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Abstract1

Background and purpose: Osteoporotic fracture (OPF) disrupts the balance of bone formation2

by osteoblasts and bone resorption by osteoclasts. we found that compounds from herbal medicine,3

Invigorate the Spleen and Tonify the Kidney Formula (ISTKF) accelerates fracture healing.4

Identification of the active ingredients in ISFKF and the mechanisms of fracture healing involved5

was carried out.6

Experimental approach: Using Pax7-CreERT2/+;β-cateninfx/fx conditional knockout(cKO) mice,7

the mechanisms involved in promoting fracture healing were assessed by looking at the fracture8

site and its surrounding muscle tissue, using various experiments to analyze the signaling involved.9

The key molecules and compounds involved in this fracture-promoting effect were identified by10

HPLC analysis.11

Key results: Histopathological staining of muscles and micro-CT of bone revealed that β-catenin12

knockout in skeletal muscle satellite cells (SMSCs) gives rise to sarcopenia and osteopenia, and13

ISTKF significantly promoted muscle firmness and also increased proliferation and osteogenic14

differentiation of SMSCs. ISTKF inhibits the significant decrease in bone mass and the15

destruction of bone microstructure in Pax7-CreERT2/+;β-cateninfx/fx cKO mice. ISTKF mediates the16

β-catenin signaling pathway to mobilize SMSCs to migrate to the fracture site, promotes the17

osteogenic differentiation of SMSCs, and promotes the activity of cartilage and osteoblasts at the18

OPF site. When β-catenin is promoted by ISTKF, it promotes skeletal muscle fiber remodeling19

and fractures healing.20

Conclusion and implications: These results provided the first practical evidence for21

ISTKF-mediated regulation of SMSCs via β-catenin to promote fracture healing with clinical22
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implications that would aid in the treatment of delayed healing and nonunion of fractures.1

2
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Bullet point summary:1

What is already known2

• Osteoporotic fracture is one of most serious and common complications of osteoporosis.3

• There is no effective pharmacological therapy for this disease at present.4

5

What this study adds6

• β-catenin knockout in skeletal muscle satellite cells (SMSCs) gives rise to sarcopenia and7

osteopenia8

• ISTKF mediates the β-catenin signalling pathway and mobilises SMSCs to the fracture side to9

promote fracture healing.10

11

What is the clinical significance12

• ISTKF and its active ingredient may offer a new approach to the treatment of delayed healing13

and non-union of fractures14
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1 | INTRODUCTION1

Osteoporotic fractures (OPF), also known as fragility fractures, are one of the most common2

diseases worldwide (Rapp et al., 2022). The balance between bone resorption and formation is3

conducive to maintaining skeletal integrity and is strictly regulated by osteoclasts, osteoblasts, and4

osteocytes (Langdahl, 2021). The disruption of this balance leads to pathological changes in bone5

quality and structure (Fujii et al., 2021; Raggatt et al., 2010). In 2017, 2.68 million new fragility6

fractures were estimated in France, Germany, Italy, Spain, Sweden, and the United Kingdom7

(Adams et al., 2021), indicating that by 2040, more than 300 million adults ≥ 50 years old will be8

at high risk of osteoporotic fracture globally (Oden et al., 2015). Although surgery is the main9

treatment strategy for osteoporotic fractures because it reduces the risk of death for many patients10

and improves physical functioning, little is known about its impact on social costs (Gu et al.,11

2014). Given this imminent economic and social burden, improving the treatment of high-risk12

groups of osteoporotic fractures would help to develop complete intervention strategies.13

The Invigorate the Spleen and Tonify the Kidney Formula (ISTKF) is the result of over sixty14

years of clinical experience in the treatment of degenerative bone diseases by Professor Shi of the15

Shanghai University of Traditional Chinese Medicine (TCM). Combined with the TCM theory of16

“spleen and kidney treatment simultaneously” (Xiong et al., 2019) and “strengthening bones and17

muscles” (Wu et al., 2013), we clarified the analysis of the curative effect and the mechanism of18

promoting fracture healing based on the correlation between muscles and bones. In a previous19

study, we found that the ISTKF mobilized skeletal muscle satellite cells (SMSCs) to promote the20

healing of ovariectomized OPF mice and found that ISTKF significantly accelerates the healing of21

OPF (Da et al., 2017). The mechanism may be that it upregulates the activity of some SMSCs,22
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increases the expression of β-catenin (Wang et al., 2014; Yan et al., 2009), and promotes its1

osteogenic multidirectional differentiation to participate in fracture repair (Tang et al., 2010). On2

the other hand, it reduces the fracture healing time by balancing the correlation between3

osteoclasts and osteoblasts (Tang et al., 2011; Da, 2016). Therefore, adjusting the muscle and4

bones can promote the healing of OPF.5

Potentially, β-catenin signaling is altered in patients with muscle defects, such as myopathy and6

atrophy, due to genetic defects or epigenetic factors (Alexander et al., 2013; Suzuki et al., 2018).7

