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Resistin targets TAZ to promote osteogenic
differentiation through PI3K/AKT/mTOR pathway

JingJing Shang,1,3,6 Zhentang Yu,2,3,4,6 Chengwei Xiong,2,3 Junjie Zhang,2,3 Jinhong Gong,1,3 Changlin Yu,2,3

Yong Huang,2,3 and Xindie Zhou2,3,5,7,*

SUMMARY

Osteogenic differentiation (OD) of bonemarrowmesenchymal stem cells (BMSCs)
contributes significantly to the regeneration of bone defects. Resistin, an adipose
tissue-specific secretory factor, has been shown to involve many different func-
tions, including metabolism, inflammation, cancer, and bone remodeling. Howev-
er, the effects andmechanisms of resistin on OD of BMSCs remain unclear. Herein,
we demonstrated that resistin was highly expressed in BMSCs with OD. Upregu-
lation of resistin contributed to the progression of OD of BMSCs by activating
PI3K/AKT/mTOR signaling pathway. In addition, resistin facilitated OD by target-
ing transcriptional co-activator with PDZ-binding motif (TAZ). In a rat femoral
condyle bone defect model, local injection of resistin significantly promoted
bone repair and improved bone formation. This work contributes to better under-
standing themechanism of resistin directly involved in theOD andmight provide a
new therapeutic strategy for bone defect regeneration.

INTRODUCTION

Bone tissue engineering continues to explore a strategy to enhance the regeneration of bone defects, but

repair remains a substantial challenge for modern medicine.1,2 Bone defects can be caused by various dis-

orders, including trauma, tumors, infections, congenital malformation, and other diseases. Severe bone

defects usually lead to disability, reduced quality of life, and ability to work, and a severe burden on society

and the economy. Currently, more than 100,000 patients suffer delayed union or non-union traumatic frac-

tures every year in the US, which costs an estimated 1.2 billion annually.3 Existing treatment modalities for

bone defects are based on autografts, allografts, and bone grafts substitutes. Unfortunately, clinical appli-

cation is limited because of insufficient autologous bone, supply source limitations, and a high rate of im-

mune rejection. The combination based on bone marrow mesenchymal stem cells (BMSCs), scaffolds, and

growth factors has proven to be a promising strategy for regenerative therapies of bone defects.4,5

BMSCs, located primarily in the bone marrow cavity, are multipotent stem cells with the potential for self-

renewal and multidirectional differentiation. Under certain conditions, BMSCs can differentiate into mul-

tiple cell types, including adipocytes, chondrocytes, myoblasts, and osteoblasts.6,7 Moreover, they have

been used extensively in studies related to acute myocardial infarction, osteogenesis imperfecta, and tis-

sue repair.8–10 Owing to the unique characteristics of multiple differentiation, they can repair damaged

and degraded skeletal tissue by transplantation. Therefore, exploring the main factors of osteogenic dif-

ferentiation (OD) will undoubtedly lead to a new strategy for treating bone defects. Accumulating evi-

dence suggests that the PI3K/AKT signaling pathway, a critical player in regulating the functions of os-

teoblasts and osteoclasts, is vital in maintaining the dynamic balance in bone remodeling.11–13 Similarly,

as a transcriptional co-activator in the Hippo signaling pathway, transcriptional co-activator with Tafazzin

(TAZ) can regulate the balance between adipogenic and osteogenic differentiation of BMSCs.14,15

Resistin, an adipose tissue-specific secretory factor, belongs to the family of resistin-like molecules (RELMs)

and is expressed in humans by many cells, including adipocytes, peripheral blood mononuclear cells, mac-

rophages, and bone marrow cells.16 It has been reported that resistin may participate in physiological and

pathological processes, including metabolism, inflammation, cancer, and bone remodeling.17–20 However,

the effects andmechanisms of resistin onOD of BMSCs remain unclear. Previous studies have revealed that

resistin induces cell proliferation, promotes angiogenesis, and reduces insulin sensitivity through PI3K/AKT
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signaling pathway.21–23 Moreover, recent studies have shown that TAZ regulates the expression and secre-

tion of resistin in mature adipocytes.19

Thus, we hypothesized that resistin might regulate the OD of BMSCs by TAZ and PI3K/AKT/mTOR path-

ways. Exploring exact molecular regulatory mechanisms involved in the OD of BMSCs might provide clues

on new treatments and drug development for bone defect regeneration.

