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A B S T R A C T

Background: Osteopenia and fragile fractures are diabetes-associated complications. Many hypoglycemic drugs
have effects on bone metabolism. Metformin, as is a prescribed medication for type 2 diabetes mellitus (T2DM),
had been reported to have osteoprotective effects beyond its hypoglycemic effect, however the potential mech-
anism behind these effects remains unclear. In this study, we aimed to investigate the comprehensive effects of
metformin on bone metabolism in T2DM rat model and elucidate the potential mechanism.
Methods: Goto-Kakizaki spontaneous T2DM rats with significant hyperglycemia were treated with/without met-
formin for 20 weeks. Glucose tolerance was tested and all rats were weighed every two weeks. The osteopro-
tective effects of metformin in diabetic rats were determined by quantifying serum bone biomarkers, μ-CT
imaging, histological staining, bone histomorphometry, and biomechanical properties analyses. Potential targets
of metformin in the treatment of T2DM and osteoporosis were predicted using network pharmacology. The effects
of metformin on mesenchymal stem cells (C3H10) cultured in high glucose medium were evaluated by CCK-8
assay, alkaline phosphatase (ALP) staining, qPCR and western blotting.
Results: This study demonstrated that metformin significantly attenuated osteopenia, decreased serum glucose and
glycated serum protein (GSP) levels, improved bone microarchitecture, and biomechanical properties in GK rats
with T2DM. Metformin significantly increased biomarkers of bone formation, and significantly decreased muscle
ubiquitin C (Ubc) expression. Network pharmacology analysis found that signal transducer and activator of
transcription1 (STAT1) would be a potential target of metformin for regulating bone metabolism. Metformin
increased C3H10 cell viability in vitro, alleviated ALP inhibition caused by hyperglycemia, increased the osteo-
genic gene expression of runt-related transcription factor 2 (RUNX2), collagen type I alpha 1 (Col1a1), osteocalcin
(OCN), and ALP, while suppressing RAGE and STAT1 expression. Metformin also increased the protein expression
of Osterix and decreased that of RAGE, p-JAK2, and p-STAT1.
Conclusions: Our results demonstrate that metformin attenuated osteopenia and improved bone microarchitecture
in GK rats with T2DM and significantly promoted stem cell osteogenic differentiation under high glucose con-
dition. The effects of metformin on bone metabolism are closely associated with the suppression of RAGE-JAK2-
STAT1 signaling axis.
The translational potential of this article: Our research provides experiment evidence and potential mechanistic
rationale for the use of metformin as an effective candidate for diabetes-induced osteopenia treatment.
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1. Introduction

The global prevalence of diabetes is increasing annually. The Inter-
national Diabetes Federation (IDF) estimated that 536.6 million people
lived with diagnosed or undiagnosed diabetes in 2021, and this will in-
crease by 46%, to 783.2million by 2045 [1]. T2DM accounts for>95% of
all persons with diabetes [2]. Specifically, T2DM is a metabolic disease
characterized by an absolute or relative deficiency of secreted insulin
(INS) and decreased INS sensitivity in target organs. This is eventually
followed by metabolic disorders involving fat, protein, water, and elec-
trolytes [3]. Such metabolic disorders cause many complications, with
osteoporosis and fracture being particularly significant [4–6]. Diabetes
can increase the risk of fracture, and its complex pathophysiological
mechanism includes hyperglycemia [7], oxidative stress [8,9] and the
accumulation of advanced glycation end products (AGEs) [10,11]. These
factors can deteriorate collagen properties, cause changes in bone
marrow induced by obesity, release inflammatory factors and adipokines
from visceral fat, and alter bone cell functions. Thus, these factors in-
crease the risk of fracture in patients with diabetes. Risk of hip fracture is
higher in older adults with T2DM than in healthy individuals [12,13].
Importantly, older adults have a higher risk of all-cause mortality during
the first 3 months after hip fracture and this sustained elevated even at 5
years after fracture [14]. Evidence of restricted activities of daily living
shows that ~29% of elderly persons with hip fractures do not recover to
the pre-fracture level by 1-year post-fracture [15].

INS resistance promotes glucose exposure in T2DM, which in turn
leads to accumulated AGEs [16]. Such accumulation in bone collagen
fibers with covalent crosslinks mechanically affects the bone tissue ma-
trix and disturbs bone remodeling, which induces bone quality degra-
dation [17]. Patients with T2DM have increased risk of fracture due to
impaired INS signaling and collagen type I glycosylation [18]. The
osteogenic differentiation potential of stem cells is inhibited under high
glucose concentrations [19,20]. Therefore, T2DM induces bone quality
deterioration and fragility.

