is related to bone health [8, 9].
Studies have shown that although bone mineral
density (BMD) is close to normal or increased, T2D
patients have an increased risk of fracture, suggesting
that they have a recessive defect in bone quality
[10-13]. Animal studies have further revealed that
T2D leads to impairment of skeletal quality and
strength, but the timing of the occurrence of abnormal
phenotypes of bone was slightly different among
studies, possibly related to the inconsistency of the
animal strains and modeling time selected for
experimental ~models [14-19]. Studies have
particularly suggested that for the typical high-fat diet
(HFD)-induced T2D mouse model, glucose and lipid
metabolism abnormalities develop early after HFD
feeding, and the bone complication occurs after
around 8-16 weeks of feeding [20-22]. However, there
is still no research deciphering the potential bone
alterations at the onset of T2D when the metabolic
syndrome early develops.

The emergence of high-throughput sequencing
technology has provided approaches to study overall
molecular changes at the histological level, which
enables the scientific community to gain a deeper
understanding of bone physiology and pathology [23,
24]. The cellular composition of the bone marrow
microenvironment has been revealed by the
single-cell RNA sequencing (scRNA-seq) technique
[25-27], which in combination with histological
sequencing technology will promote the exploration
of underlying molecular mechanisms of bone health

and disease. The homeostasis of bone relies on the
balance between bone formation and bone resorption
regulated by immune reactions [15, 28, 29]. In specific,
as an important stem cell population, bone marrow
mesenchymal stem cells (BMMSCs) have been
recognized as key players in bone homeostasis due to
their ability to differentiate into osteoblasts, which are
responsible for bone formation, and regulate
osteoclast differentiation and activity, which are
involved in bone resorption [30-32]. It has been
reported that the reduced bone quality and strength in
T2D is accompanied by reduced bone turnover and
that BMMSCs derived from diabetic individuals show
impaired functions [17, 33]. Revealing the phenotype
of BMMSCs in the early phase of T2D, as well as the
transcriptome profile, is crucial to further recognize
the association between T2D and bone health and will
help develop targeted interventions.

Here, based on previous studies [20-22], we
established T2D mice models induced by different
durations (4 weeks and 16 weeks) of HFD feeding. We
confirmed that glucose metabolic disorders were
aggravated in HFD mice at 16 weeks than at 4 weeks
of feeding, indicating the T2D disease progression.
Notably, the mice exhibited symptoms of osteoporosis
in the early phase of T2D, primarily manifested in the
trabecular bone. We discovered that in T2D, the
osteogenic activity decreased, the osteoclastic activity
increased, accompanied by an elevated level of
immune-related inflammation, and these changes
were more pronounced in the early phase.
Transcriptomic sequencing further revealed that T2D
caused significant alterations in the gene expression
profile of bone, with distinct characteristics observed
at different time points. We further combined
scRNA-seq data to analyze at the single-cell
expression level the genes that commonly changed in
the bone transcriptomes of different time points of
T2D, and found that many were expressed in
BMMSCs. Moreover, BMMSCs isolated from the T2D
mice and subjected to in vitro culture and testing
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showed that dysregulated molecular profiles and
functional abnormalities of BMMSCs appeared early
in T2D. Our study thus elucidated the bone lesion
phenotype in T2D, particularly at the early phase,
uncovered changes in gene expression profiles of
bone during T2D progression, and clarified the
functional alterations in bone cells, providing a basis
for subsequent research and the development of
treatment strategies.

Results

Glucose metabolic disorders in HFD-induced
T2D mice at different time points.

We first established the T2D mice model by HFD
feeding for 4 weeks and 16 weeks, and evaluated the
related metabolic indexes. Emerging studies have
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suggested that for the HFD model, the metabolic
syndrome develops as early as 4-week feeding, while
the bone complication occurs after around 12-16
weeks of feeding [20-22]. The results showed that
compared with the control group, the mice fed with
HFD for 4 weeks had a significant increase in body
weight (Figure 1A). Compared with the control
group, the random blood glucose of the HFD-4W
group showed an upward trend, but the difference
was not statistically significant (Figure 1B). The
fasting blood glucose level was elevated (Figure 1C),
and the symptoms of impaired glucose tolerance
(Figure 1D and E) and insulin sensitivity (Figure 1F
and G) were observed, along with an increased
glycated hemoglobin (HbAlc) percentage and a
decreased serum insulin level (Figure 1H and I).
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Figure 1. Hyperglycemia in different time points of high-fat diet (HFD)-induced type 2 diabetes (T2D) mice. (A-C) Body weight (A), random blood glucose (B)
and fasting blood glucose (C) of HFD-feeding for 4 weeks (HFD-4W) and control (Ctrl-4W) mice. N = 6 per group. (D and E) Blood glucose levels during glucose tolerance tests
(GTT) and quantification of area under the curve (AUC) of HFD-4W and Ctrl-4W mice. N = 6 per group. (F and G) Blood glucose levels during insulin tolerance tests (ITT) and
quantification of AUC of HFD-4W and Ctrl-4W mice. N = 6 per group. (H and I) The serum percentages of HbAlc (H) and insulin levels () of HFD-feeding for HFD-4W and
Ctrl-4W mice. N = 6 per group. (J-L) Body weight (J), random blood glucose (K) and fasting blood glucose (L) of HFD-feeding for 16 weeks (HFD-16W) and control (Ctrl-16W)
mice. N = 6 per group. (M and N) Blood glucose levels during GTT and quantification of AUC of HFD-16W and Ctrl-16W mice. N = 6 per group. (O and P) Blood glucose levels
during ITT and quantification of AUC of HFD-16W and Ctrl-16W mice. N = 6 per group. (Q and R) The serum percentages of HbAlc (Q) and insulin levels (R) of HFD-16W and
Ctrl-16W mice. N = 6 per group. Mean * standard deviation (SD). *, P < 0.05; **, P < 0.01; ***, P < 0.001. Student’s two-tailed unpaired t tests.
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As for the mice fed with HFD for 16 weeks, they
had an extremely significant increase in body weight
(Figure 1]), random blood glucose (Figure 1K), and
fasting blood glucose level (Figure 1L), compared
with the control group. Moreover, these mice
exhibited significant reduction of glucose tolerance
(Figure 1M and N) as well as insulin resistance (Figure
10 and P), accompanied by abnormal HbAlc and
insulin levels (Figure 1Q and R). We note that the
impairment of glucose and insulin tolerances of HFD
mice was more prominent at 16 weeks than at 4 weeks
(Figure 1D-G and M-P), indicating the T2D disease
progression. Together, these results identified glucose
metabolic disorders in HFD-induced T2D mice at
different time points.

Osteoporosis occurs early in the pathogenesis
of T2D mice.

To investigate whether osteoporosis occurs in
T2D, we next explored the bone phenotype at
different time points of HFD feeding. T2D mice used
in the experiments were selected based on their GTT.
The femora of mice were scanned by micro-computed
tomography (micro-CT). Compared to the control
group, mice fed with HFD for 4 weeks showed
significantly reduced bone mass (Figure 2A). This was
mainly reflected in the reduction of trabecular bone
volume over tissue volume (BV/TV) (Figure 2B), the
reduction of BMD (Figure 2C), the reduction of
trabecular number (Tb.N) (Figure 2E), and the
increase of trabecular spacing (Tb.Sp) (Figure 2F),
while the thickness of trabecular bone (Tb.Th) (Figure
2D), the surface area of cortical bone (Ct.Ar) (Figure
2G), and the thickness of cortical bone (Ct.Th) (Figure
2H) did not change. Similarly, we found that the bone
mass was significantly reduced in mice fed with HFD
for 16 weeks compared with the control group (Figure
2I), which was also mainly manifested in the
reduction of BV/TV (Figure 2J), the reduction of BMD
(Figure 2K) and Tb.N (Figure 2M), and the increase of
Tb.Sp (Figure 2N), while the Tb.Th (Figure 2L), Ct.Ar
(Figure 20) and Ct.Th (Figure 2P) showed no
significant difference. These findings suggest that T2D
leads to reduced bone mass and impairment of bone
microstructure, which were observed in the early
phase. Furthermore, the pathological changes mainly
occurred in the cancellous bone, with little effect on
the cortex.

Alterations of bone remodeling and
immune-related inflammation in HFD-induced
T2D mice.

As important indicators of bone remodeling, we
next evaluated the activity of osteogenesis and