Specifically, β-catenin interacts with myogenic differentiation (MyoD) and binds to and activates8

the target genes (Kim et al., 2008). SMSCs are attached to the muscle fibers between the9

sarcolemma and the basement membrane (Li et al., 2019). Typically, they are in a static state, but10

after stimulation, such as pluripotent stem cells, they exhibit pluripotent mesenchymal stem cell11

activity (Cornelison, 2018; Wang et al., 2011). The paired box 7 (Pax7) is a critical molecular12

marker of SMSCs that determines the formation of SMSCs during embryogenesis (Corona et al.,13

2016). Reportedly, (Montarras et al., 2013; Xiang et al., 2012) SMSCs also differentiate into14

osteoblasts, but only a few studies have been conducted on this aspect.15

Therefore, the present study used Pax7-CreERT2/+;β-cateninfx/fx cKO mice to knock out β-catenin16

in SMSCs. In vivo experiments revealed the correlation between muscle and bone and the changes17

caused by ISTKF on bone and muscle of cKO mice were observed. The present study aimed to18

illustrate the role of ISTKF on β-catenin to regulate SMSCs in fracture healing.19

2 | METHODS20

2.1 | Preparation of ISTKF21

Herbs in ISTKF (Table 1) were identified by the pharmacists of Longhua Hospital Affiliated with22
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the Shanghai University of TCM, following standard protocol. According to the Chinese1

Pharmacopoeia, all crude drugs were soaked in 12 volumes of water for 30 min and boiled for 402

min. The extracts were filtered, the filter residues were boiled in 8 volumes of water for another 403

min, and then the solution was filtered again. Two batches of drug filtrates were mixed and4

prepared for intragastric administration.5

2.2 | Other Reagents6

Strong bone capsule (cat. #Z20030007) was purchased from Beijing Qihuang Pharmaceutical Co.,7

Ltd (Beijing, China); RIPA lysis buffer (cat. #P0013B), SDS-PAGE protein loading buffer(cat.8

#P0015L), BeyoECL star (cat. #P0018AS), SDS-PAGE electrophoresis buffer (cat. #P0014D),9

SDS-PAGE kit (cat. #P0012AC), and Western Transfer Film (cat. #P0021B) were from Beyotime10

(Shanghai China); MASSON kit (cat. #G1006) and GD fixative (cat. #G1111) were from11

Servicebio (Wuhan, China); anti-GAPDH antibody (cat. #ab181602), anti-β-catenin antibody (cat.12

#ab6302), goat anti-rabbit (cat. #ab205718), anti-BrdU antibody (cat. #ab6326), anti-Sca113

antibody (cat. #ab25031), and anti-Pax7 antibody (cat. #ab187339) were from Abcam (UK);14

anti-MYOD antibody was purchased from Novus (UK) (cat. #NBP1-54153); Tamoxifen (cat.15

#T5648), Clostridium histolyticum (cat. #C6885), eosin (cat. #E4009-5G), hematoxylin (cat.16

#H-3136), Alcian Blue (cat.#A5268), Orange G (cat. #1936-15-8), Phloxine B (cat. #18472-87-2),17

dimethyl sulfoxide (DMSO) (Sigma Amresco cat. #67-68-5), albumin bovine V (Sigma Roche cat.18

#10735078001), and trypsin (cat. #T7409) were from Sigma (USA); ABC-HRP Kit (cat.19

#PK-6100), Antifade Mounting Medium with DAPI (cat. #H-1200), and DAB Substrate Kit (cat.20

#SK-4100) were from Vector Labs (USA); anti-rabbit IgG (H+L) 555 (cat. #4413/4409) and21

anti-rat IgG (H+L) 488 (cat. #4413) were from Cell Signaling Technology (CST) (USA).22



8

2.3 | Pax7 CreERT2/+;β-catenin fx/fx Mice1

β-cateninfx/fx and Pax7 CreERT2/+ mice were generated as described previously and maintained on2

C57BL/6J background. Pax7 CreERT2/+ mice were crossed with β-cateninfx/fx mice to obtain Pax73

CreERT2/+;β-cateninfx/fx mice (C57BL/6J). The genotype was determined by polymerase chain4

reaction (PCR) on tail genomic DNA from 3-week-old mice. Primer sequences were available5

upon request. The mice were randomly divided into the Pax7 CreERT2/+;β-cateninfx/fx group (TM6

group) and the β-cateninfx/fx group (Con group). The animal protocols were reviewed and approved7

by the Shanghai University of TCM on animal care (Ethics Review Number:8

PZSHUTCM190329005). Animal studies are reported following ARRIVE guidelines(Kilkenny et9

al., 2010) and recommendations of the British Journal of Pharmacology.10

2.4 | Model Establishment and Evaluation of Osteoporosis11

For postnatal activation of Pax7 Cre, 100 mg/kg tamoxifen in corn oil was intraperitoneally12

injected into 1-month-old TM group mice once a day for 5 consecutive days. In a preliminary13

study, the micro-computed tomography (micro-CT) scans of the tibia of the TM and Con groups14

were compared. Consequently, we found that after knocking out the β-catenin in SMSCs, the TM15

group mice exhibited a significant decrease in bone mineral density (BMD) (***P<0.001,16