RESULTS

Identification and characteristics of rat BMSCs

BMSCs were isolated from rat femurs and cultured in vitro. After BMSCs at passage 3 reached 80–90% con-

fluency, immunophenotypes of BMSCs were detected using flow cytometry. As shown in Figure 1A, the

expression of CD44 was positive on BMSCs, whereas CD11b was negative. BMSCs were divided into

two groups, one group was replaced with an osteogenic differentiation medium, and the other was

continued cultured with the initial medium. ALP activity was an early marker in the OD of BMSCs. Further-

more, osteogenic-induced BMSCs showed higher osteogenic capability than the normal group (Figure 1B).

In addition, Alizarin red staining was performed to assay the calcified nodule formation, and the osteogenic

induction group showed more apparent mineral deposition (Figure 1C). These results indicated that

BMSCs were isolated and cultured successfully for subsequent experiments.

Figure 1. Identification and characteristics of BMSCs

(A) Characterization of BMSCs surface antigens by flow cytometry.

(B) Osteogenic activity evaluated by ALP activity assay.

(C) Calcium deposition visualized by alizarin red staining (scale bar, 100mm).

(D) Relative mRNA levels of OD-related genes (RUNX2, OCN, SP7, and COL1A1).

(E) Relative expression levels of OD related proteins (RUNX2, OCN, SP7, and COL1A1). Densitometry was performed

using ImageJ software. Data were presented as means G SEM. (*p < 0.05, **p < 0.01, and ***p < 0.001, Student’s t test).
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Recent studies revealed that RUNX2, OCN, SP7, and COL1A1 were closely related to multiple steps of OD

of BMSCs.24,25 Accordingly, we studied the expression pattern of these genes in greater detail to explore

the OD of BMSCs. As shown in Figure 1D, the mRNA expression of RUNX2, OCN, SP7, and COL1A1 was

significantly increased in the induced group compared with the normal group.Western blot analysis further

confirmed these results (Figure 1E).

Resistin significantly promotes osteogenic differentiation

As mentioned earlier, resistin played a critical role in many human diseases through PI3K/AKT/mTOR

pathway.21–23 PI3K/AKT/mTOR pathway is essential in regulating OD.11–13 Thus, resistin might also be

involved in the regulation of the osteogenesis process. qRT-PCR analysis revealed that the mRNA expres-

sion of resistin was obviously increased in the induced group compared to the normal group (Figure 2A).

Western blot confirmed the result at the protein level (Figure 2B).

To explore the function of resistin toward OD, 10 ng/ml resistin was added to the osteogenic induction me-

dium. Cells were allowed to grow for 14 days, and adverse events were checked every 7 days. Consistent

with our hypothesis, the expression of RUNX2, OCN and COL1A1 was significantly increased in the

induced + resistin group compared with the induced group at the mRNA and protein level, and the differ-

ence at day 14 was more significant (Figures 2C and 2D).

Resistin promotes OD through the activation of the PI3K/AKT/mTOR pathway

As BMSCs with OD expressed higher levels of resistin than normal control, we proposed that resistin over-

expressing promoted OD of BMSCs in vitro. Then, we constructed si-resistin and pcDNA3.1-resistin to

down-regulated and up-regulated resistin, respectively (Figure 3A). The related events were observed

weekly for the next 2 weeks. Consistent with our hypothesis, overexpression of resistin significantly

increased the gene expression of OD markers OCN and COL1A1. Moreover, by day 14 more significant

difference was observed (Figure 3B). As illustrated in Figure 3C, significant upregulation of p-PI3K and

p-AKT suggested the activation of related signaling pathways. Furthermore, the protein expression of

p-PI3K, p-AKT, and p-mTOR were significantly increased after resistin treatment (Figure 3D). To further

investigate the exact relationships between resistin and PI3K/AKT/mTOR, we co-transfected uprosertib

(AKT inhibitor) with pcDNA3.1-resistin. Then, we found that the blockade of the PI3K/AKT/mTOR pathway

significantly reversed the impact of resistin overexpression (Figure 3B). This contrast became more pro-

nounced at day 14 (Figure 3B).