osteoclastogenesis in T2D mice. Immunofluorescence
(IF) staining results showed that expression of the
osteogenic marker, Runt-related transcription factor 2
(RUNX2), was significantly reduced in the femora of
HFD-4W and HFD-16W mice, compared to their
respective control group (Figure 3A and B). In
addition, expression of the osteoclast marker,
Tartrate-resistant acid phosphatase (TRAP), was
significantly increased in the femora of HFD-4W and
HFD-16W mice (Figure 3C and D). Notably, the
proportion of increased TRAP expression after 4
weeks of HFD feeding was higher than that after 16
weeks, indicating significant enhancement of bone
resorption activity in the early phase of T2D.
Macrophages play various roles in bone homeostasis,
such as mediating osteoclastogenesis and immune
regulation [29]. Enlightened by the literature of
others, we stained femoral macrophages of T2D mice.
F4/80 expression was significantly elevated in the
femora of HFD-4W and HFD-16W mice, which was
more prominent at 4 weeks of HFD feeding,
indicating evident changes in immune cells at the
early T2D progression (Figure 3E and F).
Inflammation, especially chronic inflammation, plays
a significant role in the pathogenesis of osteoporosis,
which leads to an imbalance in bone remodeling,
favoring bone resorption over bone formation [34]. In
specific, as a chronic inflammatory disease, T2D is
characterized by elevated levels of multiple cytokines
[35]. As a major proinflammatory mediator, tumor
necrosis factor-a (TNF-a) is thought to interfere with
bone homeostasis by inhibiting bone formation by
osteoblasts and promoting bone resorption by
osteoclasts [27, 36-38]. As to the involvement of TNF-a
in diabetic bone disease, IF staining results
demonstrated that the expression of TNF-a was
increased in the femora of HFD-4W and HFD-16W
mice (Figure 3G and H). Intriguingly, there was a
higher proportion of TNF-a expression increases in
HFD-4W mice than in HFD-16W mice, suggesting
that inflammation is likely to be intimately involved
in the occurrence and development of osteoporosis in
the early phase of T2D. To further understand the
bone changes under T2D, we examined procollagen
type 1 N-terminal propeptide (PINP) and C-terminal
cross-linked telopeptide 1 (CTX1) in serum, which
respectively reflects the bone formation rate and the
bone resorption rate. We found that HFD-induced
T2D mice had significantly decreased concentrations
of PINP and increased CTX1 compared to control
mice (Figure 31-]), indicating an altered bone turnover
in T2D mice. Together, these results highlight
alterations of bone remodeling and immune-related
inflammation in HFD-induced T2D mice.
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Figure 2. Osteoporosis occurs early in the pathogenesis of type 2 diabetes (T2D) mice. (A) Representative micro-CT images of the femora of HFD-feeding for 4
weeks (HFD-4W) and control (Ctrl-4W) mice. Scale bars, 500 pm. (B-F) Trabecular bone parameters of HFD-4W and Ctrl-4W mice were analyzed by micro-CT. BV/TV, bone
volume over tissue volume (B); BMD, bone mineral density (C); Tb.Th, trabecular thickness (D); Tb.N, trabecular number (E); Tb.Sp, trabecular separation (F). N = 6 per group.
(G and H) Parameters of cortical bone mass analyzed by micro-CT. Ct.Ar, surface area of cortical bone (G); Ct.Th, thickness of trabecular bone (H). N = 6 per group. (I)
Representative micro-CT images of the femurs of HFD-feeding for 16 weeks (HFD-16W) and control (Ctrl-16W) mice. Scale bars, 500 pm. (J-N) Trabecular bone parameters
of HFD-16W and Ctrl-16W mice were analyzed by micro-CT. N = 6 per group. (O and P) Parameters of cortical bone mass analyzed by micro-CT. N = 6 per group. Mean +

standard deviation (SD). *, P<0.05; **, P<0.01. Student’s two-tailed unpaired t tests.

Dysregulated bone marrow gene expression
profiles along the T2D disease progression.

To obtain a comprehensive understanding of the
gene expression patterns and dynamics within bone
tissues during the progression of T2D osteopathy,
transcriptome sequencing was performed on the bone
marrow of HFD-induced T2D mice at 4 and 16 weeks

by adopting the commonly used method of bone
marrow flush. Compared with the control group, a
total of 528 differentially expressed genes (DEGs)
were identified in the bone marrow gene expression
profiles of mice fed with HFD for 4 weeks, among
which 140 genes were up-regulated and 388 genes
were down-regulated (Figure 4A and B). Further
functional enrichment analysis was performed for
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these DEGs. Gene Ontology (GO) enrichment analysis ~ “regulation of immune system process”, “immune
showed that the top 20 enriched items of these DEGs  system process”, “immune response” and “innate
were mainly focused on immune-related items, such ~ immune response” (Figure 4C).

as “regulation of innate immune response”,
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Figure 3. Altered activity of bone formation, resorption and immune reaction in different time points of type 2 diabetes (T2D) mice. (A) Representative
immunofluorescent (IF) staining images of Runt-related transcription factor 2 (RUNX2) (green) in the femoral metaphysis of HFD-feeding for 4 weeks (HFD-4W) versus control
(Ctrl-4W) mice and HFD-feeding for 16 weeks (HFD-16W) versus control (Ctrl-16W) mice, counterstained by DAPI (blue). Scale bars, 100 pm. (B) Corresponding quantification
showing fold changes of the percentage of RUNX2* area in HFD-4W compared to Ctrl-4W group and HFD-16W compared to Ctrl-16W group. N = 3 per group. (C)
Representative IF staining images of Tartrate resistant acid phosphatase (TRAP) (red) in the femoral metaphysis of HFD-4W versus Ctrl-4W and HFD-16W versus Ctrl-16W
mice, counterstained by DAPI (blue). Scale bars, 100 pm. (D) Corresponding quantification showing fold changes of the percentage of TRAP* area in HFD-4W compared to
Ctrl-4W group and HFD-16W compared to Ctrl-16W group. N = 3 per group. (E) Representative IF staining images of F4/80 (red) in the femoral metaphysis of HFD-4W versus
Ctrl-4W and HFD-16W versus Ctrl-16W mice, counterstained by DAPI (blue). Scale bars, 100 um. (F) Corresponding quantification showing fold changes of the percentage of
F4/80* area in HFD-4W compared to Ctrl-4W group and HFD-16W compared to Ctrl-16W group. N = 3 per group. (G) Representative IF staining images of tumor necrosis
factor-a (TNF-a) (red) in the femoral metaphysis of HFD-4W versus Ctrl-4W and HFD-16W versus Ctrl-16W mice, counterstained by DAPI (blue). Scale bars, 100 pm. (H)
Corresponding quantification showing fold changes of the percentage of TNF-a* area in HFD-4W compared to Ctrl-4W group and HFD-16W compared to Ctrl-16W group. N
=3 per group. (I) The concentration of serum procollagen type |1 N-terminal propeptide (P1NP) in HFD-4W compared to Ctrl-4W group. N = 4 per group. (J) The concentration
of serum C-terminal cross-linked telopeptide 1 (CTX1) in HFD-4W compared to Ctrl-4W group. N = 4 per group. (K) The concentration of serum PINP in HFD-16W
compared to Ctrl-16W group. N = 4 per group. (L) The concentration of serum CTX1 in HFD-16W compared to Ctrl-16W group. N = 4 per group. Mean * standard deviation
(SD). *, P <0.05; **, P <0.01; ***, P < 0.001. Student’s two-tailed unpaired t tests.
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Figure 4. Dysregulated bone marrow gene expression profiles in different time points of type 2 diabetes (T2D) mice. (A) Hierarchical clustering heatmap of
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DEGs between HFD-4W and Ctrl-4W mice bone marrow. The Y-axis represents GO terms and the X-axis represents rich factor. The size of the bubble represents number of
enriched DEGs and the color of the bubble represents enrichment significance. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the DEGs
between HFD-4W and Ctrl-4W mice bone marrow. The Y-axis represents KEGG pathways and the X-axis represents rich factor. The size of the bubble represents number of
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HFD-feeding for 16 weeks (HFD-16W) and control (Ctrl-16W) mice, with gene expression abundance being Z-score normalized. Rows represent DEGs and columns represent
individual replicates. (F) Volcano plot showing significantly downregulated (blue dots) and upregulated (red dots) genes in HFD-16W mice bone marrow, compared to Ctrl-16W.
(G) GO enrichment analysis of the DEGs between HFD-16W and Ctrl-16W mice bone marrow. The Y-axis represents GO terms and the X-axis represents rich factor. The size
of the bubble represents number of enriched DEGs and the color of the bubble represents enrichment significance. (H) KEGG enrichment analysis of the DEGs between
HFD-16W and Ctrl-16W mice bone marrow. The Y-axis represents KEGG pathways and the X-axis represents rich factor. The size of the bubble represents number of enriched
DEGs and the color of the bubble represents enrichment significance.
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In addition, we performed the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of the biological pathways
involved in these DEGs. The top 20 pathways
enriched by these DEGs were mainly involved in
“Antigen processing and presentation”, “NOD-like
receptor signaling pathway”, “Cytokine-cytokine
receptor  interaction” and  “Natural  killer
cell-mediated cytotoxicity” (Figure 4D). According to
the KEGG enrichment results of DEGs, among the top
30 pathways with the most significant enrichment
screened, there were also enriched pathways related
to osteoclast differentiation (Figure S1). These results
suggest that 4 weeks of HFD feeding significantly
affects the immune microenvironment within the
bone, which underlies the disturbance of bone
homeostasis in the early phase.

On the other hand, HFD feeding for 16 weeks
altered the expression of 234 genes, of which 101
genes were up-regulated and 133 genes were
down-regulated (Figure 4E and F). We then focused
on these DEGs and carried out functional analysis.
GO enrichment analysis revealed that the top 20 items
enriched for these DEGs include “extracellular matrix
organization”, “ossification”, “cell differentiation”,
“collagen-containing  extracellular —matrix” and
“extracellular matrix” (Figure 4G). Further KEGG
enrichment analysis showed that these DEGs were

associated  with  “Osteoclast  differentiation”,
“Oxytocin  signaling  pathway”, “Parathyroid
hormone  synthesis, secretion and action”,
“AGE-RAGE signaling pathway in diabetic

nvoou

complications”, “Wnt signaling pathway”, “Relaxin
signaling pathway”, “PI3K-Akt signaling pathway”
and “ECM-receptor interaction” (Figure 4H). These
findings indicate that long-term HFD feeding induces
noticeable changes in genes in bone formation and
resorption, involving various hormones and signaling
pathways related to bone homeostasis.

BMMSC:s are critically involved during the
HFD-induced T2D progression.