Supplemental Figure 1A). Also, the bone microstructure of the tibial plateau was destroyed.17

2.5 | Construction of an OPFModel18

First, 3-month-old mice of the TM and Con groups were anesthetized intraperitoneally with19

ketamine hydrochloride. The mice were placed in a supine position, the hair from their calf was20

removed and disinfected with iodine, and the skin was cut 1.5 cm through the left anterior tibia21

under aseptic conditions. Second, the fascia and muscles on the medial and lateral parts of the22
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upper tibia were bluntly separated. The Kirschner wire was inserted from the tibial plateau into the1

upper one-third of the tibia. Then, the tibia was transected. Third, the Kirschner wire was inserted2

into the bone cavity at the lower end of the broken end, and the part that leaked out of the bone3

was cut off. Finally, the skin was sutured layer by layer.4

2.6 | Experimental Groups5

A total of 20 litter-negative β-cateninfx/fx mice comprised the Con-Vehicle group and 60 Pax76

CreERT2/+;β-cateninfx/fx mice were randomly divided into TM-Vehicle, TM-Formula, and7

TM-Positive. Each group was assessed at two time points, 7 and 14 days post-fracture (dpf), with8

10 mice in each group at each time point.9

According to the “Methods of Pharmacology of New Chinese Medicines,” the formula for the10

conversion of doses between mice and humans was as follows: the dose of11

mice=1/70*10*weight*number*day.According to one dose per day for adults, mice need 7 and 1412

days, and each mouse was administered 0.2 mL/day by gavage. From the second day after the13

establishment of the tibial fracture model, the Formula group was treated with ISTKF, the Positive14

group was treated with a Strong bone Capsule, and the Vehicle group was treated with an15

equivalent volume of 0.9% normal saline. All mice had free access to water.16

2.7 | Immunohistochemical Staining17

After routine dewaxing, the sections were immersed in methanol: H2O2 (1:9) for 15 min, followed18

by antigen retrieval with collagenase from Clostridium histolyticum. The sections were blocked19

with 5% bovine serum albumin (BSA) at room temperature for 20 min and incubated with primary20

rabbit antibodies against β-catenin (β-catenin: 1% BSA 1:200) at 4℃ overnight, followed by goat21

anti-rabbit IgG at 37 ℃ for 15 min. Then, the avidin/biotin enzyme complex horseradish22
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peroxidase was added dropwise at room temperature for 15 min. The complex was visualized1

using a 3,3’-diaminobenzidine color development solution, and the sections were observed under2

Olympus VS120-SL at 20X magnification. The immune-related procedures used are per the3

recommendations of the British Journal of Pharmacology (Alexander et al., 2018).4

2.8 | Western Blot5

The antibody-based procedures used in this study are by the recommendations of the British6

Journal of Pharmacology (Alexander et al., 2018). After the final treatment, all the mice were7

sacrificed. The weight of the posterior tibial muscle was measured immediately after extraction8

and preserved at -80 ℃. Subsequently, the protein was extracted and estimated using the BCA9

method; the extract was stored at -20 °C. An equivalent of protein was separated by 8–12%10

SDS-PAGE and transferred to the PVDF membrane. After blocking in 5% BSA in PBST at room11

temperature for 1 h, the membrane was probed with the corresponding primary antibodies12

(β-catenin 1:4000, MyoD1 1:4000, MEF2C 1:4000, GAPDH 1:4000) in 1% BSA, at 4 °C13

overnight. Then, the membrane was probed with the corresponding secondary antibody14

(1:1000/1:10000) diluted with 1% BSA and incubated at room temperature for 2 h. Subsequently,15

the immunoreactive bands were visualized.16

2.9 | Immunofluorescent Staining17

After routine dewaxing, then antigen retrieval was performed with collagenase from Clostridium18

histolyticum. The sections were blocked with 5% BSA at room temperature for 20 min. Primary19

rabbit antibodies were used to visualize Pax7 (Pax7:1% BSA 1:200) + BrdU (BrdU:1% BSA20

1:200), MyoD (MyoD:1% BSA 1:200) + BrdU (BrdU:1% BSA 1:200), Pax7 (Pax7:1% BSA21

1:200) + Sca1 (Sca1:1% BSA 1:200) at 4℃ overnight. Then, anti-rabbit IgG (488:5% BSA 1:50022



11

+ 555:5% BSA 1:500) was added. The cells were stained in the dark at room temperature for 1 h.1

The nuclei were counterstained with DAPI and examined under Olympus VS120-SL 20X filter2

(green, blue, and ultraviolet).3

2.10 | Histopathological Examination4

Muscle tissues were fixed with GD fixative for 24 h. The soft tissues were dehydrated, embedded5

in paraffin, and sliced into sagittal and horizontal serial sections (4-μm-thick). The decalcified6

femoral sections were stained with H&E and Masson’s, and analyzed using Olympus VS120-SL.7

Simultaneously, 14% ethylenediaminetetraacetic acid (pH 7.4) was applied for decalcification for8