Metformin is the most widely prescribed medication for T2DM and
the American Diabetes Association (ADA) and the European Association
for the Study of Diabetes (EASD) considers it as essential medicine for
T2DM patients [21]. Previous studies demonstrated that metformin can
stimulate osteogenic differentiation [22,23] and inhibit the adipogenic
differentiation [23] of human umbilical cord mesenchymal stem cells
(hUC-MSCs). Metformin can improve the inflammatory response induced
by AGEs in mouse macrophages by inhibiting the expression of the re-
ceptor for advanced glycation end products (RAGE) [24]. Furthermore,
oral metformin can improve diabetic bone deterioration caused by
increased RAGE expression, through alleviating the degradation of bone
microstructure and stimulating the osteogenic potential of bone marrow
progenitor cells (BMPCs) [25]. Therefore, previous studies suggested
metformin have the effects of promoting osteogenesis and restoring bone
homeostasis in addition to its hypoglycemic effects.

Here, we aimed to investigate the specific protective effects of met-
formin on bone in diabetic rats and also focus on the investigation of
elucidating the potential mechanism behind these effects. To achieve this
objective, Goto-Kakizaki (GK) rats, as an animal model of spontaneous
type 2 diabetes were used for this study. GK rats were originally estab-
lished by selectively inbreeding a hyperglycemic trait. INS resistance and
INS secretion deficiency are the characteristics of GK rats [26].

2. Materials and methods

2.1. Animal and C3H10 cell

Eighteen 10-week-old, specific-pathogen-free male GK rats, weighing
289.34� 19.76 g and 16 healthy age-matched male Wistar rats weighing
258.00 � 9.95 g (permit nos: SCXK [Shanghai] 2012–0002 for both)
(Shanghai Slack Laboratory Animal Co., Ltd., Shanghai, China) were fed
with standard diet and free access to water with a 12 h light–dark cycle at
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25 �C� 1 �C. The C3H10 T1/2 cell line was established in 1973 from 14-
to 17-day-old C3H mouse embryos [27]. These cells exhibiting fibroblast
morphology in cell culture and are functionally similar to mesenchymal
stem cells [28]. The C3H10 cell lines were obtained from the cell bank of
Chinese Academy of Sciences, Shanghai.

2.2. Experimental protocols

The rats were weighed every 2 weeks and underwent oral glucose
tolerance tests (OGTT) after a 12 h fasting. Diabetes was diagnosed
(Shanghai Shrek Experimental Animal Co., Ltd., Shanghai, China) as
fasting blood glucose (0 min) � 7.0 mmol/L twice, or 120 min blood
glucose >11.1 mmol/L.

All GK rats were diagnosed with diabetes at the age of 13 weeks, and
detailed blood glucose data were shown in Supplementary Table S2 and
Figure S1. At the age of 21 weeks, the GK rats were assigned to groups
without (GK; n ¼ 10) or with 200 mg/kg/day metformin administered
via oral gavage (Sino-US Shanghai Bristol-Myers Squibb Pharmaceutical
Co., Ltd., Shanghai, China) for 20 weeks (GKþMet; n¼ 8) and 16Wistar
rats were served as healthy controls. The rats were sacrificed at the age of
41 weeks.

All rats were subcutaneously injected with 10 mg/kg calcein (a bone
formation surface labeling reagent, purchased from Sigma–Aldrich Corp.,
St. Louis, MO, USA) on days 3, 4, 13, and 14 before sacrificed. Twenty
weeks after the first treatment, the rats were sacrified by cardiac punc-
ture under anesthesia at the end of the experiments.

2.3. Serum biomarkers

Rat serum was collected and stored at �80 �C. Serum ALP, OCN,
carboxy-terminal cross-linking telopeptide of type 1 collagen (CTX-1) ,
calcium (Ca), superoxide dismutase (SOD), tartrate-resistant acid phos-
phatase (TRAP), phosphate (P), malondialdehyde (MDA), GSP, choles-
terol (CHO), low-density lipoprotein (LDL), and INS were detected using
the commercial kits (Nanjing Jian Cheng Bioengineering Institute,
Jiangsu, China) as described by the manufacturer.