Considering  different changes in the
transcriptome between HFD-4W and HFD-16W, we
intended to explore genes with consistent changes
throughout the different periods of HFD-induced T2D
pathogenesis, which may play an important role in
the development of T2D-associated osteoporosis.
Accordingly, we performed Venn analysis of the
DEGs between HFD-4W and Ctrl-4W, as well as
HFD-16W and Ctrl-16W, and screened 39 common
DEGs, of which 5 genes were up-regulated (Figure
5A) and 34 were down-regulated (Figure 5B). To
further clarify the cell types within the bone tissue
expressing these genes, we performed a

bioinformatics analysis using a scRNA-seq dataset of
bone and bone marrow cells from a previous study
[27]. After undergoing strict quality control, we
gathered gene expression data for clustering analyses
from a total of 7,497 cells. This analysis unveiled 20
distinct cell populations, which were visualized as
uniform manifold approximation and projection
(UMAP) embeddings (Figure 5C). Particularly, five
clusters highly expressed MSC markers. We further
analyzed the expression of the 39 overlapping genes
in the various types of bone and bone
marrow-derived cells. Notably, among the commonly
up-regulated genes (only 4 of 5 detected in the
scRNA-seq dataset), 2 were predominantly expressed
by BMMSCs and 2 were mainly expressed by
Schwann cells (Figure 5D). Additionally, among the
commonly down-regulated genes, 8 were mainly
expressed by BMMSCs (Figure 5E). Besides, the
number of genes mainly expressed by B cells and T
cells was relatively high as well (Figure 5E). To verify
the bioinformatic analysis results, we selected the
overlapping up-regulated genes as the targets of
interest, and expression of the 5 genes (despite 1 not
being detected in the scRNA-seq dataset) in BMMSCs
from HFD-4W, HFD-16W, and control mice were
examined by quantitative real-time polymerase chain
reaction (qRT-PCR) analysis. Results showed that
expression levels of Acyl-CoA synthetase bubblegum
family member 1 (Acsbgl), Nebulin-related anchoring
protein (Nrap), RAR-related orphan receptor gamma
(Rorc), Scavenger receptor family member expressed on T
cells 1 (Scartl) and Shootin 1 (Shtn1) had significantly
up-regulated tendency in BMMSCs from HFD-fed
mice (Figure 5F and G), which was consistent with the
sequencing results. These results suggest that
BMMSCs are likely to be the important cells involved
in the ongoing pathogenesis of bone disease in T2D,
while immune cells and other cells are also involved.

Dysfunction of BMMSC:s in different time
points of HFD-induced T2D mice.

As stated above, as precursors of the osteogenic
lineage and modulators of various bone cells,
BMMSCs have been acknowledged as significant
contributors to bone homeostasis [39, 40]. While
previous studies have indicated that BMMSCs
derived from diabetic individuals exhibit impaired
functions, their functional changes along the disease
progression of T2D remain largely unknown [17, 41].
To provide a better understanding of this issue, we
isolated BMMSCs from HFD-4W and HFD-16W mice,
as well as their control mice, and evaluated their
ability of colony-forming, proliferation, and
differentiation potential. Results showed that
BMMSCs derived from both HFD-4W and HFD-16W
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mice exhibited significantly reduced clonogenicity  5-ethynyl-2'-deoxyuridine (EDU)-positive cells in the
compared to the control group, as demonstrated by = HFD groups were further significantly decreased
crystal violet staining and quantitative analysis compared to the control groups (Figure 6B, D, ] and
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Figure 5. Bone marrow mesenchymal stem cells (BMMSCs) are critically involved in the disease progression of type 2 diabetes (T2D) mice. (A) Venn
diagram showing overlapping genes between up-regulated genes in HFD-feeding for 4 weeks (HFD-4W) versus control (Ctrl-4W) mice and up-regulated genes in HFD-feeding
for 16 weeks (HFD-16W) versus Ctrl-16W mice. (B) Venn diagram showing overlapping genes between down-regulated genes in HFD-4W versus Ctrl-4W mice and
down-regulated genes in HFD-16W versus Ctrl-16W mice. (C) Uniform manifold approximation and projection (UMAP) plot showing unbiased clustering of bone marrow cells.
General identity of each cell cluster is defined on the right. (D) Heatmap showing the expression of up-regulated overlapping genes of panel A in different bone marrow cell
clusters. (E) Heatmap showing the expression of down-regulated overlapping genes of panel B in different bone marrow cell clusters. (F) Quantitative real-time polymerase chain
reaction (qQRT-PCR) analysis of up-regulated overlapping genes of panel A of Acyl-CoA synthetase bubblegum family member I (Acsbgl), Nebulin-related anchoring protein (Nrap),
RAR-related orphan receptor gamma (Rorc), Scavenger receptor family member expressed on T cells 1 (Scart]) and Shootin I (Shtnl) in BMMSCs from HFD-4W and Ctrl-4W mice. 8-actin
(Actb) was used as a reference gene, and quantification of fold changes was performed over the Ctrl group. N = 3 per group. (G) qRT-PCR analysis of up-regulated overlapping
genes of panel A of Acsbgl, Nrap, Rorc, Scart] and Shtnl in BMMSCs from HFD-16W and Ctrl-16W mice. B-actin (Actb) was used as a reference gene. N = 3 per group. Mean +
standard deviation (SD). *, P <0.05; **, P <0.01. Student’s two-tailed unpaired t tests.
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Figure 6. Dysfunction of bone marrow mesenchymal stem cells (BMMSCs) in different time points of type 2 diabetes (T2D) mice. (A) Representative crystal
violet staining images demonstrating the colony forming ability of BMMSCs derived from HFD-feeding for 4 weeks (HFD-4W) and control (Ctrl-4W) mice. Scale bars, 100 ym.
(B) Representative 5-ethynyl-2'-deoxyuridine (EDU) staining images demonstrating the proliferation potential of BMMSCs derived from HFD-4W and Ctrl-4W mice. The green
fluorescence indicates EDU-positive proliferating cells, and the blue represents the DAPI-stained nuclei. Scale bars, 100 um. (C) Corresponding quantification of the number of
colonies with over 50 cells in panel A. N = 3 per group. (D) Corresponding quantification showing the percentage of EDU*/DAPI* area in panel B. N = 3 per group. (E)
Representative alizarin red S staining images demonstrating the osteogenic differentiation potential of BMMSCs derived from HFD-4W and Ctrl-4W mice. Scale bars, 100 um. (F)
Representative oil red O staining images demonstrating the adipogenic differentiation potential of BMMSCs derived from HFD-4W and Ctrl-4W mice. Scale bars, 100 ym. (G)
Corresponding quantification of the percentage of mineralized area in panel E. N = 3 per group. (H) Corresponding quantification of the percentage of lipid droplets formation
area in panel F. N = 3 per group. (I) Representative crystal violet staining images demonstrating the colony forming ability of BMMSCs derived from the HFD-feeding for 16 weeks
(HFD-16W) and control (Ctrl-16W) mice. Scale bars, 100 ym. (J) Representative EDU staining images demonstrating the proliferation potential of BMMSCs derived from
HFD-16W and Ctrl-16W mice. Scale bars, 100 um. (K) Corresponding quantification of the number of colonies with over 50 cells in panel I. N = 3 per group. (L) Corresponding
quantification showing the percentage of EDU+/DAPI* area in panel J. N = 3 per group. (M) Representative alizarin red S staining images demonstrating the osteogenic
differentiation potential of BMMSCs derived from the HFD-16W and Ctrl-16W mice. Scale bars, 500 um. (N) Representative oil red O staining images demonstrating the
adipogenic differentiation potential of BMMSCs derived from HFD-16W and Ctrl-16W mice. Scale bars, 100 um. (O) Corresponding quantification of the percentage of
mineralized area in panel M. N = 3 per group. (P) Corresponding quantification of the percentage of lipid droplets formation area in panel N. N = 3 per group. Mean * standard
deviation (SD). ¥, P <0.05; **, P <0.01; *** P < 0.001. Student’s two-tailed unpaired t tests.
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Additionally, the clonogenic and proliferative
capacity of BMMSCs from mice modeled for 16 weeks
was lower than that of the control mice with 4 weeks
of modeling (Figure 6A-D, I-L). Similarly, BMMSCs
derived from both HFD-4W and HFD-16W mice
showed dramatic declines in osteogenesis, as
demonstrated by alizarin red S staining and
quantitative analysis (Figure 6E, G, M and O).

Besides, BMMSCs from mice that were modeled
for 16 weeks exhibited a lower osteogenic
differentiation capacity compared to the control mice
at 4 weeks of modeling (Figure 6E, G, M and O).
Moreover, the adipogenic differentiation ability of
BMMSCs from HFD-4W and HFD-16W mice was
higher than those from control mice (Figure 6F, H, N
and P). Collectively, these data indicated that
functional abnormalities in BMMSCs appear early in
T2D, which may represent a significant cellular basis
for diabetes-induced osteoporosis.