3–4 weeks. After confirming the decalcification by X-ray, the sections were subjected to9

dehydration and paraffin embedding, followed by sagittal serial sectioning (4-μm-thick).10

Decalcified tibia sections were stained with hematoxylin and eosin (H&E), Alcian11

blue/hematoxylin & Orange G (ABHO), and Safranin-fixed green, and immunofluorescence and12

immunohistochemical staining. After full-length scanning, the target area of the ankle talus was13

analyzed using Olympus VS120-SL image analysis software.14

2.11 | X-ray and micro-CT15

The left tibia was carefully dissected and cleared of the adjacent muscle before immersing in 10%16

neutral formalin for 24 h. The formalin was replaced with 75% ethanol for long-term fixation, and17

a micro-CT scan was performed for uniform positioning. The left upper tibia was one-third, and18

the resolution was 18 μm. The X-ray (55 kVp, 71 μA) of the left tibia was. The quantitative19

analysis of bone tissue morphology assessed bone volume/total volume (BV/TV), the number of20

trabecular bone (Tb. N), and thickness of trabecular bone (Tb. Th).21

2.12 | HPLC-Q-TOF of ISTKF22
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The components of ISTKF were characterized on an Agilent 1290 UPLC Ultra Performance1

Liquid Chromatograph (Agilent Co., USA) connected to an Agilent Q-TOF 6545 LC/MS2

high-resolution tandem mass spectrometer (Agilent Co., USA). The operating parameters were3

optimized in both positive and negative modes as follows: gas temperature (325 °C), drying gas (84

L/min), nebulizer (45 psi), shealth gas temperature (325 °C), shealth gas flow (8 L/min), Vcap5

(4000 V), nozzle voltage (1000 V), fragmentor (175 V), skimmer (V), and collision energy (406

eV). The compounds in ISTKF were separated on a Waters CORTECS®UPLC® T3 (2.1×100 mm,7

1.6 µm). The mobile phase was composed of solvent A (acetonitrile) and solvent B (water8

containing 0.1% formic acid); the flow rate was 0.3 mL/min. The gradient elution was as follows:9

0–5 min: 0% A, 100% B; 5–10 min: 0–10% A, 100–90% B; 10–15 min: 10–15% A, 90–85% B;10

15–35 min: 15–35% A, 85–65% B; 35–40 min: 35–70% A, 65–30% B; 40–43 min: 70–90% A,11

30–10% B; 43–47 min: 90% A, 10% B; 47–47.1 min: 90–0%A, 10–100% B; 47.1–50 min: 0% A,12

100% B. The column temperature was maintained at 30 ℃. The system operations and data13

analysis were conducted on MassHunter Workstation Software Qualitative Analysis (version14

B.07.00).15

2.13 | Statistical Analysis16

The data and statistical analysis are in line with the British Journal of Pharmacology17

recommendations for the design and analysis of pharmacology experiments (Curtis et al., 2018).18

All data were presented as mean±standard error of the mean. The sample sizes were calculated19

assuming that a 30% difference in the parameters measured is biologically significant with an20

estimate of 10–20% of the expected mean. Alpha and beta were set to the standard values of 0.0521

and 0.8, respectively. No animals or samples were excluded from the analysis, and animals were22
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randomized to Con-Vehicle, TM-Vehicle, TM-Formula, and TM-Positive, respectively. For1

comparisons of four groups, the one-way analysis of variance and least-significant difference test2

was used if the data passed the normality tests; otherwise, the Kruskal-Wallis test was used,3

followed by Dunn’s multiple comparison test. SPSS 24.0 statistical software was used for4

statistical analysis. A P-value <0.05 was considered statistically significant (*P<0.05, **P<0.01,5

and ***P<0.001). GraphPad Prism 8 was used as the drawing software.6

2.14 | Nomenclature of targets and ligands7

Key protein targets and ligands in this article are hyperlinked to corresponding entries in8

http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide9

to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the Concise Guide10

to PHARMACOLOGY 2021/22 (Alexander et al., 2021; Alexander et al., 2021; Alexander et al.,11

2021).12

3 | Results13

3.1 | ISTKFmediates β-catenin to promote myogenic differentiation14

According to the mouse muscle wet weight coefficient ratio, the muscle wet weight ratio of the15

TM-Vehicle group decreased significantly compared to the Con-Vehicle group after drug16

intervention for 7 dpf (***P<0.001). The comparison between the three groups of TM did not17

differ markedly. At 14 dpf, the TM-Formula and TM-Positive groups showed an increased18

muscle-wet-weight ratio compared to the TM-Vehicle group. The TM-Formula group had a19

significant effect compared to the TM-Vehicle group (*P<0.05). This phenomenon showed that20

ISTKF upregulates the wet weight of muscles, which is improved after β-catenin knockout but21

does not exceed that of the Con-Vehicle group, indicating that the β-catenin signaling pathway is22
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one of the major signaling pathways of ISTKF (Figure 1A and 1B).1