2.4. Micro-computed tomography (μCT) assessment

The left proximal tibias of rats were harvested at the endpoint and the
samples were scanned using a Viva CT 40 μ-CT system (Scanco Medical,
Zurich, Switzerland) with the scanning settings as follows: 70 kVp; 114
μA; 8 W; integration time, 200 ms; and gaussian filter with sigma 0.8,
support 1. A region of interest (ROI) in the proximal tibial metaphysis
(PTM) for μCT analysis was set in the region of 1–3 mm distal to the
growth plate–epiphyseal junction. Cortical bones were excluded. Three-
dimensional (3D) parameters of trabecula were calculated and the 3D
images were generated using Scanco system build-in software. Bone
mineral density (vBMD, mg/cm3), trabecular number (Tb.N, 1/mm),
bone volume (BV, mm3), tissue volume (TV, mm3), bone volume/tissue
volume (BV/TV, %), connectivity density (Conn.D, 1/mm3), trabecular
separation (Tb.Sp, mm), and trabecular thickness (Tb.Th, mm) were ac-
quired by build-in software calculation.

2.5. Bone histomorphometry

The samples of proximal metaphysis of the right tibia and the fourth
lumbar vertebra were collected and prepared for undecalcified sections.
Samples were prepared for frontal sections of 5 and 8 μm. The slices of 5
μm were stained with Goldner trichrome staining for static histo-
morphometry analysis, and the 8 μm unstained slices were used for dy-
namic histomorphometry analysis. As to the midtibial diaphyseal cortical
bone, cross sections of the tibial shaft (TX) were prepared and ground to a
thickness of 20 μm for histomorphometric analysis. The quantitative
analysis of bone histomorphometry was performed by using a semi-
automatic digitizing image analysis system (Osteometrics, Inc.,
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Decatur, GA, USA). The parameters of bone histomorphometry were
chosen and calculated according to the Nomination Committee of His-
tomorphometry of the American Society of Bone and Mineral Research
recommendation [29]. Ob.S (osteoblast surface, mm2), Oc.S (osteoclast
surface, mm2), BS (bone surface, mm2), MAR (mineral apposition rate,
μm/d), BFR (bone formation rate, μm/d), Ct.Ar (cortical bone area,
mm2), E-L.Pm (endocortical single-labeled surface ratio in bone surface,
%), P-MAR (periosteal mineral apposition rate, μm/d), P-BFR (periosteal
bone formation rate, μm/d) were calculated as previously described [30,
31].

2.6. Biomechanical properties

We assessed the mechanical properties (three-point bending tests) of
the right femurs using a Lloyd LR5K Plus material testing system (Ametek
GmbH., Meerbusch, Germany). Each femur was placed on two stents 20
mm apart and a downward load was applied to the specimen at the
midpoint of the two stents, causing the anterior and posterior surfaces of
the femur to be respectively under compression and tension. The struc-
tural strength of each specimen was determined as maximum fracture
load and yield load, as well as stiffness were calculated from
load–displacement diagrams.

2.7. Histology

The samples of pancreas and gastrocnemius muscle were embedded
in paraffin, sectioned, and stained with Hematoxylin-Eosin (HE) Stain Kit
(G1120, Solarbio, China) at the endpoint for histology analysis.

2.8. Quantitative reverse transcription-PCR (RT-PCR)

Total RNA of gastrocnemius muscles was obtained by TRIzol assay
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Total RNA of C3H10
cells was collected by using TRIzol assay (Takara Bio Inc.) The total RNA
was used to prepare complementary DNA by using reverse transcriptase
kits (RR036A, Takara Bio Inc., Kusatsu, Japan) according to the manu-
facturer's instructions. The relative gene expression of Ubc, ALP, OCN,
RAGE, STAT1, RUNX2 and Col1a1 were analyzed by using SYBR Green
real-time PCR kits (SYBR® Premix Ex Taq™ II, RR820A; Takara Bio Inc.)
and ABI 7500 Fast Real-Time PCR system (Applied Biosystems Life
Technologies, Foster City, CA, USA). Expression of the relative gene was
further normalized to that of GAPDH. Relative gene expression was
quantified using the comparative threshold cycle (2�ΔΔCt) calculation.
The PCR reaction conditions were set as: 95 �C for 30 s, followed by 40
cycles of 95 �C for 5 s, and 60 �C for 34 s. Supplementary Table S2 shows
the synthesized real-time PCR primers.

2.9. Cell viability

C3H10 cells were incubated without or with various concentrations
of metformin in 96-well plates for 24, 48, and 72 h. The culture medium
was replaced with fresh medium every two days, and cell viability was
quantified using Cell Counting Kit-8 assay (C0038, Beyotime, Shanghai,
China).