Discussion

T2D is a prevalent chronic metabolic disorder
associated with a range of complications affecting
multiple organ systems, including bone. Notably,
epidemiological studies have demonstrated that
individuals with T2D have an elevated risk of
fractures [42, 43]. Animal research has also shown that
T2D compromises skeletal strength and quality [16].
Nevertheless, the exact impact of T2D on bone,
particularly in the early phase, remains to be
elucidated. There is a limited comprehensive analysis
of the T2D bone phenotype by investigating a verified
T2D mouse model with different time points along
the disease progression. In this study, we established
the T2D mouse model induced by different durations
of HFD feeding, allowing us to closely examine the
bone pathology associated with T2D progression. We
observed osteoporotic symptoms, particularly in the
trabecular bone, even in the early phase of T2D,
indicating that bone alterations occur during the onset
of the disease. We found that T2D led to decreased
osteogenic activity, increased osteoclastic activity, and
an elevated level of immune-related proinflammatory
factor, particularly in the early phase. Furthermore,
transcriptomic ~ sequencing  analysis  revealed
substantial changes in the gene expression profiles of
bone throughout the progression of T2D, with distinct
characteristics at different time points. Importantly,
scRNA-seq analysis and functional testing revealed
early functional abnormalities with dysregulated
molecular signature of BMMSCs. These findings shed
light on HFD-induced T2D bone lesions, especially at
the onset of metabolic alterations, and highlight the
importance of early interventions to prevent or
mitigate T2D-associated bone complications. The

insights gained from examining alterations in gene
expression profiles across the T2D progression
provide a foundation for future research endeavors
aimed at developing targeted treatment strategies
specifically tailored for T2D-related bone diseases.
The development of sequencing technologies has
provided available tools for comprehensive analysis
of molecular biology changes in bone tissue under
pathological conditions [44-46]. In this study,
transcriptome sequencing has helped us gain an
understanding of the gene expression patterns and
dynamics within the bone tissue during the
progression of T2D osteopathy. In the early phase of
T2D, marked alterations in gene expression are
primarily associated with immunity, indicating that
the immune microenvironment within the bone is
significantly affected by 4 weeks of HFD feeding,
potentially contributing to the disturbance of bone
homeostasis. Considering the close relationship
between immunity and bone [47, 48], and the frequent
occurrence of immune dysfunction in T2D [49],
further analysis of immune-mediated T2D
osteoporosis will help to clarify potential therapeutic
targets. Notably, overlapping down-regulated genes
along the T2D progression are predominantly
expressed in B cells. Interestingly, B lymphocytes are
emerging players in promoting inflammation
associated with insulin resistance and T2D by
producing IgG antibodies, which in turn enhance
local TNF-a and interferon-gamma (IFN-y)
production from macrophages and T cells [50].
Intriguingly, B cells themselves show a 52% reduction
in the bone marrow of mice maintained on HFD for 7
months, which might be related to our detected
down-regulation of B cell genes in T2D [51]. The
detailed function of B cells in T2D osteoporosis will be
investigated in our future work. Moreover, long-term
HFD feeding induces substantial changes of
expression in genes associated with bone formation
and resorption, involving various hormones and
signaling pathways crucial for maintaining bone
homeostasis, such as oxytocin [52, 53], parathyroid
hormone [54, 55], Wnt signaling pathway [56], and
relaxin [57, 58]. This result indicates that the
osteoporosis caused by long-term T2D may be the
result of the combined action of multiple mechanisms.
Overall, the transcriptomic analysis of bone marrow
gene expression profiles in T2D mice at different time
points highlights the dynamic nature of molecular
changes occurring in the bone microenvironment
during T2D development and provides valuable
insight into mechanisms underlying T2D-induced
bone complications. Further exploration of these
identified DEGs and pathways may lead to the
development of targeted therapeutic approaches for
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managing bone complications in T2D patients.
Previous studies have demonstrated that bone
formation by osteoblasts and bone resorption by
osteoclasts maintain a dynamic balance under
physiological conditions [59, 60]. Osteoporosis is a
disorder of bone metabolism often caused by an
imbalance between bone resorption and bone
formation [61]. Notably, although studies have found
that T2D can lead to a decrease in osteogenic activity,
there is still controversy regarding changes in
osteoclastic activity [16, 62, 63]. Park et al. reported
that bone turnover was reduced in T2D with reduced
bone resorption [63], while Guo et al. reported that the
bone mass loss in mice exposed to HFD was mainly
due to increased osteoclast formation and bone
resorption activity [62]. In the present study, we
detected reduced bone formation and increased bone
resorption in the femora of T2D mice, with these
phenotypic changes being more pronounced in the
early phase. For the immune-related items, F4/80
staining of femoral macrophages showed the
proportion of increased F4/80 expression after 4
weeks of HFD feeding was higher than that after 16
weeks of HFD feeding, indicating that changes in
immune cells might also be more evident in the early
phase of T2D, which will be continued to be
investigated in future works. In addition, we
observed a significant increase in TNF-a expression in
the femora of both HFD-4W and HFD-16W mice.
TNF-a has been shown to interfere with bone
homeostasis by inhibiting osteoblast-mediated bone
formation and promoting osteoclast-mediated bone
resorption [36]. Indeed, T2D is characterized by
elevated levels of proinflammatory cytokines, such as
TNEF-a, which mediate the occurrence of multiple T2D
complications [35, 64]. Interestingly, the proportion of
increased TNF-a expression was higher in HFD-4W
mice than in HFD-16W mice, indicating that
inflammation may play an early important role in the
development of T2D-induced osteoporosis, consistent
with our transcriptomic analysis. These findings
suggest that in the early phase of T2D, not only is
already osteoporosis occurring, but also the
alterations of bone remodeling are more vigorous,
highlighting the importance of early intervention.
Combined analysis of the mouse bone marrow
transcriptome and scRNA-seq data revealed a close
relationship between BMMSCs and the development
of T2D-associated bone disease. This finding is
consistent with published studies, suggesting that
dysfunction of BMMSCs may be a core factor in
T2D-related osteoporosis [17, 43]. Notably, the bone
marrow flush methodology collects MSCs mostly
from the bone marrow cavity rather than the
periosteum or the endosteum, whereas stem cell

populations residing in different locations of bone
show  heterogeneity and may demonstrate
discrepancies in response to extrinsic stimuli [65-67].
Future research is in demand to investigate in detail
the BMMSC response to T2D in a spatially dependent
manner. Furthermore, in vitro functional experiments
revealed decreased colony-forming, proliferation, and
osteogenic differentiation abilities of BMMSCs in T2D
mice, along with enhanced adipogenic differentiation
ability. These results not only align with previous
findings demonstrating impaired proliferation and
survival, diminished osteogenic differentiation
capacity, and increased adipogenic differentiation
capacity of BMMSCs from diabetic animals [68, 69],
but also indicate early emergence of functional
disorders of BMMSCs in T2D, potentially serving as a
substantial cellular foundation for T2D-induced
osteoporosis. Furthermore, T2D has been reported to
alter the secretome composition and impair the
angiogenic properties of BMMSCs [70, 71]. The
impairment of functions of BMMSCs has been
attributed to the combined effects of hyperglycemia,
advanced glycation end products, oxidative stress,
and inflammation induced by T2D, which
synergistically result in a pathological niche [72].
Molecularly, we have performed a brief exploration of
the potential mechanisms underlying the osteoporotic
phenotypes by examining five genes of interest
(Acsbgl, Nrap, Rorc, Scartl, Shtnl) in BMMSCs.
Particularly, expression changes of these genes at the
early stage have been identified and will be focused
on as mechanistic targets in future studies.
Specifically, Acsbgl encodes a very long-chain
acyl-CoA synthetase, which serves as a checkpoint of
lipid metabolism by regulating mitochondrial fitness
[73]. In addition, Nrap encodes an actin-associated
ankyrin, while Scart]l encodes a scavenger receptor
predicted to be involved in endocytosis [74, 75]. Rorc,
intriguingly, encodes a member of the nuclear orphan
receptor family and performs critical regulatory
functions in cell proliferation, and Shtnl encodes a
protein mediating the mechanical coupling between
F-actin retrograde flow and cell adhesions as a clutch
molecule [76, 77]. Although the function of these
genes in BMMSCs and bone is unclear, further
elucidation of the molecular mechanisms underlying
BMMSC impairment and their regulatory pathways
will aid in establishing effective strategies for treating
diabetic osteoporosis. Moreover, as an important
“seed cell” for regenerative medicine, the impact of
diabetic microenvironment on BMMSCs should also
draw attention to their translational applications.

In conclusion, this study sheds light on
T2D-induced bone lesion phenotype, especially at the
early phase, and uncovers the significant alterations
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in the gene expression profile during T2D
progression. Moreover, it provides novel insights into
the functional changes occurring in bone cells,
including a decreased osteogenic activity, an
increased osteoclastic activity, and an elevated
immune-related  proinflammatory factor level,
highlighting the crucial role of BMMSCs in T2D
osteoporosis. These findings will aid in the
development of effective treatment strategies for
T2D-related bone complications.

Materials and Methods

Animals

All  animal experiments were performed
following the ARRIVE guidelines, in compliance with
the relevant laws and ethical regulations, following
the Guidelines of Intramural Animal Use and Care
Committees of The Fourth Military Medical
University, and were approved by the Institutional
Review Board of The Fourth Military Medical
University (No. kq-2023-045). C57BL/6 mice were
purchased from the Laboratory Animal Center of the
Fourth Military Medical University. All mice used in
this study were male and maintained at 24°C in a
12/12-h light/dark cycle in a specific pathogen-free
facility and given free access to food and water. The
sample number N represents individual mouse
numbers. Sample sizes were determined according to
preliminary experiments. All animals were randomly
assigned to cohorts when used with confounders not
being controlled [78]. Researchers were blind to the
group allocations during the study.

In vivo modeling

To induce T2D models, 5-week-old male
C57BL/ 6] mice were fed with an HFD (60 kcal% from
fat, D12492, Research Diets, USA) diet for 4 weeks and
16 weeks, respectively. Control mice were fed with a
normal chow diet (NCD) and were set as the Ctrl
group. T2D mice used in the experiments were
selected based on their blood glucose and glucose
tolerance tests (GTT).

Blood glucose detection

Blood glucose tests were performed using a
glucometer (Roche, Germany). For fasting blood
glucose, the mice were fasted for 16h and the blood
was collected from the tail vein for testing. For GTT,
the mice were fasted for 16h and intraperitoneally
injected with 20% glucose (Sigma-Aldrich, USA) at a
dose of 2 g/kg body weight. At 0, 15, 30, 60, 90, and
120 min, the blood samples were collected from the
tail vein, and the blood glucose values were measured
[79]. For insulin tolerance tests (ITT), after fasting for

6h, the mice were intraperitoneally injected with
human insulin (Novo Nordisk AS, Denmark) at a
dose of 1 IU/kg body weight. The blood samples were
collected from the tail vein at 0, 15, 30, 60, 90, and 120
min after injection to detect the blood glucose [80].