Muscle β-catenin immunohistochemical staining showed that the protein expression in the TM2

three groups was significantly lower than that in the Con-Vehicle group. At 14 dpf, the β-catenin3

expression of ISTKF was upregulated in the muscle, but that in the three TM groups was4

significantly lower than that of the Con-Vehicle group, confirming efficient gene knockout (Figure5

1C and 1D). In addition, Western blot analysis of the posterior tibial muscle revealed that the6

expression of β-catenin in the three TM groups was significantly lower than that in the7

Con-Vehicle group (***P<0.001), indicating that the gene knockout efficiency was efficient. At 148

dpf, both the TM-Formula and TM-Positive groups were promoted, but the effect of the9

TM-Formula group was not as obvious as that of the TM-Positive group. Consecutively, the10

detection of myogenic differentiation indicators MyoD1 and MEF2C showed that at 14 dpf, both11

the TM-Formula and the TM-Positive groups improved; the effect in the TM-Formula group was12

most significant (Figure 1E and 1F). The immunofluorescence staining of muscle revealed that the13

treatment of ISTKF promotes the expression of MyoD and 5-Bromo-2-deoxyUridine (BrdU),14

indicating enhanced proliferation of muscle cells and the repair of muscle damage, but the effect is15

similar to the Con-Vehicle group (Figure 1G and Supplemental Figure 2A).16

3.2 | ISTKF mediates β-catenin to regulate SMSCs and promotes myogenic17

differentiation18

The H&E staining of the horizontal and sagittal planes of the muscles showed that at 7 dpf, the19

muscles of the TM-Vehicle, TM-Formula, and TM-Positive groups are relaxed. Conversely, the20

muscles are tighter in the Con-Vehicle group than in the first three groups. At 14 dpf, the muscle21

relaxation of the TM-Formula and TM-Positive groups improved, but it was not better than in the22
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Con-Vehicle group (Figure 2A and 2B). In addition, Masson’s staining in the horizontal and1

sagittal planes of the muscles showed that there was no significant difference in the distribution of2

collagen fibers in 7 dpf, while at 14 dpf, the distribution of the TM-Formula group was more3

obvious than that of the TM-Vehicle group. This result indicated that ISTKF promotes muscle4

firmness and the formation of collagen fibers in the vicinity of the fracture (Figure 2C and 2D).5

Simultaneously, Pax7 is a critical molecular marker of SMSCs that determines the formation of6

satellite cells during embryonic development. Pax7 + BrdU and Pax7 + stem cell antigen-1 (Sca1)7

staining showed that the expression of SMSC in ISTKF was increased significantly but was not8

obvious Con in the TM three groups (Figure 2E-2F and Supplemental Figure 1B-1C). This finding9

showed that β-catenin is one of the main ways to promote the proliferation and differentiation of10

muscle and SMSCs by ISTKF.11

3.3 | ISTKFmediates β-catenin to promote OPF healing12

At 7 dpf, X-rays found that each group had a clear fracture line. At 14 dpf, TM-Vehicle had no13

obvious callus connection at the broken end; the fracture line began to blur in the Con-Vehicle14

group, and a large number of calluses were formed at the fracture end and crossed the fracture line;15

the TM-Formula and TM-Positive groups show only a partial improvement (Figure 3A).16

Micro-CT showed that at 7 dpf, the three-dimensional (3D) reconstruction image can be observed17

intuitively and is not markedly different from the reconstruction image. However, quantitative18

analysis showed that the BV/TV of the TM-Vehicle group was significantly lower compared to the19

Con-Vehicle group (Figure 3B). At 14 dpf, the 3D reconstruction of the Con-Vehicle group20

showed obvious callus formation, while the TM-Formula and TM-Positive groups showed a small21

improvement, albeit not significantly. Quantitative analysis revealed that compared to the22
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Con-Vehicle group, the BV/TV of the TM-Vehicle group was significantly lower (***P<0.001).1

Compared to the TM-Vehicle group, the TM-Formula and TM-Positive groups had statistically2

significant differences in the Conn-Dens and Tb.Th (**P<0.01; *P<0.05), but none of them3

exceeded the Con-Vehicle group (Figure 3C).4

Additionally, H&E staining revealed that the fractured end of the Con-Vehicle, TM-Formula,5

and TM-Positive groups began to form a callus, but no obvious callus was formed at the fractured6

end of the TM-Vehicle group at 7 dpf (Figure 3D). The cartilage callus in the TM-Formula and7

TM-Positive groups increased gradually, and the callus in the Con-Vehicle group began to take8

shape, but the TM-Vehicle group had no obvious callus formation at 14 dpf (Figure 3E). The9

ABHO staining showed that at 7 dpf, there was no obvious cartilage formation in the TM-Vehicle10

group, while the Con-Vehicle, TM-Formula, and TM-Positive groups had a large amount of11

cartilage hyperplasia at the fracture site (Figure 3F). At 14 dpf, the cartilage began to increase in12

the TM-Formula and TM-Positive groups, while that in the Con-Vehicle group increased13

significantly; the TM-Vehicle group did not exhibit a large amount of cartilage formation (Figure14