2.10. Osteogenic induction

Osteogenic differentiation of C3H10 cells was induced in Dulbecco's
modified Eagle medium (DMEM, C11995500BT, Gibco) containing 50
μM ascorbic acid (1043003, sigma), 10 mM β-glycerophosphate (G9422,
sigma), 100 nM dexamethasone (D4902, sigma) and 10% fetal bovine
serum (10099–141, Gibco). The experiment group setting comprised
healthy control cells (CON; incubated in complete medium) and cells
incubated in osteogenic induction medium (OIM), OIM containing 35
mg/mL glucose (OIM þ GH), or OIM containing 35 mg/mL glucose and
100 μM metformin (OIM þ GH þ MET).
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2.11. Alkaline phosphatase staining

C3H10 cells were incubated in 12-well plates. The culture medium
was replaced with fresh medium every two days for seven days of incu-
bation, then ALP was detected using Alkaline Phosphatase Assay Kit
(P0321S, Beyotime, Shanghai, China).

2.12. Network pharmacological prediction

We predicted targets of metformin using PharmMapper and Swiss
target prediction databases and duplicate target genes were deleted.
Disease-related targets were searched using the keywords, “Osteopo-
rosis” and “T2DM” in the GeneCards, OMIM, DrugBank, and DisGenet
databases, then duplicate target genes were deleted. We applied Venny
2.1.0 to intersect drug and disease targets. The intersectional targets were
imported into the STRING database to determine protein intersectional
relationships, and the protein–protein interaction (PPI) network was
obtained using Cytoscape software. We set the node size and color in-
tensity to reflect the degree value using the Generate style from the
statistics tool in Cytoscape software, then filtered the top ten intersec-
tional targets.

2.13. Western blotting

The cell samples were lyzed in radioimmunoprecipitation assay
(RIPA, P0013C, Beyotime, Shanghai, China) buffer on ice. The protein
samples were collected by centrifugation at 10,000�g at 4 �C for 10 min.
Proteins (30 mg/sample) were prepared for SDS-PAGE. Protein samples
were then transferred to polyvinylidene fluoride (PVDF, FFP77, Beyo-
time, Shanghai, China) membranes. The membranes were then incubated
with primary antibodies overnight at 4 �C. Osterix (ab209484), RAGE
(ab216329), JAK2 (ab108596), p-JAK2 (ab32101), STAT1 (ab92506), p-
STAT1 (ab109461) were used at a concentration of 1:1,000, and GAPDH
(A01020) was used as control at a concentration of 1:2000 (all antibodies
were obtained from Abcam, Cambridge, UK), and the protein membranes
were incubated with goat anti-rabbit IgG (A21020 Abbkine, Wuhan,
China, concentration 1:5000) for 1 h at 37 �C. The immunoreactive bands
were visualized using a FluorChem® Q Imaging System (ProteinSimple,
Santa Clara, CA, USA) and the protein expression was quantified by
Image J software and normalized to GAPDH (National Institutes of
Health, Bethesda, MD, USA).

2.14. Statistical analysis

All experimental data were statistically analyzed using GraphPad
Prism 8.0/SPSS 19.0 software (IBM Corp., Armonk, NY, USA) with one-
way ANOVA. Results are expressed as means � standard deviation (X �
s), and differences were considered statistically significant at P < 0.05.

3. Results

3.1. GK diabetic rats developed significant bone loss and bone quality
deterioration

The GK rats had significant decreased bodyweight and higher serum
glucose levels than the wild-type (WT) controls (Fig. 1A and B).
Biochemical results indicated significantly decreased OCN and signifi-
cantly increased TRAP, CTX-1, and ALP levels in GK rats compared with
heathy controls. Serum levels of MDA, CHO, INS, and GSP were signifi-
cant increased, whereas SOD, low-density lipoprotein-cholesterol (LDL-
C), and phosphorus (P) were significant decreased in GK rats compared to
healthy controls (Fig. 1C). The μ-CT results indicated a significantly
decreased trabecular BV/TV ratio accompanied by significant deterio-
ration in bone geometry and microstructure parameters (trabecular
separation, Conn-D, trabecular number, vBMD, and trabecular thickness)
in GK rats compared with controls (Fig. 2). The histomorphological



Fig. 1. Body weight, glucose tolerance and serum
biochemical markers in GK rats with T2DM treated
with metformin (A) Body weight of GK rats with
T2DM treated with metformin (B) Effects of metfor-
min on serum glucose determined by oral glucose
tolerance tests (OGTT) in GK rats with T2DM (C)
Serum biochemical markers in GK rats with T2DM
treated with metformin. Note: Vs. Control *P < 0.05,
**P < 0.01, ***P < 0.001; vs. GK #P < 0.05, ##P <