Micro-CT analysis

A desktop micro-CT system (eXplore Locus SP,
GE Healthcare, USA) was employed, as previously
used [81]. The mice were sacrificed, and the left
femora were removed and fixed overnight in 4%
paraformaldehyde (PFA) (Biosharp, China) at 4°C.
Then, the femora were scanned with the micro-CT
system at a voltage of 80kV, a current of 80pA, and a
resolution of 8pm. The three-dimensional image was
established and the region of interest (ROI) of distal
femur metaphysis was selected for each sample. The
region of interest (ROI) of cortical bone was defined
from 3.3mm away from the epiphysis along the
midshaft, and with a thickness of 0.5mm. The ROI of
the trabecular bone was defined from Imm to 1.7mm
away from the epiphysis. Micview V2.1.2 software
was used to analyze the corresponding parameters of
ROI [82].

Enzyme-linked immunosorbent assay (ELISA)

Mouse serum was collected, and HbAlc
percentages were detected using a murine ELISA kit
according to the manufacturer’s instructions
(ENZO-2, USA). Insulin levels were detected using
the Mouse Insulin ELISA Kit (Ultrasensitive)
according to the manufacturer’'s instructions
(Beyotime, China) [83]. Serum PINP and CTX1 levels
were also detected using commercial ELISA Kkits
(Fankew, China).

Transcriptome sequencing

The femora and tibiae of mice were removed at
sacrifice, and the bone marrow was flushed out with
normal saline. According to our and other’s reports,
this method collects whole bone marrow cells,
including MSCs mostly from the bone marrow cavity
[31, 40, 65, 81]. The bone marrow was collected into a
centrifuge tube, lysed with erythrocyte lysis buffer
(Coollaber, China) on ice for 2 min, and centrifuged at
500g for 5 min. After removing the supernatant
sediment, the remaining cells were resuspended with
normal saline, centrifuged at 500 g for 5 min, and the
deposited cells were collected for RNA extraction. The
total RNA of each sample was extracted using the
RNeasy Mini Kit (Qiagen, Germany). The purity and
integrity of RNA were checked, and 1pg qualified
total RNA from each sample was used to construct the
transcriptome sequencing library. The sequencing
libraries were generated according to the
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NEBNext®Ultra™RNA  Library Preparation Kit
(NEB, USA) operating guidelines, and the index codes
were added to the attribute sequence of each sample.
The mRNA was purified from total RNA using
Poly-Toligo-magnetic beads, and total RNA samples
were fragmented at a high temperature in NEBNext
first chain synthesis reaction buffer (5X) with divalent
cations. First-strand cDNA was synthesized, followed
by second-strand cDNA synthesis using DNA
polymerase I and RNase H. A NEBNext Adaptor with
a hairpin loop structure was conjugated to the 3'-end
adenylated DNA fragment. The AMPure XP system
(Beckman Coulter, Beverly, USA) was used to screen
350 bp cDNA fragments. Then, 3uL of USER Enzyme
(NEB, USA) was mixed with the selected cDNA,
reacted at 37°C for 15 min, and ligated at 95°C for 5
min before PCR. Then, PCR was performed with
Phusion High-Fidelity DNA polymerase, Universal
PCR primers, and Index (X) Primer. Finally, PCR
products were purified by the AMPure XP system,
and library quality was assessed on the Agilent
Bioanalyzer 2100 system and quantified by Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA, USA). The
clustering of the index-coded samples was performed
on a cBot Cluster Generation System according to the
instructions of the TruSeq PE Cluster Kit v3-cBot-HS
(Ilumia). Sequencing was performed and paired-end
reads were generated on the llumina Hiseq platform.
Firstly, the raw data were filtered and the clean data
were aligned to the species reference genome using
the Hisat2 tool software [84]. The expression levels of
genes were calculated. DESeq was used to analyze the
difference in gene expression. |log:FoldChange|>1
and P value<0.05 were set as a condition for screening
DEGs [85]. Enrichment analysis of DEGs was further
performed based on GO and KEGG databases. The
importance value of each pathway was measured
using degree centrality. P values, at the same time,
were adjusted by the FDR method [86]. Venn analysis
was performed at the Venny 21 website
(https:/ /bioinfogp.cnb.csic.es/
tools/venny/index.html).

Re-analysis of scRNA-seq data

Published scRNA-seq data were downloaded
from the Gene Expression Omnibus (GEO). Single-cell
gene expression matrices were generated by aligning
themm10 reference genome with the R language
software in CellRanger software (version 3.1.0), which
were converted into Seurat objects using the Seurat R
package (version 3.0.1). The Seurat R package allows
us to easily explore QC metrics and filter cells. All
cells were removed that had either more than 20,000
UMLIs, over 4,000 or below 500 expressed genes, or
over 10% UMIs derived from the mitochondrial

genome. Dimensionality reduction for visualizing
single-cell data was performed using UMAP analysis.
Clusters were identified using the Seurat function.
Data structures were visualized and explored with
UMAP to show deviations between different cell
types. Next, differentially expressed genes were
determined using the Wilcoxon test implemented in
the “FindAllMarkers” function, which was
considered significant with an average natural
logarithm (fold change) of at least 0.25 and a P value
lower than 0.01 [87]. For expression heatmap analysis
of DEGs in single-cell data. Firstly, the expression
data files of the genes of interest in the transcriptome
data were screened by Venn analysis. The expression
data file was then read using the 'read_excel' function
in R, and the heatmap package (Version 1.0.12) was
used to generate the heatmap.

IF staining

The freshly dissected femora were collected and
fixed in 4% PFA (Biosharp, China) solution for 4 h at
4°C. The femora were decalcified by 17% EDTA
(pH=7.2-7.4) (Proandy, China), dehydrated by 30%
sucrose (Sigma-Aldrich, USA), and then embedded in
OCT (Leica, Germany). Sagittal serial sections of 20pm
were prepared with freezing microtome (CM1950,
Leica, Germany). The frozen sections were air-dried
for 1 h at room temperature and permeabilized with
0.3% Triton X-100 (Sigma-Aldrich, USA) for 20 min at
room temperature. After washing with PBS 3 times,
the sections were blocked with goat serum (BOSTER,
China) for 30 min at room temperature, and incubated
with primary antibodies at 4°C overnight in the dark.
The primary antibodies were anti-RUNX2 (#12556,
Cell Signaling, USA, diluted 1:400), anti-TRAP
(ab191406, Abcam, UK, diluted 1:100), anti-F4/80
(123120, BioLegend, USA, diluted 1:200) and
anti-TNF-a (sc-52746, Santa Cruz Biotechnology,
USA, diluted 1:400). TRAP IF staining was selected as
an alternative to traditional TRAP staining according
to our previous report [88]. After washing with PBS3
times, the sections were incubated with fluorescently
labeled secondary antibodies, Alexa Flour®488
Donkey anti-Rabbit IgG (ab150073, Abcam, UK,
diluted 1:200), Cy3™ AffiniPure Goat Anti-Rabbit IgG
(33108ES60, Yeasen, China, diluted 1:200), and Alexa
Flour®594 Goat Anti-Mouse IgG (33212ES60, Yeasen,
China, diluted 1:200), for 1 h at room temperature.
After washing with PBS 3 times, the slides were
mounted with a Mounting Medium With
DAPI-Aqueous  Fluoroshield (Abcam,  UK).
Photographs were taken by a confocal microscope
(FV1000, Olympus, Japan) and analyzed using the
Image] software. Quantification of IF staining was
performed based on our published methods [89, 90].
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Isolation and culture of murine BMMSCs

Isolation and culture of mouse BMMSCs were
performed according to the methods described in the
previous studies [31, 40, 81]. In brief, the mice were
euthanized, and the hind limbs were dissected and
removed of soft tissues under aseptic conditions. The
bone marrow cavities of the femora and tibiae were
rinsed with growth medium, a-MEM supplemented
with 20% fetal bovine serum (FBS; Corning, USA) and
1% penicillin and streptomycin (Procell, China). The
cell suspension was collected and filtered by a 70 pm
nylon filter (BD Falcon, USA). The cells were
centrifuged at 500 g for 5 min at 4°C, the supernatant
was discarded, and the cell precipitate was
resuspended in a growth medium and seeded in 10
cm tissue culture dishes (NEST, USA). After being
incubated for 24 h at 37°C in a humidified atmosphere
of 5% CO, non-adherent cells were removed by
rinsing with PBS. The medium was changed every 2
days. When the cells were 90% confluent, they were
digested with 1 X TrypLE™ express (Invitrogen, USA)
and passaged.

Colony forming and crystal violet staining

Primary mouse bone marrow cells were isolated,
counted, and seeded at a density of 2 x 104 per dish in
6-cm diameter Petri dishes (NEST, USA). The medium
was changed every 3 days. On day 14, after discarding
the supernatant, the cells were washed 3 times with
PBS and fixed with 4% PFA (Biosharp, China) for 20
min at room temperature. After washing with PBS 3
times, the cells were stained with 0.1% crystal violet
solution (Solarbio, China). Colonies with over 50 cells
were included for calculation. Photographs were
taken using an inverted optical microscope (Olympus,
Japan) and a camera (Canon, Japan).

EDU proliferation assay

BMMSCs at the second passage were seeded in
24-well plates (Corning, USA) at 1 X 10# cells per well
and incubated for 24 h. Cells were then treated with
EDU at a working concentration of 10pM in 200pL of
culture medium for 48 h. Afterward, the cells were
detected using a kFluor488-EdU Cell Proliferation
Test Kit (KeyGEN Biotech, China) according to the
manufacturer’s instructions.