3G). Finally, Safranin-fixed Green staining results were similar to those of ABHO. At 7 dpf, no15

obvious cartilage was formed in the TM-Vehicle group, while that at the fractured end proliferated16

markedly in the Con-Osthole group (Figure 3H). At 14 dpf, cartilage increased significantly in the17

TM-Formula and TM-Positive groups. Also, the cartilage is in the Con-Vehicle group, but no18

obvious cartilage was formed in the TM-Vehicle group (Figure 3I). The pathological staining of19

H&E, ABHO, and Safranin-fixed Green found that knocking out β-catenin in SMSCs resulted in20

the obvious delay in the formation of callus, cartilage, and osteogenesis in mice. However, the21

treatment with ISTKF can partially accelerate the healing of OPF, but it is not better than the22
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Con-Vehicle group.1

3.4 | ISTKF mediates β-catenin to regulate osteogenic differentiation of SMSCs2

and promote OPF healing3

Immunohistochemical staining of osteoprotegerin (OPG) revealed that at 7 dpf, the callus area in4

the Con-Vehicle group was visible and the OPG-positive staining in the cytoplasm was5

significantly different from that in the TM-Vehicle, TM-Formula, and TM-Positive groups6

(***P<0.001). At 14 dpf, the TM-Formula and TM-Positive groups were significantly higher than7

the TM-Vehicle group (***P<0.001; Figure 4A). Double immunofluorescence staining showed8

the SMSC-specific protein gene (Pax7) and surface antigen (Sca1) in the tibial callus, indicating9

that ISTKF promotes the expression of SMSCs at the fracture site at 14 dpf. In the TM-Vehicle10

group, only Pax7, and not Sca1, was expressed, thereby indicating that the ISTKF upregulates the11

expression of SMSCs in damaged muscles in the early stage, but the effect is not better than that12

of the Con-Vehicle group (Figure 4B). In addition, the double staining of Pax7 and proliferation13

(BrdU) expression revealed that ISTKF promotes the proliferation of SMSCs at 14 dpf. The14

expression of SMSCs was significantly higher than that of the TM-Vehicle group, indicating that15

ISTKF promotes the proliferation activity of SMSCs, but the effect is not similar to that of the16

Con-Vehicle group (Figure 4C). This finding indicated that β-catenin is one of the main signaling17

pathways for the treatment of OPF to promote the proliferation and differentiation of SMSCs by18

ISTKF.19

3.5 | Active Compound Analysis by ISTKF20

The active compound analysis of ISTKF was measured by HPLC-Q-TOF, and illustrated in the21

following schematics: Representative ion chromatogram of ISTK in the negative mode (Figure22
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5A); Representative ion chromatogram of ISTK in the positive mode (Figure 5B). The analysis1

results showed 44 detection peaks in the ISTKF (Table 2). Among them, 27 compounds were2

definitively identified by comparison with the standard compounds, while the remaining 173

compounds were tentatively characterized according to their formula, retention time, and4

fragmentation patterns. Among them, the main ones from Slauia miltiorrhiza Bunge are Caffeic5

acid 3-O-β-D-glucoside, Salvianolic acid B, and 15 other compounds; The main compounds from6

Epimedium brevicornum Maxim are Icariin, Magnoflorine and 11 others; The main ones from7

Root of Angelicae Pubescens include 9 compounds such as Osthole and Angenomalin; The main8

compounds from Codonopsis pilosula include 5 compounds such as Codonopsine and9

Chlorogenic acid; The main compounds from Rhizoma Drynariae include 3 compounds such as10

Naringin and Neoeriocitrin; The main compounds from Acanthopanax senticosus are11

Eleutheroside B2 and Eleutheroside E.12

4 | Discussion13

In this study, we proved that ISTKF inhibits the significant decrease in bone mass and the14

destruction of bone microstructure in Pax7-CreERT2/+;β-cateninfx/fx cKO mice. We also found that15

ISTKF mediates the β-catenin signaling pathway to mobilize SMSCs to migrate to the fracture site,16

promotes the osteogenic differentiation of SMSCs, and promotes the activity of cartilage and17

osteoblasts at the OPF site. On the other hand, it promotes the function of the spleen and stomach,18

improves the absorption of the compound, and participates in the repair of the muscles around the19

fracture end, jointly accelerating the healing of OPF. Interestingly, β-catenin knockout in SMSCs20

gives rise to sarcopenia and osteopenia. On the contrary, when β-catenin is promoted by ISTKF, it21

promotes fracture healing and skeletal muscle fiber remodeling. Therefore, ISTKF regulates22
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SMSCs to exert a critical role in β-catenin-mediated osteoporotic fracture healing (Figure 6).1

The specific composition and efficacy of ISTKF are as follows. Codonopsis pilosula (CP) is a2

perennial herbaceous plant in the genus Codonopsis of Campanulaceae and belongs to the spleen3

and lung meridian. It has been shown to have various pharmacological effects, such as anti-tumor,4

anti-microbial, antioxidant, and immune-enhancing properties (Wan et al., 2020; Zou et al., 2019);5