Immunofluorescence staining was performed further to confirm the effect of resistin on theODof BMSCs. This

result revealed that RUNX2 expression in the nucleus was significantly lower in the si-Resistin group than in the

si-NC group (Figures 4A and 4B). Moreover, we found higher RUNX2 expression in the pcDNA3.1-Resistin

group compared to the control and pcDNA3.1 groups (Figures 4A and 4B). In this way, overexpression of re-

sistin promoted OD of BMSCs, and the downregulation of resistin inhibited this process. Again, immunoflu-

orescence staining showed that with the addition of uprosertib, the ratio of RUNX2-positive cells to DAPI-pos-

itive cells was decreased compared with the pcdna3.1-Resistin group (Figures 4A and 4B). We concluded that

up-regulated resistin facilitated OD of BMSCs via activating PI3K/AKT/mTOR pathway.

Resistin targets TAZ to promote OD of BMSCs

Recent studies revealed a strong correlation between resistin and TAZ, and TAZ/resistin was a potential

chemotherapeutic target for breast cancer.19 Western blot results showed significantly up-regulated

TAZ expression in the induced group (Figure 5A). To further study the detailed mechanism of resistin in

supporting OD of BMSCs, we assessed the differential expression of TAZ protein after resistin treatment.

Subsequently, we found that the TAZ mRNA expression was significantly increased after the intervention

(Figure 5B), and Western blot analysis confirmed this change (Figure 5C). Of interest, the AKT inhibitor

treatment blocked resistin induced upregulation of TAZ. And the levels of TAZ in pcDNA3.1-Resistin+-

uprosertib were increased compared with si-Resistin, suggesting PI3K/AKT/mTOR negatively controls re-

sistin-TAZ signaling axis (Figure 5D). Next, we further explored the relationship between TAZ and PI3K/

AKT/mTOR pathway, and the result showed that activation of PI3K/AKT/mTOR pathway increased TAZ

expression, in contrast, inhibition of PI3K/AKT/mTOR pathway decreased TAZ expression (Figure 5E).

This indicates that resistin promotes TAZ expression to promote OD by activating the PI3K/AKT/mTOR

pathway.
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Then, TAZ knockdown was obtained by transfecting with si-TAZ plasmid. Furthermore, si-TAZ counter-

acted the up-regulation of osteogenic markers (RUNX2, OCN, and COL1A1) induced by resistin (Figure 5F).

Collectively, these data demonstrated an underlying gene regulatory network in the regulation of BMSCs,

and resistin might promote OD via targeting TAZ.

Resistin enhances bone healing of femoral condyle defect

Rats received an equal volume (1 mL) of 0.9% saline or exogenous resistin (10 ng/mL) in the area with

femoral condyle defect via intraperitoneal injection once a week. After 4 weeks, femoral condyle specimens

Figure 2. Resistin significantly promotes OD

(A) Relative mRNA levels of resistin.

(B) Relative protein levels of resistin.

(C) Resistin significantly increased the mRNA expression of OD-related genes RUNX2, OCN, and COL1A1.

(D) Resistin significantly increased the expression of OD-related proteins (RUNX2, OCN, and COL1A1) at day 7 and 14.

Densitometry was performed using ImageJ software. Data were presented as means G SEM. (*p < 0.05, **p < 0.01, and

***p < 0.001, Student’s t test).
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were taken for histological and histomorphometric examinations. All rats survived well after surgery without

developing any postoperative infection or death during the study. Micro-CT was performed to analyze the

results of bone defect reconstruction. In the femoral defect group, severe cavitary bone loss was observed

in the femoral condyle. In contrast, the resistin treatment group displayed gradual recovery of the defect

area (Figures 6A and 6B). Quantitative analysis of bone microstructure parameters revealed that BMD,

BV/TV, Tb.Th decreased significantly and Tb.Sp increased significantly in the femur defect group

compared with the normal group. Meanwhile, resistin treatment significantly increased the BMD, BV/TV

and Tb.Th and decreased the Tb.Sp, compared with the femoral defect group (Figure 6C). Exogenous re-

sistin contributed significantly to OD and positively influenced new bone tissue formation.

H&E and Masson’s staining were used to assess the repair of the femoral condyle. Figures 6D and 6E

showed complete sagittal views of the femur and enlarged views of the defect. H&E staining

Figure 3. Resistin promotes OD by activating the PI3K/AKT/mTOR pathway

(A) Relative expression of resistin in different transfection groups.

(B) Relative expression of OCN, COL1A1 among different transfection groups at days 7 and 14.