Osteogenic differentiation and alizarin red S
staining

BMMSCs at the second passage were induced to
osteogenic differentiation. The cells were seeded in
12-well plates at a density of 2 x 10° cells/well. When
the cell growth reached about 70% confluence, the
growth medium was changed into osteogenic

differentiation induction medium, a-MEM medium
containing 20% FBS (Corning, USA), 10nM
dexamethasone (Sigma-Aldrich, USA), 100 pg/ml
ascorbic acid (MP Biomedicals, USA) and 2mm
B-glycerophosphoric acid (Sigma-Aldrich, USA),
which was replaced every 3 days. After 14 days of
treatment, alizarin red S (Sigma-Aldrich, USA)
staining was performed to determine the
mineralization [91]. Photographs were taken using an
inverted optical microscope (Olympus, Japan) and a
camera (Canon, Japan). The percentage of mineralized
area was determined using the Image] software.

Adipogenic differentiation and oil red O
(ORO) staining

BMMSCs at the second generation were induced
to adipogenic differentiation. The cells were seeded in
12-well plates at a density of 2 x105 cells/well. When
the cell growth reached about 90% confluence, the
growth medium was changed into adipogenic
differentiation induction medium, a-MEM containing
20% FBS (Corning, USA), 60mm indomethacin (MCE,
USA), 0.5mm isobutyl methylxanthine (MCE, USA)
and 0.5pM dexamethasone (Sigma-Aldrich, USA),
which was replaced every two days. After 14 days of
treatment, ORO (Aladdin, China) staining was used
to detect the formation of lipid droplets [92].
Photographs were taken using an inverted optical
microscope (Olympus, Japan). The percentage of lipid
droplet area was determined using the Image]
software.

RNA extraction and qRT-PCR assay

BMMSCs at the second passage were collected,
and total RNA was extracted by Trizol Reagent
(Takara, Japan). RNA was reverse transcribed into
cDNA by the reverse transcription kit (Takara, Japan).
cDNA was amplified and signals were detected using
the SYBR Green qPCR kit (Takara, Japan) on a
BIO-RAD CFX96 real-time PCR system (Bio-Rad,
USA) with sequence-specific primers shown below (5’
to 3’). Acsbgl, Forward: ATGCCACGCGGTTCT
GAAG; Reverse: GAGCTGGTTTGCGAGTTGTCT.
Nrap, Forward: GTGATGAACCCAGAGGAAAGG;
Reverse: GGGGTGTCTCACAGTAGTTGATA; Rore,
Forward: GACCCACACCTCACAAATTGA; Reverse:
AGTAGGCCACATTACACTGCT. Scartl, Forward:
CCTTGGCTGCTTTAGGAGAGG; Reverse: TAGG
GCATAGAGACGGCTGT. Shtnl, Forward: CAGA
CCCAAGGCAAAGCCAG; Reverse: GTTCTCAGG
GCCAAGGGATTT. p-actin, Forward: GGCTGTATT
CCCCTCCATCG;  Reverse:  CCAGTTGGTAAC
AATGCCATGT. f-actin was used as a reference gene,
and calculation was performed with the 2-4aCT
method. Three independent qRT-PCR amplifications

https://www.medsci.org



Int. J. Med. Sci. 2025, Vol. 22

1788

were performed for each sample. Expression values
were quantified by the fold change over the Ctrl
groups.

Statistical analysis

Statistical analysis was performed to determine
the significance of the data after assessing the normal
distribution of data. The mean and standard deviation
(SD) were calculated and presented. Statistical
analysis is performed by two-tailed unpaired
Student’s t test for two-group comparison, with P <
0.05 indicating significance. Statistical analyses were
conducted using the GraphPad Prism software
(GraphPad Software, USA).

Note: all antibodies, chemicals, cytokines,
plasmids, and software used in this study were listed
in Table S1.

Abbreviations

Acsbgl: Acyl-CoA synthetase bubblegum family
member 1; AUC: area under the curve;, BMD: bone
mineral density; BMMSC:s: bone marrow
mesenchymal stem cells; BV/TV: bone volume over
tissue volume; Ct.Ar: area of cortical bone; Ct.Th:
thickness of cortical bone; CTX1: C-terminal
cross-linked telopeptide 1; DEGs: differentially
expressed genes; EDU: 5-ethynyl-2'-deoxyuridine;
ELISA: enzyme-linked immunosorbent assay; FBS:
fetal bovine serum; GEO: Gene Expression Omnibus;
GO: Gene Ontology; GTT: glucose tolerance test;
HbAlc: glycated hemoglobin; HFD: high-fat diet; IF:
immunofluorescent; IFN-y: interferon-gamma; ITT:
insulin tolerance test; KEGG: Kyoto Encyclopedia of
Genes and Genomes; Micro-CT: micro-computed
tomography; NCD: normal chow diet; Nrap:
Nebulin-related anchoring protein; ORO: oil red O;
PINP: procollagen type 1 N-terminal propeptide;
PFA: paraformaldehyde; qRT-PCR: quantitative
real-time polymerase chain reaction; ROIL: region of
interest; Rorc: RAR-related orphan receptor gamma;
RUNX2: Runt-related transcription factor 2; Scartl:
Scavenger receptor family member expressed on T
cells 1, scRNA-seq: single-cell RNA-sequencing; SD:
standard deviation; Shtnl: Shootin 1; T2D: type 2
diabetes; Tb.N: trabecular number; Tb.Sp: trabecular
spacing; TNF-a: tumor necrosis factor-a; TRAP:
Tartrate resistant acid phosphatase; UMAP: uniform
manifold approximation and projection.

Supplementary Material

Supplementary figure and table.
https:/ /www.medsci.org/v22p1773s1.pdf

Acknowledgments

This work is supported by grants from the
National Natural Science Foundation of China
(82100969, 82301028, 82474351, 82371020), the China
Postdoctoral Science Foundation (BX20230485), the
Young Science and Technology Rising Star Project of
Shaanxi Province (2024ZC-KJXX-122), the '"Rapid
Response" Research projects (2023KXKT090), the
Shaanxi Provincial Health Research and Innovation
Platform Construction Plan (2024PT-04), and Qin
Chuang Yuan Traditional Chinese Medicine Industry
Innovation Agglomeration Zone Project of Xianyang
(L2024-QCY-ZYY]JJQ-X25). We are grateful for Mr.
Qiang Zhao for providing assistance in the formal
analysis in our article. We are grateful for the
assistance of the National Experimental Teaching
Demonstration Center for Basic Medicine (AMFU).
We thank Mr. Zhen Gong at Analysis & Testing
Laboratory for Life Sciences and Medicine of Fourth
Military Medical University for his assistance.

Ethics statement

This study was approved by the Institutional
Review Board of The Fourth Military Medical
University (No. kq-2023-045).

Author contributions

Conceptualization, Xin Xie, Yan Jin, Sha Zhang
and Chen-Xi Zheng; Data curation, Yuan Yuan, Kai
Zhang and Jie-Xi Liu; Formal analysis, Shu-Juan Xing,
Ying-Feng Gao, Lu Liu, Bing-Dong Sui, Ning-Ning Da
and Pei-Sheng Liu; Funding acquisition, Ji Chen, Yan
Jin and Chen-Xi Zheng; Investigation, Shu-Juan Xing,
Ying-Feng Gao, Lu Liu, Jin-Yu Liu and Hao Wang;
Methodology, Shu-Juan Xing, Ying-Feng Gao and Lu
Liu; Project administration, Xin Xie, Yan Jin, Sha
Zhang and Chen-Xi Zheng; Resources, Ji Chen, Yan
Jin and Chen-Xi Zheng; Software, Shu-Juan Xing,
Ying-Feng Gao, Lu Liu and Yuan Qin; Supervision,
Xin Xie, Yan Jin, Sha Zhang and Chen-Xi Zheng;
Validation, Si-Qi Ying; Visualization, Yi-Han Liu;
Writing - original draft, Shu-Juan Xing; Writing -
review & editing, Sha Zhang and Chen-Xi Zheng.

Materials and data availability

All unique/stable reagents generated in this
study are available from the corresponding authors
with a completed materials transfer agreement. All
data reported in this paper will be shared by the
corresponding authors upon reasonable request. The
transcriptome sequencing data has been deposited in
NCBI SRA database under accession number
PRJNA1077469. The SRA records will be accessible
with the following link after the indicated release date

https://www.medsci.org



Int. J. Med. Sci. 2025, Vol. 22

1789

(https:/ /www.ncbi.nlm.nih.gov/sra/PRJNA1077469)

The single cell data used for re-analysis were
obtained from GSE122467 in NCBI
(https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE122467).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2
diabetes mellitus and its complications. Nat Rev Endocrinol. 2018; 14: 88-98.

2. Krentz AJ. Lipoprotein abnormalities and their consequences for patients with
type 2 diabetes. Diabetes Obes Metab. 2003; 5 Suppl 1: S19-27.

3.  Raz I, Riddle MC, Rosenstock ], Buse JB, Inzucchi SE, Home PD, et al.
Personalized management of hyperglycemia in type 2 diabetes: reflections
from a Diabetes Care Editors' Expert Forum. Diabetes Care. 2013; 36: 1779-88.

4. Ali MK, Pearson-Stuttard J, Selvin E, Gregg EW. Interpreting global trends in
type 2 diabetes complications and mortality. Diabetologia. 2022; 65: 3-13.

5. Chatterjee S, Khunti K, Davies M]. Type 2 diabetes. Lancet. 2017; 389: 2239-51.

6.  Roden M, Shulman GI The integrative biology of type 2 diabetes. Nature.
2019; 576: 51-60.

7.  Zhang ], Lin C, Jin S, Wang H, Wang Y, Du X, et al. The pharmacology and
therapeutic role of cannabidiol in diabetes. Exploration (Beijing). 2023; 3:
20230047.

8. Sheu A, Greenfield JR, White CP, Center JR. Assessment and treatment of
osteoporosis and fractures in type 2 diabetes. Trends Endocrinol Metab. 2022;
33:333-44.