Rhizoma drynariae (RD) is a plant of the order Rhizoma Drynariae of the Rhizoma Drynariae6

family., which belong to the kidney and liver meridian. Its effective components can inhibit bone7

resorption or stimulate bone formation by regulating the targets of signal pathways, such as8

OPG/receptor activator of nuclear factor-κB (RANK)/RANK Ligand (RANKL), Wnt/β-catenin,9

and bone morphogenetic protein (BMP), and ultimately achieve the goal of preventing and10

treating osteoporosis. (Wan et al., 2020; Zou et al., 2019). Acanthopanax senticosus (AS) is a11

plant of Umbelliferae of the Araliaceae family; it belongs to the spleen, kidney, and heart meridian,12

prevents bone loss by inhibiting the RANK signaling pathway, inhibits osteoclast production13

induced by RANKL, and may be used to treat osteoclast-related diseases (Xu et al., 2020).14

Epimedium brevicornum Maxim (EBM) is a perennial herb of the Berberis family, which has the15

functions of nourishing the kidney and strengthening yang, muscles, and bones. Also, it has16

potential anti-osteoporosis activity and may be an active ingredient that stimulates osteoblasts17

(Meng et al., 2005; Zheng et al., 2020). Slauia miltiorrhiza Bunge (SMB) is a plant of the18

Lamiaceae, which has bitterness and is slightly cold. It belongs to the heart and liver meridians19

and has been identified as having anti-cancer, antioxidant, anti-fibrosis, and anti-inflammatory20

properties (Nagappan et al., 2019). The root of Angelicae pubescens (RAP) is the dried root of the21

Umbelliferae plant Angelica sinensis, which belongs to the kidney and bladder meridian. It has a22
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wide range of biological activities, such as anti-inflammatory, osteogenic, anti-fungal, and1

insecticidal, and has been used to treat rheumatism, pain, fever, and back pain (Yuan et al., 2020).2

Our previous studies have shown that ISTKF upregulates the expression of β-catenin and3

promotes the positive expression of OPG in the callus (Da et al., 2017). Simultaneously, SMSCs4

are mobilized to migrate to the callus and promote the proliferation of chondrocytes at the5

fractured end in the early stage, promote the apoptosis of chondrocytes in the middle stage, and6

increase the number of osteoblasts (Da, 2016). And SMSCs have been shown to mediate the role7

of β-catenin in promoting osteoporotic fracture healing to improve our understanding of the role8

of SMSCs in promoting fracture healing and allow us to explore their potential as therapeutic9

targets (Jin et al., 2022). At the same time, osthole, the active ingredient of ISPKF, can attenuate10

osteoclast formation by stimulating the activation of β-catenin-OPG signaling (Jin et al., 2021).11

Compared to previous studies, in the present study, for the first time, conditional knockout mice12

have been applied to test the effects of this classic herbal compound and determine the underlying13

mechanisms.14

However, using ISTKF for intervention, it was found that OPF healing was improved in the15

TM-Formula group but was not similar to that in the Con-vehicle group, indicating that ISTKF16

promotes fracture healing through the β-catenin signaling pathway and other channels. Some17

studies demonstrated that miR-122 inhibits the proliferation and differentiation of osteoblasts in18

osteoporotic rats (Meng et al., 2020), and BMP signaling operates during routine satellite cell19

function to coordinate the balance between proliferation and differentiation before Noggin is20

activated to antagonize BMPs and facilitate terminal differentiation (Ono et al., 2011). In addition,21

some scholars have shown that ARC could potentially inhibit osteoclastogenesis by abrogating22
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receptor activator of nuclear factor-κB ligand (RANKL)-induced mitogen-activated protein kinase1

(MAPK), calcium, and NFATc1 signaling pathway, as well as by promoting the expression of2

reactive oxygen species (ROS) scavenging enzymes in Nrf2/Keap1/antioxidant response element3

(ARE) signaling pathway (Ono et al., 2011). Furthermore, epidermal growth factor receptor (Liu4

et al., 2019), growth differentiation factor 11-fat mass and obesity-associated protein axis (Shen et5

al., 2018), nuclear factor-kappa B, mitogen-activated protein kinases (M peroxisome6

proliferator-activated receptor gamma APK) (Wang et al., 2020), protein kinase B (Liu et al.,7

2016), vitamin D (Donato et al., 2020), and other signaling pathways promote the fracture healing8

in osteoporotic bone. Moreover, oxidative stress and inflammation (Wang et al., 2013) might9

promote fracture healing, which requires an in-depth exploration. And, through systematic review10

analysis, we found that bone mesenchymal stem cells could accelerate callus maturity, ossification11

and restore the mechanical properties of bones in osteoporotic fractures (Wang et al., 2013). These12

studies have opened a new avenue for the treatment of OPFs and provided a basis for future13

clinical applications.14

Further studies are needed to clarify the pharmacokinetics of ISTKF to provide references for15

optimal dosage and clinical indications. Currently, a large number of factors are detected in this16