(C) Relative expression levels of PI3K/AKT/mTOR pathway-related proteins.

(D) Relative expression levels of PI3K/AKT/mTOR pathway-related proteins after resistin treatment. Densitometry was

performed using ImageJ software. Data were presented as means G SEM. (*p < 0.05, **p < 0.01, and ***p < 0.001, one-

way ANOVA or Student’s t test).
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demonstrated that bone mineral density in the resistin treatment group was significantly higher than in

the femoral defect group at 4 weeks post-surgery (Figure 6D). Masson’s staining revealed that bone for-

mation, consisting of blue and red cancellous bone, markedly increased around the femoral condyle

defect, indicating increased calcification and new bone tissue remodeling (Figure 6E). The above results

suggested that resistin displayed a favorable ability in pro-osteogenic differentiation and promoted rat

bone defect healing.

In addition, RUNX2, COL1A1 and OCN immunohistochemical staining demonstrated osteoblasts’

status, revealing resistin’s influence on OD of BMSCs (Figure 6F). Moreover, the resistin treatment

group showed stronger immunohistochemical signal and osteogenic properties than the femoral

defect group. The semi-quantitative results aligned with the immunohistological staining results

(Figures 6G–6I).

Furthermore, the immunofluorescence intensity of resistin and TAZ protein expression in the resistin treat-

ment group, as shown by immunofluorescent experiments, was higher than that in the femoral defect

group at 4 weeks after injury (Figures 7A and 7B). The semi-quantitative results shown in Figures 7C and

7D were consistent with the immunofluorescence results. Animal experiments confirmed that injection of

resistin could upregulate TAZ, promoting OD of BMSCs.

Figure 4. Representative images of immunofluorescence staining for RUNX2

(A) Fluorescence microscopy images among different transfection groups at days 7 and 14 (scale bar, 50mm).

(B) Quantification of RUNX2-positive cells per DAPI-positive nuclei. Positive cells were counted using ImageJ

software. Data were presented as means G SEM. (*p < 0.05, **p < 0.01, and ***p < 0.001, one-way ANOVA or

Student’s t test).
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DISCUSSION

Bone defect repair follows a series of orchestrated biological events, including osteogenesis, osteoclasto-

genesis, and matrix mineralization.26,27 Further insights into the formation and function of osteoblasts may

lead to new directions for therapeutic targets for bone defect regeneration.28 Osteoblasts are derived from

mesenchymal stem cells, and osteogenic differentiation involves numerousmolecular mechanisms and fac-

tors.29 Therefore, studying the factors impacting on OD of BMSCs would significantly contribute to

Figure 5. Resistin promoted OD via up-regulating TAZ in vitro

(A) Relative protein levels of TAZ.

(B) Resistin significantly increased the TAZ mRNA expression.

(C) Resistin significantly increased the TAZ protein expression.

(D) Relative expression of TAZ among different transfection groups at day 7 and 14.

(E) PI3K/AKT/mTOR pathway regulated the TAZ protein expression.

(F) TAZ knockdown markedly decreased the expression of OD related proteins (RUNX2, OCN, and COL1A1).

Densitometry was performed using ImageJ software. Data were presented as means G SEM. (*p < 0.05, **p < 0.01, and

***p < 0.001, one-way ANOVA or Student’s t test).
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developing novel agents for bone defects. PI3K/AKT/mTOR has been generally recognized as an essential

signaling pathway in regulating OD and has become a focus of research in the field of bone defects.17–20

Adipocytokines resistin has been shown to participate in PI3K/AKT/mTOR pathway to regulate the initia-

tion and progression of various diseases and have promising therapeutic potential in many diseased con-

ditions.21–23,29 However, the precise mechanism of resistin in bone defects has not been clearly elucidated.

In this study, we demonstrated that resistin targeted TAZ to promote OD of BMSCs, and this effect was

likely mediated by activation of the PI3K/Akt/mTOR pathway (Figure 8).

During the process of OD, COLlA1, RUNX2, SP7, and OCN are osteogenic marker genes at different

stages.28,30 In our in vitro research, resistin treatment significantly affected the mRNA and protein expression

of RUNX2, OCN, and COl1A1 and promotedOD. For in vivo experiments, exogenous resistin enhanced bone

healing of femoral condyle defect. Moreover, the resistin group showed higher protein expression of COL1A1

and OCN andmore robust osteogenic properties. Thommesen et al. have previously shown that resistin stim-

ulates the proliferation and differentiation of osteoblasts and osteoclasts and plays a role in regulating bone

remodeling.31 Therefore, resistin may represent a novel therapeutic approach to enhancing bone healing.