0.01, ###P < 0.001. Values are presented as mean �
SD.
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results revealed significantly deteriorated bone static parameters
(trabecular area ratio, thickness, trabecular, and separation) in GK rats
(Fig. 4). The bone formation rate, bone formation parameters of miner-
alization, and mineral apposition rate were also significantly decreased
in the GK rats (Fig. 3). Trabecular and cortical bone was deteriorated in
GK rats (Fig. 3). Similar histomorphometric results were found in the
lumbar spine and PTM among groups (Figs. 3E and 4). In terms of bone
mechanical properties, apparent material strength determined as
maximum, elastic, and fracture loads decreased by 18.5%, 15.6%, and
17.1%, respectively and structural strength determined as stiffness
significantly decreased by 12.3% in GK diabetic rats compared tp control
rats (Fig. 4E). The histological results also revealed significant patho-
logical changes in the gastrocnemius muscle and pancreatic islets with a
lower islet cell density in GK diabetic rats compared with controls. The
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gastrocnemius weight and muscle fibers number both decreased signifi-
cantly, whereas Ubc gene expression was increased in GK diabetic rats
compared with controls (Fig. 5).
3.2. Metformin suppressed bone resorption, restored bone formation, and
increased bone and muscle quality in GK diabetic rats

The serum biomarker results showed increased OCN and significantly
decreased TRAP and ALP levels in GK rats treated with/without met-
formin (Fig. 1C). Metformin also decreased the elevated levels of MDA,
CHO, GSP, serum glucose, and INS in GK diabetic rats (Fig. 1C). The μ-CT
analysis showed that metformin significantly increased vBMD, Conn-D,
and trabecular BV/TV compared with that of untreated GK rats
(Fig. 2). Metformin also increased the mineral apposition rate, bone



Fig. 2. Representative images of μ-CT of PTM in GK diabetic rats treated with metformin (A) Representative 3D μ-CT images of proximal tibial metaphysis (PTM) from
GK rats with T2DM treated with metformin (B) Analysis of μ-CT images in (A). Note: Vs. Control *P < 0.05, **P < 0.01, ***P < 0.001; vs. GK #P < 0.05, ##P < 0.01,
###P < 0.001. Values are presented as mean � SD.

R. Lin et al. Journal of Orthopaedic Translation 40 (2023) 37–48
formation parameters, and bone formation rate in corticoid and trabec-
ular bones (Fig. 3A–D). Histomorphometry results of the lumbar spine
demonstrated similar trend compared to PTM (Fig. 3E). Bone histo-
morphometry results revealed that metformin significantly improved the
trabecular area, thickness, number, and separation compared to un-
treated GK rats (Fig. 4A–D). Bone biomechanical data demonstrated that
maximum, elastic, and fracture load significantly increased by 14.5%,
9.7%, and 14.0%, respectively and stiffness also increased by 11.3% in
the OIM þ GH þ MET group compared with that in the GK group
(Fig. 4E). Additionally, the increased Ubc gene expression as well as
decreased muscle fiber number in the gastrocnemius muscle were
significantly alleviated in the OIM þ GH þ MET group. Pancreatic islet
cell density was increased in the OIM þ GH þ MET group (Fig. 5).
3.3. Metformin reversed osteogenesis inhibition in a cell model of high
glucose in vitro

Metformin (100 μM) treatment for 48 h significantly increased cell
viability of C3H10 cells (Fig. 6A). The results of ALP staining suggested
that high glucose condition significantly inhibited ALP activity, but
metformin could reverse the inhibitory effect on osteogenesis caused by
high glucose (Fig. 6B). The network pharmacology results predicted 34
intersectional targets of metformin in the treatment of T2DM-OP dis-
eases, of which 32 comprised a protein interaction network. According to
its degree value, STAT1, which is closely related to glucose and bone
metabolism, ranked the 6th in the significant differential genes
(Fig. 7A–D). The AGE-RAGE signaling pathway is closely related to
glucose metabolism, and STAT1 is one of the downstream targets in the
AGE-RAGE signaling cascades (Fig. 7E). The results of RT-qPCR sug-
gested that the high concentration of glucose significantly inhibited the
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gene expression of ALP, Col1a1, OCN, and RUNX2, while increasing
RAGE and STAT1 in vitro. In contrast, metformin significantly increased
the gene expression of ALP, OCN, Col1a1, and RUNX2 and significantly
decreased that of RAGE and STAT1 (Fig. 7F). Therefore, the RT-qPCR
data confirmed that STAT1 plays an important role in the regulation of
metformin in a cell model of diabetes in vitro. The western blotting results
suggested that the high concentration of glucose significantly inhibited
Osterix protein expression while increasing those of RAGE, p-JAK2, and
p-STAT1. In contrast, metformin stimulated Osterix protein expression
while suppressing that of RAGE, p-JAK2, and p-STAT1 (Fig. 7G–H).