9. Janghorbani M, Van Dam RM, Willett WC, Hu FB. Systematic review of type 1
and type 2 diabetes mellitus and risk of fracture. Am J Epidemiol. 2007; 166:
495-505.

10. Bonds DE, Larson JC, Schwartz AV, Strotmeyer ES, Robbins J, Rodriguez BL,
et al. Risk of fracture in women with type 2 diabetes: the Women's Health
Initiative Observational Study. J Clin Endocrinol Metab. 2006; 91: 3404-10.

11. MaL, Oei L, Jiang L, Estrada K, Chen H, Wang Z, et al. Association between
bone mineral density and type 2 diabetes mellitus: a meta-analysis of
observational studies. Eur ] Epidemiol. 2012; 27: 319-32.

12. Sellmeyer DE, Civitelli R, Hofbauer LC, Khosla S, Lecka-Czernik B, Schwartz
AV. Skeletal Metabolism, Fracture Risk, and Fracture Outcomes in Type 1 and
Type 2 Diabetes. Diabetes. 2016; 65: 1757-66.

13. Tramontana F, Napoli N, Litwack-Harrison S, Bauer DC, Orwoll ES, Cauley
JA, et al. More rapid bone mineral density loss in older men with diabetes: The
Osteoporotic Fractures in Men (MrOS) Study. J Clin Endocrinol Metab. 2024;
109: e2283-e2290.

14. ZhaL, He L, Liang Y, Qin H, Yu B, Chang L, et al. TNF-alpha contributes to
postmenopausal osteoporosis by synergistically promoting RANKL-induced
osteoclast formation. Biomed Pharmacother. 2018; 102: 369-74.

15. YangY, Lin Y, Wang M, Yuan K, Wang Q, Mu P, et al. Targeting ferroptosis
suppresses osteocyte glucolipotoxicity and alleviates diabetic osteoporosis.
Bone Res. 2022; 10: 26.

16. Song F, Lee WD, Marmo T, Ji X, Song C, Liao X, et al. Osteoblast-intrinsic
defect in glucose metabolism impairs bone formation in type II diabetic male
mice. Elife. 2023; 12: e85714.

17. Qiao Q, Xu X, Song Y, Song S, Zhu W, Li F. Semaphorin 3A promotes
osteogenic differentiation of BMSC from type 2 diabetes mellitus rats. ] Mol
Histol. 2018; 49: 369-76.

18. Huang L, You YK, Zhu TY, Zheng LZ, Huang XR, Chen HY, et al. Validity of
leptin receptor-deficiency (db/db) type 2 diabetes mellitus mice as a model of
secondary osteoporosis. Sci Rep. 2016; 6: 27745.

19. Wu K, Wang P, Deng L, Li Y, Zhang Q, Hou H, et al. Analysis of bone
metabolic alterations linked with osteoporosis progression in type 2 diabetic
db/db mice. Exp Gerontol. 2024; 185: 112347.

20. Nguyen-Phuong T, Seo S, Cho BK, Lee JH, Jang J, Park CG. Determination of
progressive stages of type 2 diabetes in a 45% high-fat diet-fed C57BL/6]
mouse model is achieved by utilizing both fasting blood glucose levels and a
2-hour oral glucose tolerance test. PLoS One. 2023; 18: €0293888.

21. Shen CL, Kaur G, Wanders D, Sharma S, Tomison MD, Ramalingam L, et al.
Annatto-extracted tocotrienols improve glucose homeostasis and bone
properties in high-fat diet-induced type 2 diabetic mice by decreasing the
inflammatory response. Sci Rep. 2018; 8: 11377.

22. Shi T, LuK, Shen S, Tang Q, Zhang K, Zhu X, et al. Fenofibrate decreases the
bone quality by down regulating Runx2 in high-fat-diet induced Type 2
diabetes mellitus mouse model. Lipids Health Dis. 2017; 16: 201.

23.  Cooper ST, Sell SS, Fahrenkrog M, Wilkinson K, Howard DR, Bergen H, et al.
Effects of hibernation on bone marrow transcriptome in thirteen-lined ground
squirrels. Physiol Genomics. 2016; 48: 513-25.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Oetjen KA, Lindblad KE, Goswami M, Gui G, Dagur PK, Lai C, et al. Human
bone marrow assessment by single-cell RNA sequencing, mass cytometry, and
flow cytometry. JCI Insight. 2018; 3: €124928.

Ding P, Gao C, Gao Y, Liu D, Li H, Xu ], et al. Osteocytes regulate senescence
of bone and bone marrow. Elife. 2022; 11: e81480.

Tikhonova AN, Dolgalev I, Hu H, Sivaraj KK, Hoxha E, Cuesta-Dominguez A,
et al. The bone marrow microenvironment at single-cell resolution. Nature.
2019; 569: 222-8.

Baccin C, Al-Sabah ], Velten L, Helbling PM, Grunschlager F,
Hernandez-Malmierca P, et al. Combined single-cell and spatial
transcriptomics reveal the molecular, cellular and spatial bone marrow niche
organization. Nat Cell Biol. 2020; 22: 38-48.

Zhang Y, Ma ], Bao X, Hu M, Wei X. The role of retinoic acid receptor-related
orphan receptors in skeletal diseases. Front Endocrinol (Lausanne). 2023; 14:
1302736.

Weivodamm, Bradley EW. Macrophages and Bone Remodeling. ] Bone Miner
Res. 2023; 38: 359-69.

Zheng CX, Sui BD, Qiu XY, Hu CH, Jin Y. Mitochondrial Regulation of Stem
Cells in Bone Homeostasis. Trends Mol Med. 2020; 26: 89-104.

Sui B, Hu C, Liao L, Chen Y, Zhang X, Fu X, et al. Mesenchymal progenitors in
osteopenias of diverse pathologies: differential characteristics in the common
shift from osteoblastogenesis to adipogenesis. Sci Rep. 2016; 6: 30186.

Sui BD, Hu CH, Liu AQ, Zheng CX, Xuan K, Jin Y. Stem cell-based bone
regeneration in diseased microenvironments: Challenges and solutions.
Biomaterials. 2019; 196: 18-30.

Silva JC, Sampaio P, Fernandes MH, Gomes PS. The Osteogenic Priming of
Mesenchymal Stem Cells is Impaired in Experimental Diabetes. ] Cell
Biochem. 2015; 116: 1658-67.

Di Bernardo G, Messina G, Capasso S, Del Gaudio S, Cipollaro M, Peluso G, et
al. Sera of overweight people promote in vitro adipocyte differentiation of
bone marrow stromal cells. Stem Cell Res Ther. 2014; 5: 4.

Calle MC, Fernandez ML. Inflammation and type 2 diabetes. Diabetes Metab.
2012; 38: 183-91.

Osta B, Benedetti G, Miossec P. Classical and Paradoxical Effects of TNF-alpha
on Bone Homeostasis. Front Immunol. 2014; 5: 48.

Sainson RC, Johnston DA, Chu HC, Holderfield MT, Nakatsu MN, Crampton
SP, et al. TNF primes endothelial cells for angiogenic sprouting by inducing a
tip cell phenotype. Blood. 2008; 111: 4997-5007.

Portal-Nunez S, Lozano D, Esbrit P. Role of angiogenesis on bone formation.
Histol Histopathol. 2012; 27: 559-66.

Ning K, Yang B, Chen M, Man G, Liu S, Wang DE, et al. Functional
Heterogeneity of Bone Marrow Mesenchymal Stem Cell Subpopulations in
Physiology and Pathology. Int ] Mol Sci. 2022; 23: 11928.

Sui BD, ChenJ, Zhang XY, He T, Zhao P, Zheng CX, et al. Gender-independent
efficacy of mesenchymal stem cell therapy in sex hormone-deficient bone loss
via immunosuppression and resident stem cell recovery. Exp Mol Med. 2018;
50: 1-14.

Zhu Q, Hao H, Xu H, Fichman Y, Cui Y, Yang C, et al. Combination of
Antioxidant Enzyme Overexpression and N-Acetylcysteine Treatment
Enhances the Survival of Bone Marrow Mesenchymal Stromal Cells in
Ischemic Limb in Mice With Type 2 Diabetes. ] Am Heart Assoc. 2021; 10:
€023491.

Giangregorio LM, Leslie WD, Lix LM, Johansson H, Oden A, McCloskey E, et
al. FRAX underestimates fracture risk in patients with diabetes. ] Bone Miner
Res. 2012; 27: 301-8.

Compston J. Type 2 diabetes mellitus and bone. ] Intern Med. 2018; 283:
140-53.

Ayturk U. RNA-seq in Skeletal Biology. Curr Osteoporos Rep. 2019; 17: 178-85.
Komatsu N, Takayanagi H. Mechanisms of joint destruction in rheumatoid
arthritis - immune cell-fibroblast-bone interactions. Nat Rev Rheumatol. 2022;
18: 415-29.

van Galen P, Hovestadt V, Wadsworth Ii MH, Hughes TK, Griffin GK,
Battaglia S, et al. Single-Cell RNA-Seq Reveals AML Hierarchies Relevant to
Disease Progression and Immunity. Cell. 2019; 176: 1265-81 e24.

Omata Y, Frech M, Saito T, Schett G, Zaiss M M, Tanaka S. Inflammatory
Arthritis and Bone Metabolism Regulated by Type 2 Innate and Adaptive
Immunity. Int ] Mol Sci. 2022; 23: 1104.

Walsh MC, Takegahara N, Kim H, Choi Y. Updating osteoimmunology:
regulation of bone cells by innate and adaptive immunity. Nat Rev
Rheumatol. 2018; 14: 146-56.

Rohm TV, Meier DT, Olefsky JM, Donath MY. Inflammation in obesity,
diabetes, and related disorders. Immunity. 2022; 55: 31-55.