Figure 6. Resistin enhanced bone healing of femoral condyle defect

(A) Two dimensional (2D) reconstruction and partial magnification of femoral condyle defect at 4 weeks after surgery (scale bar, 1.5mm).

(B)Three dimensional (3D) reconstruction of femoral condyle defect at 4 weeks after surgery (scale bar, 1.5mm).

(C) Quantitative analysis of bone microstructure parameters such as bone mineral density (BMD), bone volume/tissue volume (BV/TV), trabecular separation

(Tb.Sp), and trabecular thickness (Tb.Th).

(D) H&E stain and partial magnification (scale bar, 1000mm; magnification scale bar, 200mm).

(E) Masson’s staining and partial magnification (scale bar, 1000mm; magnification scale bar, 200mm).

(F) Immunohistochemical staining for osteogenic markers COL1A1 and OCN (scale bar, 50mm).

(G–I) Semi-quantitative of immunohistochemistry for COL1A1 and OCN. The optical density values were detected by ImageJ software. Data were presented

as means G SEM. (**p < 0.01, and ***p < 0.001, Student’s t test).
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The specific signaling pathway mechanisms remain to be further explored. However, it has been shown that

resistin overexpression can enhance theODprocess. PI3K/AKT pathway has been considered a potential ther-

apeutic target for bone defects therapy.32 This pathway regulates multiple cellular functions, including prolif-

eration, migration, autophagy, andmetabolism.33 Under normal conditions, the PI3K/AKT/mTORpathway has

been reported to selectively affect the physiological functions of osteoblasts and osteoclasts. Furthermore,

during oxidative stress, the extent of oxidative damage is mitigated by acting on its downstream targets,

including glycogen synthase kinase 3 beta and forkhead box O.34 Other signaling pathways, including Wnt/

b-catenin, Notch, and Bone morphogenic protein, are also implicated in regulating the OD of BMSCs.35–37

Previous studies revealed that resistin promoted VEGF-A-dependent angiogenesis of human chondrosar-

coma cells via activating PI3K/AKT signaling pathway.38 In this study, we demonstrated that PI3K/AKT/

mTOR inhibitors suppressed the expression of resistin-induced osteogenic biomarkers. We found that PI3K

and AKT phosphorylation was increased when cells were incubated with resistin. Next, BMSCs were co-trans-

fected with uprosertib with pcDNA3.1-resistin to assess whether up-regulated resistin induced OD could be

reversed by inhibiting PI3K/AKT/mTOR pathway. Moreover, WB and immunofluorescence assays indicated

that inhibition of PI3K/AKT/mTOR could diminish OD induced by pcdna3.1-resistin. These findings suggest

that PI3K/AKT/mTOR pathway is involved in the osteogenic effects mediated by resistin.

TAZ plays a critical role in the fate of multipotent stem cells and has been demonstrated to be a transcrip-

tional modulator during osteoblast development and skeletogenesis.39 Activating TAZ promoted the OD

of stem cells.40 Moreover, previous studies revealed a strong correlation between expression levels of TAZ

and resistin in adipocytes.19 Eugene Lee et al. investigated the changes in signaling pathways via RNA-seq

gene analysis in rat bone defect models and found that osteogenesis and angiogenesis in stem cells were

Figure 7. Resistin promoted OD via up-regulating TAZ in vivo

(A) Immunofluorescence images for resistin (203 magnification, scale bar, 50mm; 403 magnification, scale bar, 20mm).

(B) Immunofluorescence images for TAZ (203 magnification, scale bar, 50mm; 403 magnification, scale bar, 20mm).

(C and D) Semi-quantitative of immunofluorescence for resistin and TAZ. The fluorescence intensity was quantified using

ImageJ software. Data were presented as means G SEM. (**p < 0.01, and ***p < 0.001, Student’s t test).
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enhanced by increasing TAZ expression.41 In this study, we confirmed that resistin regulated the OD of

BMSCs through TAZ activation. In vivo, resistin treatment could upregulate the expression of TAZ and oste-

ogenic markers. In vitro, TAZ knockdown neutralized the influence of resistin overexpression on OD

markers. Therefore, our results indicated that resistin affected OD by activating the TAZ signaling pathway.