Our data revealed that metformin effectively improves bone and
muscle mass in GK rats with diabetes in vivo and reverse osteogenesis
inhibition in a high-glucose cell model in vitro by regulating the RAGE-
JAK2-STAT1 signaling axis.

4. Discussion

The present findings in this study showed that GK rats had higher
levels of INS, serum glucose, and GSP as well as degenerative changes in
the pancreas, which is a cardinal symptom of T2DM. We found that
T2DM significantly increased bone resorption, impaired bone formation,
and further induced the degeneration of biomechanical properties and
bone microarchitecture. We also found that the tibia and lumbar verte-
brae deteriorated significantly in GK rats. In addition, T2DM causes
increased muscle loss and degradation, which further impairs the
musculoskeletal system in GK rats. Furthermore, the osteogenic differ-
entiation of C3H10 cells was significantly inhibited by incubation with
high glucose medium.

Metformin is not only a conventional antidiabetic medicine that de-
creases blood glucose, but it also reduces fracture risk in patients with



Fig. 3. Representative images of PTM and TX histo-
morphometry in GK rats treated with metformin (A)
Fluorescent micrographs of PTM (undecalcified sec-
tions with calcein labeling) (B) Micrographs of PTM
(undecalcified sections with Goldner trichrome stain-
ing (C) Representative fluorescent micrographs of
tibial shaft (TX) (undecalcified sections with calcein
labeling) (D) histomorphometric parameters of prox-
imal tibial metaphysis (PTM) and tibial shaft (TX) (E)
histomorphometric parameters of lumbar vertebrae.
Note: Vs. Control *P < 0.05, **P < 0.01, ***P <

0.001; vs. GK #P < 0.05, ##P < 0.01, ###P < 0.001.
Values are presented as mean � SD.
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diabetes [32] and improves bone loss in normal adult women [33].
Previous studies have shown that metformin increases the bone mass of
glucocorticoids [34], improves ovariectomized induced osteoporosis
[35] and bone microstructure [35], and stimulates trabecular and
cortical bone formation [34]. In our study, metformin significantly
decreased blood glucose and GSP levels and attenuated pancreatic
damage in GK rats with T2DM compared with untreated GK rats. Met-
formin increased trabecular bone mass in both the tibia and lumbar
vertebrae, promoted bone formation, and resulted in significant
improved bone biomechanical properties compared to untreated GK rats.
In addition, metformin attenuated muscle loss and degeneration in GK
rats. All these effects helped to reduce the risk of fractures associated
42
with diabetes. Metformin also stimulated the cell viability of mesen-
chymal stem cells and alleviated the inhibitory effect of high glucose on
osteogenic differentiation. To further elucidate the potential signaling
cascade of metformin in bone metabolism, we used network pharma-
cology to predict potential targets involved in the metformin regulation
cascade. We identified STAT1 as a likely target protein involved in the
metformin regulation. We then assessed STAT1 and STAT1 upstream
signaling molecules using C3H10 cells incubated under a high glucose
concentration. We found that the effects of metformin on bone meta-
bolism are closely associated with suppression of the RAGE-JAK2-STAT1
signaling axis.