TCM compound, and even the proportion of the compound needs to be optimized. Therefore, we17

must first prove the effectiveness of ISTKF in vitro and in vivo. These mechanisms provide18

direction for the follow-up studies. We also plan to continue exploring other signaling pathways19

through network pharmacology in future studies.20

In summary, after treatment with ISTKF, the muscle wet weight coefficient of the OPF model of21

Pax7-CreERT2/+;β-cateninfx/fx conditional gene knockout mice can be significantly improved. It22
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promotes the firmness of the muscles and the formation of collagen fibers in the vicinity of1

fractures. In addition, ISTKF promotes the proliferation activity of SMSCs, thereby promoting the2

formation of calli, which accelerates the healing time of fractures. Although ISTKF improved,3

knocking out β-catenin in SMSCs was not better than that in the Con-vehicle group, indicating4

that the β-catenin signaling pathway is one of the main mechanisms underlying ISTKF-regulated5

SMSCs to treat OPF.6
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FIGURE 1 | ISTKF mediates β-catenin to promote myogenic differentiation. (A) The muscle

coefficient ratio of the four groups. (B) Statistical results of muscle coefficient ratio of four groups.

(C) β-catenin immunohistochemical staining of the left calf muscle of the four groups. Retest of

the knockout efficiency of the TM group. Bar, 50 μm. (D) Related quantitative analysis of

β-catenin immunohistochemical staining. Results are shown as mean±SEM (n=10). *P<0.05,

**P<0.01, ***P<0.001. (E) Western blot analysis of muscle β-catenin knockout efficiency and

detection of myogenic differentiation indicators MEF2C and MyoD1. (F) Related quantitative

analysis of Western blot. (G) Immunofluorescence staining (MyoD+BrdU) of the posterior tibial

muscle on the model side at 7 dpf. Bar, 20 μm.

FIGURE 2 | ISTKF mediates β-catenin to regulate SMSCs and promote myogenic differentiation.

(A) H&E staining of the left calf muscle (cross-section). Bar, 50 μm. (B) H&E staining of the left

calf muscle (longitudinal section). Bar, 50 μm. (C) Masson’s staining of left calf muscles

(cross-section). Bar, 50 μm. (D) Masson’s staining of left calf muscles (longitudinal section). Bar,

50 μm. (E) Immunofluorescence staining (Pax7+Sca1) of the posterior tibial muscle on the

modeled side at 7 dpf. Bar, 20 μm. (F) Immunofluorescence staining (Pax7+BrdU) of the posterior

tibial muscle on the modeled side at 7 dpf. Bar, 20 μm. ISTKF promotes the proliferation activity

of SMSCs in skeletal muscle.

FIGURE 3 | ISTKF mediates β-catenin to promote OPF healing. (A) X-ray scan of the left tibia at

7 dpf and 14 dpf. (B) Micro-CT 3D reconstruction and quantitative analysis at 7 dpf. Bar, 1 mm.

(C) Micro-CT 3D reconstruction and quantitative analysis at 14 dpf. Bar, 1 mm. Analysis of tibial
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fracture site by H&E staining, treated for 7 dpf (D) and 14 dpf (E). Bar, 500 μm. Analysis of tibial

fracture site by Alcian Blue/hematoxylin and orange G staining after treatment for 7 dpf (F) and

14 dpf (G). Bar, 500 μm. Analysis of tibial fracture site by Safranin-fixed green staining, treated

for 7 dpf (H) and 14 dpf (I). Bar, 500 μm.

FIGURE 4 | ISTKF mediates β-catenin to regulate osteogenic differentiation of SMSCs to

promote OPF healing. (A) Immunohistochemical β-catenin staining of the fracture sites of each

groups at 7 dpf and 14 dpf. Bar, 50 μm. (B) Immunohistochemical OPG staining of the fracture

sites in each group at 7 dpf and 14 dpf. Bar, 50 μm. (C) Immunofluorescence staining of tibial

fracture site (Pax7+Sca1). Bar, 50 μm. (D) Immunofluorescence staining of tibial fracture site

(Pax7+BrdU). Bar, 50 μm. ISTKF mobilizes SMSCs to migrate to the callus for expression and

upregulates the expression of osteoblasts, thereby promoting callus formation and fracture healing.

FIGURE 5 | UPLC-Q-TOF/MS analysis of ISTK ingredients. (A) Representative ion

chromatogram of ISTK in the negative mode. (B) Representative ion chromatogram of ISTK in

the positive mode. (C) The chemical structure of the higher peak component in the ISTKF.

FIGURE 6 | ISTKF regulates skeletal muscle satellite cells and plays a vital role in the healing of

osteoporotic fractures mediated by β-catenin. When β-catenin is knocked out in SMSCs,

sarcopenia and osteopenia are observed. Conversely, when β-catenin is promoted by ISTKF, it

promotes fracture healing and skeletal muscle fiber remodeling. CP: Codonopsis pilosula, RD:

Rhizoma drynariae, AS: Acanthopanax senticosus, EBM: Epimedium brevicornum Maxim, SMB:
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Slauia miltiorrhiza Bunge, RAP: Root of Angelicae pubescens.