It was important to note that PI3K/AKT/mTOR pathway regulated the expression of TAZ and its inhibitors

blocked resistin induced TAZ upregulation. This might be identified as a potential regulatory network.

In summary, our results highlighted new insight into resistin functions during OD. The mechanism of OD

induced by resistin may be correlated with the activation of PI3K/AKT/mTOR signaling pathway, and the

induction was attenuated by treatment with PI3K/AKT/mTOR inhibitor, implying a potential role for resistin

in the pathogenesis of bone defects. In addition, we proposed that resistin promotedODby targeting TAZ.

These findings support targeting resistin/TAZ as a promising therapeutic strategy for bone defect

regeneration.

Limitations of the study

In this article, some limitations exist in our study and should be noted. Firstly, although we identified that

resistin targeted TAZ to induce OD through PI3K/AKT/mTOR pathway, the crosstalk with other signaling

pathways cannot be ruled out, and the interaction between resistin and the OD-related genes remains

to be further revealed. We next sought to explore other possible pathways, including Wnt/b-catenin

pathway42,43 and MAPK pathway,44,45 and carry out relevant clinical studies. Secondly, bone defect remod-

eling is a dynamic process involving osteogenesis (bone formation) and osteoclastogenesis (bone resorp-

tion). Further studies are needed to characterize the role of resistin in osteoclastogenesis.
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Experimental
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Xindie Zhou (xindiezhou@163.com).

Materials availability

This study did not generate new unique reagents and all materials in this study are commercially available.

Data and code availability

d Data: All data reported in this paper will be shared by the lead contact upon request.

Continued
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Recombinant DNA

Resistin pcDNA3.1 plasmid This paper N/A

Software and algorithms

Image J Image J Image J (RRID:SCR_003070)

GraphPad Prism 9.0 GraphPad Software Inc. GraphPad Prism (RRID:SCR_002798)

Adobe Photoshop CS6 Adobe Adobe Photoshop (RRID:SCR_014199)
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d Code: This paper does not report original code.

d Additional information: Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Isolation and culture of BMSCs

According to previous studies, Sprague Dawley (SD) rats were used for subsequent animal experi-

ments.46,47 After euthanizing with carbon dioxide asphyxiation, bilateral femurs were harvested under

aseptic conditions. All animal procedures were approved by the Animal Experiment Ethics Committee

of the affiliated Changzhou NO.2 People’s Hospital of Nanjing Medical University (Changzhou, China)

and conformed to the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health).

Bone marrow was flushed with sterile Dulbecco modified Eagle medium (DMEM/F12, ThermoFisher Scien-

tific, MA, USA). Bone marrow irrigating solution was centrifuged at 5000 rpm for 5 minutes and then placed

in DMEM/F12mediumwith 10% fetal bovine serum and 1% penicillin/streptomycin, then incubated at 37�C
in a 5% CO2 incubator for 48 hours. Subsequently, non-adherent cells were discarded, and adherent cells

were cultured until 80% confluency. These subcultured cells were designated as the first passage (P1), and

P3 was used for subsequent experiments.

Establishment of rat femur defect model

Thirty male SD rats (age: 6–8 weeks, weight: 230–300 g) were purchased from Changzhou Cavens Experi-

mental Animal Co., Ltd. In this study, rats were randomly divided into three groups: normal group (sham-

operated group; 0.9% saline treatment; n = 10), femoral defect group (operated group; 0.9% saline treat-

ment; n = 10), and resistin group (operated group; resistin treatment; n = 10). The treatment was continued

once weekly for 4 weeks. A rat femoral condyle bone defect model was used to evaluate the bone repair

capability of resistin in vivo. The rats were first immobilized after the intraperitoneal injection of 2% pento-

barbital sodium salt solution (2 mL/kg). After anesthesia and routine preparation, a sagittal midline incision

was performed on the lateral aspect of the left hind limb. The femoral condyles were exposed, followed by

blunt dissection of the muscles and periosteum. A bone defect (3 mm in diameter and 3 mm in depth) was

then created on the femur using a low-speed drill. The surgical area was rinsed constantly with sterile saline

solution to act as a coolant and to remove bone debris. Finally, the incision was sutured, and penicillin was

injected intraperitoneally to prevent infection.