Long-term hyperglycemia in T2DM leads to the accumulation of AGEs



Fig. 4. Effects of metformin on PTM, lumbar verte-
brae and bone biomechanical properties in GK dia-
betic rats (A) Representative micrographs of PTM
histomorphometry (undecalcified sections with Gold-
ner trichrome staining) (B) Effects of metformin on
static parameters of right upper tibia cancellous bone
in GK rats (C) Representative micrographs of lumbar
vertebrae (undecalcified sections with Goldner tri-
chrome staining). Effects of metformin on (D) static
parameters of lumbar cancellous bone and (E)
biomechanical properties of bone in GK rats. Note: Vs.
Control *P < 0.05, **P < 0.01, ***P < 0.001; vs. GK
#P < 0.05, ##P < 0.01, ###P < 0.001. Values are
presented as mean � SD.
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that are closely associatedwith deteriorating bone quality [36]. AGEs can
induce apoptosis of osteoblasts through interaction with its receptor
(RAGE) [37]. In addition, AGEs can activate the JAK2-STAT1 signaling
pathway and produce more negative biological effects [38,39]. AGEs can
also induce the production of reactive oxygen species (ROS) [40] and
cause diabetes-related bone injury by upregulating STAT1 expression
[39,41]. The RAGE-JAK2-STAT1 signaling axis is involved in glucose and
bone metabolism, as STAT1 is a cytoplasmic attenuator of Runx2 in the
transcriptional cascade of osteoblast differentiation [42]. Inhibiting
STAT1 accelerates fracture healing [43] and promotes osteoblast prolif-
eration and differentiation [44]. In contrast, activated STAT1 expression
in mouse mesenchymal stem cells decreases osteogenic differentiation
[45]. Our results showed that the osteogenic differentiation of C3H10
cells incubatedwith high glucose was significantly inhibited, whereas the
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protein expression of RAGE, p-JAK2, and p-STAT1 was increased
significantly. Metformin alleviated the osteogenic inhibition of C3H10
cells induced by high glucose, promoted the expression of ALP, OCN,
RUNX2, Col1a1 and Osterix, and inhibited the RAGE-JAK2-STAT1
signaling axis. Metformin decreased MDA and increased SOD in serum
of GK rats, and also decrease STAT1 expression, which helped to relieve
oxidative stress and further alleviated diabetes-induced osteoporosis.
Therefore, the potential mechanism of metformin on bone metabolism in
T2DM might be associated with inhibiting the RAGE-JAK2-STAT1
signaling axis.

Although JAK-STAT signal axis was reported that involved in the
effects of Metformin, the JAK-STAT signal axis mostly reported in
nonskeletal tissues. Metformin provided cardioprotective effect through
JAK/STAT pathway for the prevention of diabetic cardiomyopathy [46]



Fig. 5. Pathological findings of pancreas and gastrocnemius muscle in GK rats with T2DM treated by metformin. Representative images of (A) pancreas and (B)
gastrocnemius muscle histologically stained with HE (C) Expression of ubiquitin C in gastrocnemius muscle (D) Analysis of gastrocnemius muscles. HE, hematoxylin
and eosin. Note: Vs. Control *P < 0.05, **P < 0.01, ***P < 0.001; vs. GK #P < 0.05, ##P < 0.01, ###P < 0.001. Values are presented as mean � SD.
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(heart cells/tissue, JAK2-STAT3). Metformin also reduced the dermal
thickness and fibrosis in systemic sclerosis by regulating JAK/STAT
pathway. In addition, previous studies reported STAT1mainly focuses on
diabetic nephropathy [47,48]. High glucose can activate the JAK/STAT
pathway in glomerular mesangial cells [49,50], however, there are few
studies related to bone metabolism. Currently, seldom studies revealed
that metformin regulates bone metabolism through JAK/STAT signal
axis.

In our study, we specifically demonstrated metformin regulates stem
cell osteogenic differentiation through JAK/STAT signal axis, especially
in high sugar microenvironment, which RAGE initiated the RAGE-JAK2-
STAT1 signaling cascade. Previous studies only reported metformin
regulates JAK2-STAT3 in heart tissue, while we found that metformin
regulated JAK2-STAT1 in bone. These results suggest that metformin
may regulate different STAT sub-type protein in different tissues. In this
study, we first used network pharmacology prediction analysis to screen
the potential signal axis of metformin on bone metabolism of stem cell,
we found that high sugar microenvironment may induce RAGE over
expression and then conducted signal to JAK2-STAT1 axis, and metfor-
min may block this signal cascade and provide beneficial effects on bone
metabolism. Therefore, we then verified this potential mechanism by
using qPCR and Western blot assay. Our results demonstrated metformin
did suppress RAGE-JAK2-STAT1 signal axis, and therefore increased the
osteogenic differentiation of MSCs in a high-sugar microenvironment.
Previous studies did not clearly reveal such signal axis before. RAGE-
JAK2-STAT1 play an important role in the metformin regulation of
promoting stem cell osteogenic differentiation in diabetes. In vivo study,
several different assays (micro-CT, histomorphometry, serum elisa, and
histology) were using to evaluate metformin treatment for diabetes-
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induce osteoporosis rats. We showed that metformin treatment for dia-
betic rats could attenuate bone osteopenia, improve bone microstructure,
and stimulate bone formation in GK diabetic rats.