Winer DA, Winer S, Shen L, Wadia PP, Yantha ], Paltser G, et al. B cells
promote insulin resistance through modulation of T cells and production of
pathogenic IgG antibodies. Nat Med. 2011; 17: 610-7.

Chan ME, Adler BJ, Green DE, Rubin CT. Bone structure and B-cell
populations, crippled by obesity, are partially rescued by brief daily exposure
to low-magnitude mechanical signals. FASEB J. 2012; 26: 4855-63.

Breuil V, Trojani MC, Ez-Zoubir A. Oxytocin and Bone: Review and
Perspectives. Int ] Mol Sci. 2021; 22: 8551.

Feixiang L, Yanchen F, Xiang L, Yunke Z, Jinxin M, Jianru W, et al. The
mechanism of oxytocin and its receptors in regulating cells in bone
metabolism. Front Pharmacol. 2023; 14: 1171732.

https://www.medsci.org



Int. J. Med. Sci. 2025, Vol. 22

1790

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Sun Q, Zhen G, Li TP, Guo Q, Li Y, Su W, et al. Parathyroid hormone
attenuates osteoarthritis pain by remodeling subchondral bone in mice. Elife.
2021; 10: e66532.

Rendina-Ruedy E, Rosen CJ. Parathyroid hormone (PTH) regulation of
metabolic homeostasis: An old dog teaches us new tricks. Mol Metab. 2022; 60:
101480.

Baron R, Kneissel M. WNT signaling in bone homeostasis and disease: from
human mutations to treatments. Nat Med. 2013; 19: 179-92.

Mills EG, Yang L, Nielsen MF, Kassem M, Dhillo WS, Comninos AN. The
Relationship Between Bone and Reproductive Hormones Beyond Estrogens
and Androgens. Endocr Rev. 2021; 42: 691-719.

Ferlin A, De Toni L, Sandri M, Foresta C. Relaxin and insulin-like peptide 3 in
the musculoskeletal system: from bench to bedside. Br ] Pharmacol. 2017; 174:
1015-24.

Jin F, Liu M, Zhang D, Wang X. Translational perspective on bone-derived
cytokines in inter-organ communications. Innovation (Camb). 2023; 4: 100365.
Lin Z, Chen Z, Chen Y, Yang N, Shi ], Tang Z, et al. Hydrogenated silicene
nanosheet functionalized scaffold enables immuno-bone remodeling.
Exploration (Beijing). 2023; 3: 20220149.

Sobacchi C, Schulz A, Coxon FP, Villa A, Helfrich MH. Osteopetrosis: genetics,
treatment and new insights into osteoclast function. Nat Rev Endocrinol. 2013;
9: 522-36.

Guo Y, Xie C, Li X, Yang J, Yu T, Zhang R, et al. Succinate and its
G-protein-coupled receptor stimulates osteoclastogenesis. Nat Commun. 2017;
8:15621.

Park SM, Lee JH. Effects of Type 2 Diabetes Mellitus on Osteoclast
Differentiation, Activity, and Cortical Bone Formation in POSTmenopausal
MRON] Patients. ] Clin Med. 2022; 11: 2377.

Yu B, Liu J, Cheng J, Zhang L, Song C, Tian X, et al. A Static Magnetic Field
Improves Iron Metabolism and Prevents High-Fat-Diet/Streptozocin-Induced
Diabetes. Innovation (Camb). 2021; 2: 100077.

Soleimani M, Nadri S. A protocol for isolation and culture of mesenchymal
stem cells from mouse bone marrow. Nat Protoc. 2009; 4: 102-6.

Cao Y, Bolam SM, Boss AL, Murray HC, Munro JT, Poulsen RC, et al.
Characterization of adult human skeletal cells in different tissues reveals a
CD90(+)CD34(+) periosteal stem/progenitor population. Bone. 2024; 178:
116926.

Lu W, Gao B, Fan ], Cheng P, Hu Y, Jie Q, et al. Mesenchymal Progenitors
Derived from Different Locations in Long Bones Display Diverse
Characteristics. Stem Cells Int. 2019; 2019: 5037578.

Shin L, Peterson DA. Impaired therapeutic capacity of autologous stem cells in
a model of type 2 diabetes. Stem Cells Transl Med. 2012; 1: 125-35.

Zhang P, Zhang H, Lin J, Xiao T, Xu R, Fu Y, et al. Insulin impedes
osteogenesis of BMSCs by inhibiting autophagy and promoting premature
senescence via the TGF-betal pathway. Aging (Albany NY). 2020; 12:
2084-100.

Ribot J, Caliaperoumal G, Paquet ], Boisson-Vidal C, Petite H, Anagnostou F.
Type 2 diabetes alters mesenchymal stem cell secretome composition and
angiogenic properties. ] Cell Mol Med. 2017; 21: 349-63.

Rezabakhsh A, Cheraghi O, Nourazarian A, Hassanpour M, Kazemi M,
Ghaderi S, et al. Type 2 Diabetes Inhibited Human Mesenchymal Stem Cells
Angiogenic Response by Over-Activity of the Autophagic Pathway. J Cell
Biochem. 2017; 118: 1518-30.

van de Vyver M. Intrinsic Mesenchymal Stem Cell Dysfunction in Diabetes
Mellitus: Implications for Autologous Cell Therapy. Stem Cells Dev. 2017; 26:
1042-53.

Kanno T, Nakajima T, Kawashima Y, Yokoyama S, Asou HK, Sasamoto S, et
al. Acsbgl-dependent mitochondrial fitness is a metabolic checkpoint for
tissue T(reg) cell homeostasis. Cell Rep. 2021; 37: 109921.

Zhang Z, Xu K, Ji L, Zhang H, Yin ], Zhou M, et al. A novel loss-of-function
mutation in NRAP is associated with left ventricular non-compaction
cardiomyopathy. Front Cardiovasc Med. 2023; 10: 1097957.

Holm D, Fink DR, Steffensen MA, Schlosser A, Nielsen O, Moeller JB, et al.
Characterization of a novel human scavenger receptor cysteine-rich molecule
SCART1 expressed by lymphocytes. Immunobiology. 2013; 218: 408-17.

Cao D, Qi Z, Pang Y, Li H, Xie H, Wu ], et al. Retinoic Acid-Related Orphan
Receptor C Regulates Proliferation, Glycolysis, and Chemoresistance via the
PD-L1/1TGB6/STATS3 Signaling Axis in Bladder Cancer. Cancer Res. 2019; 79:
2604-18.

Higashiguchi Y, Katsuta K, Minegishi T, Yonemura S, Urasaki A, Inagaki N.
Identification of a shootinl isoform expressed in peripheral tissues. Cell Tissue
Res. 2016; 366: 75-87.

Ji Y, Luo Z, Gao H, Dos Reis FCG, Bandyopadhyay G, Jin Z, et al
Hepatocyte-derived exosomes from early onset obese mice promote insulin
sensitivity through miR-3075. Nat Metab. 2021; 3: 1163-74.

Ying W, Riopel M, Bandyopadhyay G, Dong Y, Birmingham A, Seo JB, et al.
Adipose Tissue Macrophage-Derived Exosomal miRNAs Can Modulate In
vivo and In vitro Insulin Sensitivity. Cell. 2017; 171: 372-84 e12.

Zheng C, Sui B, Zhang X, Hu J, Chen J, Liu J, et al. Apoptotic vesicles restore
liver macrophage homeostasis to counteract type 2 diabetes. ] Extracell
Vesicles. 2021; 10: €12109.

Sui BD, Hu CH, Zheng CX, Shuai Y, He XN, Gao PP, et al. Recipient Glycemic
Micro-environments Govern Therapeutic Effects of Mesenchymal Stem Cell
Infusion on Osteopenia. Theranostics. 2017; 7: 1225-44.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen K], Muller R.
Guidelines for assessment of bone microstructure in rodents using
micro-computed tomography. ] Bone Miner Res. 2010; 25: 1468-86.

Zhang S, Gao YF, Zhang K, Deng GR, He GX, Gao PP, et al. Integrating
network pharmacology and experimental validation reveals therapeutic
effects of D-mannose on NAFLD through mTOR suppression. Biochem
Biophys Res Commun. 2024; 715: 149999.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015; 12: 357-60.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014; 15: 550.

Sun H, Wang B, Wang J, Liu H, Liu J. Biomarker and pathway analyses of
urine metabolomics in dairy cows when corn stover replaces alfalfa hay. J
Anim Sci Biotechnol. 2016; 7: 49.

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, 3rd, et
al. Comprehensive Integration of Single-Cell Data. Cell. 2019; 177: 1888-902
e2l.

Liu AQ, Zhang LS, Chen J, Sui BD, Liu J, Zhai QM, et al. Mechanosensing by
Glil(+) cells contributes to the orthodontic force-induced bone remodelling.
Cell Prolif. 2020; 53: €12810.

Xu HK, Liu JX, Zheng CX, Liu L, Ma C, Tian JY, et al. Region-specific
sympatho-adrenergic regulation of specialized vasculature in bone
homeostasis and regeneration. iScience. 2023; 26: 107455.

ChenJ, Li M, Liu AQ, Zheng CX, Bao LH, Chen K, et al. Gli1(+) Cells Couple
with Type H Vessels and Are Required for Type H Vessel Formation. Stem
Cell Reports. 2020; 15: 110-24.

Wang L, Zhao Y, Liu Y, Akiyama K, Chen C, Qu C, et al. IFN-gamma and
TNF-alpha synergistically induce mesenchymal stem cell impairment and
tumorigenesis via NFkappaB signaling. Stem Cells. 2013; 31: 1383-95.

Li CJ, Cheng P, Liang MK, Chen YS, Lu Q, Wang JY, et al. MicroRNA-188
regulates age-related switch between osteoblast and adipocyte differentiation.
J Clin Invest. 2015; 125: 1509-22.

https://www.medsci.org