METHOD DETAILS

Flow cytometry

MSC marker CD44 and negative marker CD11b were identified using flow cytometry.48 According to the

manufacturer’s protocol, cells (100mL, 13106/mL) were incubated with antibodies against CD44 and

CD11b (BD Biosciences, CA, USA) for 30 minutes and sorted by flow cytometry (FC500, Beckman Coulter,

CA, USA).

Alizarin red staining

Cells were stained with alizarin red after 14 days of incubation in an osteogenic induction medium contain-

ing b-glycerophosphate and ascorbic acid (Sigma-Aldrich, MO, USA). The medium was removed, followed

by rinsing in PBS and fixation in 4% paraformaldehyde for 30 minutes. After washing, alizarin red staining

solution (ScienCell, CA, USA) was added and incubated for 20 minutes to determine calcium deposition.

Staining was visualized using an optical microscope.

Alkaline phosphatase (ALP) activity measurement

BMSCs were collected and lysed after 14 days of culturing with normal and osteogenic media. ALP activity

in BMSCs lysates was determined following the instructions of the ALP assay kit (AnaSpec, CA, USA).

Finally, the absorbance was measured using a microplate reader (Multiskan FC, ThermoFisher Scientific).

Cell transfection

For alteration expression of resistin and TAZ, Lipofectamine 2000 (Invitrogen, CA, USA) was used for trans-

fection according to the manufacturer’s instructions after cells reached 80% confluence. Co-transfections
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were performed using AKT inhibitor GSK2141795 (uprosertib, MedChemExpress, USA) with pcDNA3.1-re-

sistin to verify the interaction between resistin and PI3K/AKT/mTOR signaling pathway.

Real-time quantitative PCR

After 14 days of osteogenic induction, total RNA was extracted from BMSCs using Trizol reagent (Invitro-

gen). NanoDrop 2000 (ThermoFisher Scientific) was used to measure RNA concentrations and RNA purity.

RNA was reverse transcribed according to the reverse transcription kit’s instructions (GeneCopoeia, MD,

USA). The mRNA expression of target genes was measured using specific primers via real-time PCR. Rela-

tive gene expression was calculated using the 2�DDCt method, with GAPDH as the internal reference.

Primers for RT-PCR were purchased from Invitrogen (Shanghai, China) and described in table below.

Western blot analysis

Total protein was extracted from BMSCs using RIPA lysis buffer. Protein concentrations of the samples were

quantified using a bicinchoninic acid protein assay kit (ThermoFisher Scientific). Protein per sample was

analyzed using electrophoresis on a 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Then, the separated proteins were transferred onto polyvinylidene difluoride membranes, which were

blocked with 5% (w/v) non-fat dry milk for 1 hour at 37�C. Thereafter, membranes were incubated with

the specific primary antibodies overnight at 4�C, followed by incubation with secondary antibodies for

1 hour. After three 5-minute washes with TBST, the expressions of proteins were visualized using

enhanced chemiluminescence. The antibodies were as follows: RUNX2 (ab76956, Abcam), OCN (sc-

390877, Santa Cruz), SP7 (ab209484, Abcam), COL1A1 (sc-293182, Santa Cruz), resistin (abs120209, Absin),

TAZ (ab224239, Abcam), PI3K (ab151549, Abcam), p-PI3K (ab182651, Abcam), AKT (ab179463, Abcam),

p-AKT (ab81283, Abcam), mTOR (ab32028, Abcam), p-mTOR (ab109268, Abcam) and GAPDH (ab8245,

Abcam). The protein bands were captured using the iBright� FL1500 imaging system (ThermoFisher Sci-

entific), and quantification was performed via densitometry using Image J software. GAPDH was used as

the internal reference protein. The relative protein expression levels were shown as the value between

the grayscale value of the target protein and the grayscale value of the internal reference protein.

Immunofluorescence

After two weeks of incubation, BMSCs were fixed with 4% paraformaldehyde for 20 minutes and permea-

bilized with 0.5% Triton X-100 for 20 minutes. Following blocking in 1% BSA for 30 minutes, samples were

incubated with anti-RUNX2 primary antibody (ab76956, Abcam, 1:1000) overnight at 4 �C, and then fluores-

cent secondary antibody at room temperature for 1 hour. After three washes, the cells were stained with

40,6-diamidino-2-phenylindole (DAPI) for 5 minutes. The stained nuclei were observed under a fluorescence

microscope. Relative positive cell ratio was quantified by Image J software.