Bone remodeling is a complex process that involve different bone
cells [51]. Previous studies demonstrated metformin not only promoted
osteogenic differentiation of stem cells, but also regulate gene and pro-
tein expression in osteoblasts and osteoclast precursors, thereby attenu-
ated osteopenia [52]. In osteoblasts, metformin can promote AMPK [53],
BMP2 [53], IGF-1 [54] and e/iNOS expression [55], thereby increasing
the activity of ALP in osteoblasts, promoting calcium deposition with
increased mineralized nodules for bone formation. What's more, met-
formin promoted OPG expression while decreased RANKL expression in
mouse calvarial osteoblasts and osteoblast cell line MC3T3-E1 in a
dose-dependent manner [52]. In addition, metformin inhibits osteoclast
activation by down-regulating the expression of inflammatory factors
[56], p-ERK [57], RANKL [58], and macrophage colony-stimulating
factor (M-CSF) [58]. Furthermore, metformin also down-regulated
E2F1 expression and inhibited autophagy of osteoclast precursors,
which in turn to inhibit osteoclastogenesis and reduce bone loss in
ovariectomized mice [59]. Besides, metformin also protects against
homocysteine-induced apoptosis of osteocytic MLO-Y4 cells by regu-
lating the expression of NADPH oxidase 1 (Nox1) and Nox2 [60].

In this study, we focus on how metformin regulates the osteogenic
differentiation of stem cells in hyperglycemia condition, and we found
that RAGE-JAK2-STAT1 signal axis plays an important role in the met-
formin regulation process. Our data provide comprehensive evidence
that metformin could attenuate bone osteopenia in diabetes rats and
stimulate bone formation in vivo. The results were confirmed by different
assays, including micro-CT, histomorphometry, serum elisa, and



Fig. 6. Effects of metformin on osteogenic differentiation of C3H10 cells induced by high glucose (A) Cell viability of C3H10 cells incubated with metformin for 24,
48, and 72 h (B) Effects of metformin on ALP activity in C3H10 cells induced by high glucose. Note: Vs. Control *P < 0.05, **P < 0.01, ***P < 0.001; vs. OIM #P <

0.05, ##P < 0.01, ###P < 0.001; vs. OIM þ GH △P < 0.05, △△P < 0.01, △△△P < 0.001. Values are presented as mean � SD.

R. Lin et al. Journal of Orthopaedic Translation 40 (2023) 37–48
histology analyses. We also noticed that our study has limitations, the
specific mechanism of metformin in the regulation of glucose metabolism
and bone metabolism still needs to be further explored.

Sarcopenia usually refers to the loss of skeletal muscle function and
quality related to aging. A meta-analysis of 16,800 patients with T2DM
found that metformin helped to alleviate sarcopenia [61]. Metformin can
enhance skeletal muscle function Through promoting skeletal muscle cell
differentiation and myotube maturation [62]. Metformin partially en-
hances peroxisome proliferator-activated receptor-gamma coactivator-1
alpha (PGC-1α) expression and mitochondrial biogenesis through
AMPK phosphorylation in the skeletal muscle and improve INS resistance
[63]. In addition, activated PGC-1α further downregulates forkhead box
O3 (FOXO3) and leads to the suppression of muscle atrophy [64]. Met-
formin treatment also inhibits the expression of Ubc, which is beneficial
for protectingmuscle function [65]. Consistent with the above results, we
results demonstrated that metformin significantly increased the weight
of the gastrocnemius muscle and inhibited Ubc expression in GK rats with
T2DM, suggesting that metformin suppresses muscle degradation and
improves muscle quality. Although our study found that metformin
alleviated the loss of gastrocnemius muscle weight and muscle fibers in
GK rats caused by T2DM, which may be related to the inhibition of Ubc
expression, future studies are needed to provide more evidence and
further elucidate the specific mechanism.

In conclusion, metformin attenuated osteopenia and muscle degen-
eration in GK rats with T2DM and alleviated osteogenesis inhibition
caused by excessive glucose. The effects of metformin on diabetes-
induced osteopenia might be associated with suppression of the RAGE-
JAK2-STAT1 signaling axis. Clinically, metformin is mainly used to
reduce high blood glucose levels in patients with type 2 diabetes, and our
study provided a specific and comprehensive potential mechanism for
how metformin regulates osteogenic differentiation of stem cell and
interfered bone metabolism in diabetes, and further verified the met-
formin effects in vivo. Our study may provide a research basis for the
clinical research of metformin in diabetic osteoporosis.
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