Micro-computed tomography (CT) analysis

After SD rats were sacrificed 4 weeks after surgery, the femur specimens were harvested and fixed in 10%

formalin at 4�C for 24 hours. Micro-CT was used to analyze the femur specimens, and the scanner was set at

65 kV, 385 mA, and a resolution of 18.0 mm/pixel. After scanning, the 2D and 3D images were reconstructed

Primer sequences

Genes Forward sequence (50-30) Reverse sequence (50-30)

RUNX2 CGCCTCACAAACAACCACAG AATGACTCGGTTGGTCTCGG

OCN CACCACCGTTTAGGGCATGT CTTTCGAGGCAGAGAGAGGG

SP7 TCTAGGATTGGATCTGAGTGAGCC CATAGTGAGCTTCTTCCTGGGG

COL1A1 GAGACAGGCGAACAAGGTGA GGGAGACCGTTGAGTCCATC

Resistin GCTGCTGCCAACTGTCCTAA AAGAAGCGGGGTTAATGGGC

TAZ TTCTGAGTTCCTGCGCTTCA AGGGTGGACTGTTAGGGAGG

PI3K GGATATGAAGGGAGCCCCAGA GACGCTGAGGAAGGGTCATTT

AKT ATAACGGACTTCGGGCTGTG CCTGGTTGTAGAAGGGCAGG

mTOR GCAATGGGCACGAGTTTGTT AGTGTGTTCACCAGGCCAAA

GAPDH TCTCTGCTCCTCCCTGTTCT ATCCGTTCACACCGACCTTC
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with NRecon software (v.1.6.8.0, SkyScan). The parameters, including bone mineral density (BMD), tissue

volume (TV), bone volume (BV), bone volume/tissue volume (BV/TV), trabecular separation (Tb.Sp), and

trabecular thickness (Tb.Th), of the interested region for each specimen were assessed using the CTAn soft-

ware (v.1.12.0, Skyscan).

Histological analysis

The fixed femoral condyles were decalcified with 0.5 M EDTA at 4�C for 21 days. Then, samples were incu-

bated in 10% formic acid solution at room temperature, dehydrated in an ethanol gradient, embedded in

paraffin, and cut into 4 mm thick sections. Bone healing and regeneration were analyzed histologically with

hematoxylin and eosin (H&E) staining and Masson staining. Briefly, all sections were deparaffinized with

xylene and rehydrated in gradient ethanol. After, H&E staining (G1005, Servicebio, China) and Masson

staining (G1006, Servicebio, China) were performed according to themanufacturer’s protocols. Stained im-

ages were captured with a microscope imaging system.

Immunohistochemistry was performed to evaluate the expression of specific markers, including RUNX2,

COL1A1 and OCN, in bone tissues. The sections were placed in the antigen repair solution (Sigma-Aldrich)

to unmask the antigen. Then, sections were incubated overnight with the RUNX2 (ab236639, Abcam),

COL1A1 (sc-293182, Santa Cruz) or OCN (sc-390877, Santa Cruz) primary antibody and subsequently incu-

bated with secondary antibodies. Finally, immunoreaction was visualized with 3,30-diaminobenzidine

(DAKO) and lightly counter-stained with hematoxylin. The number of positive cells was quantified using

ImageJ software. The average optical density inside cells was calculated using the Image J software.

Furthermore, resistin and TAZ immunofluorescence were performed on tissue sections to evaluate the ef-

ficacy of bone repair. Primary antibodies used for immunofluorescence were resistin (abs120209, Absin)

and TAZ (ab224239, Abcam). The fluorescence intensity was quantified using Image J software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ten mice per group were analyzed in the in vivo experiments, and all in vitro experiments were performed

in triplicate. Five representative images of each group were selected and used for the semi-quantitative

analysis of immunofluorescent/immunohistochemical staining. Data were presented as means and stan-

dard error mean. Differences between two groups were compared by the Student’s t test and differences

among three or more groups using one-way ANOVA. GraphPad Prism 9.0 (GraphPad Software Inc., USA)

and SPSS 25.0 (SPSS Inc., USA) were used for statistical analysis. Stars indicated significance level: *p < 0.05,

**p < 0.01, and ***p < 0.001.
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