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Project Title : การศกึษาบทบาทของวติามนิด ี3 ในรูปแอ๊คทฟีฟอร์ม [1α,25(OH)2D3] ต่อการควบคุม
การท างานของเซลล์ต้นก าเนิดของกล้ามเนื้อลาย, การสงัเคราะห์โปรตีน และการท างานของกล้ามเนื้อ
ในขณะฟ้ืนฟูสภาพจากการบาดเจบ็ 
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Project Period : 2 ปี (ไดร้บัการอนุมตัขิยายระยะเวลาโครงการเพิม่อกี 6 เดอืน) 
 

การคน้พบตวัรบัสญัญาณการท างานของวติามนิด ี3 (VDR) ในกลา้มเนื้อลายทีก่ าลงัฟ้ืนฟูสภาพเมื่อไม่นาน
มานี้ ท าใหเ้กดิค าถามเกีย่วกบับทบาทของวติามนิด ี3 ว่ามคีวามเกีย่วขอ้งกบัการฟ้ืนฟูสภาพของกลา้มเนื้อ
ลายอย่างไร เพื่อศกึษาถึงบทบาทของวติามนิดี 3 ต่อกระบวนการดงักล่าว กลา้มเนื้อลายบรเิวณหน้าแขง้ 
(tibialis anterior) ของหนูเมาส์เพศผู ้สายพนัธุ์ C57BL/6 อายุ 10 สปัดาห์ ได้ถูกท าให้บาดเจบ็ด้วย 1.2% 
BaCl2 หลงัจากนัน้วติามินดี 3 ในรูปแอ๊คทีฟฟอร์ม [1α,25(OH)2D3] ได้ถูกฉีดเข้ากล้ามเนื้อลายที่มีการ
บาดเจบ็ในขณะฟ้ืนฟูสภาพ (วนัที ่4-7 ภายหลงัการบาดเจบ็) โดยใชค้วามเขม้ขน้ 2 ระดบัในการศกึษา ไดแ้ก่ 
1 µg/kg ต่อน ้าหนักกลา้มเนื้อหรอืน ้าหนักตวัของสตัวท์ดลอง  ตวัอย่างกลา้มเนื้อส าหรบัการวเิคราะห์ไดถู้ก
เกบ็ภายหลงัจากการบาดเจบ็เป็นระยะเวลา 8 วนั เพื่อศกึษาการเปลีย่นแปลงของโปรตนีที่เกี่ยวขอ้งกบัเม
แทบอลซิมึของวติามนิด ี3 (VDR, CYP24A1 และ CYP27B1), การท างานของเซลลต์น้ก าเนิดของกลา้มเนื้อ
ลายและการสรา้งเสน้ใยกลา้มเนื้อลายขึน้มาใหม่ (myogenin และ EbMHC), กระบวนการสงัเคราะห์โปรตนี 
(Akt, p70 S6K1, 4E-BP1 และ myostatin), ชนิดของเส้นใยกล้ามเนื้อลาย (fast MHC และ slow MHC), 
ปรมิาณเนื้อเยื่อเกี่ยวพนั (vimentin) และปรมิาณหลอดเลอืด (CD31) ซึ่งปัจจยัทัง้หมดส่งผลต่อการท างาน
ของกลา้มเนื้อลายในขณะฟ้ืนฟูสภาพจากการบาดเจบ็  จากการศกึษาพบวา่การฉีด 1α,25(OH)2D3 เขา้ไปที่
กลา้มเนื้อลายทีก่ าลงัฟ้ืนฟูสภาพสามารถเพิม่การแสดงออกของ VDR ไดท้ัง้ 2 ความเขม้ขน้ทีท่ดสอบ  โดย
การเพิม่ขึน้ของโปรตนี CYP24A1 และ vimentin รวมถงึการลดลงของโปรตนี myogenin และ EbMHC ถูก
พบเฉพาะเมื่อได้รบั 1α,25(OH)2D3 ที่ความเขม้ข้นต่อน ้าหนักตวัของสตัว์ทดลองเท่านัน้ ซึ่งผลด้านการ
ยบัยัง้โปรตนี myogenin และ EbMHC ไดถู้กยนืยนัดว้ยการทดสอบในหลอดทดลองกบัเซลล์กลา้มเนื้อลาย
เพาะเลี้ยง (C2C12 myotubes)  อย่างไรก็ตามไม่พบการเปลี่ยนแปลงของโปรตีน CYP27B1, Akt, p70 
S6K1, 4E-BP1, myostatin, fast MHC, slow MHC หรอื CD31 แต่อย่างใดในทัง้ 2 ความเขม้ขน้ที่ทดสอบ  
จากผลการวจิยัขา้งต้นสามารถสรุปได้ว่าการท างานของ 1α,25(OH)2D3 ต่อกระบวนการฟ้ืนฟูสภาพของ
กลา้มเนื้อลายขึน้อยู่กบัระดบัความเขม้ขน้ โดยความเขม้ขน้ทีร่ะดบั 1 µg/kg ต่อน ้าหนักตวัของสตัวท์ดลอง
นัน้สามารถส่งผลยบัยัง้การท างานของเซลล์ต้นก าเนิดของกลา้มเนื้อลายและการสรา้งเสน้ใยกลา้มเนื้อลาย
ขึ้นมาใหม่ รวมถึงส่งผลให้เกิดการสร้างเนื้ อเยื่อเกี่ยวพันที่มากกว่าปกติ อย่างไรก็ตามการได้รับ 
1α,25(OH)2D3 ไมม่ผีลต่อกระบวนการสงัเคราะหโ์ปรตนี, ชนิดของเสน้ใยกลา้มเนื้อลาย และการปรมิาณของ
หลอดเลอืดทีส่รา้งขึน้มาใหมแ่ต่อยา่งใด 
 

ค ำสืบค้น : วติามนิด ี3, การฟ้ืนฟูสภาพของกลา้มเนื้อลาย, การฉีดสารเขา้กลา้มเนื้อลาย, การเกดิพงัผดื, 
การสรา้งหลอดเลอืด  
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Abstract 
 
Project Code : MRG5680061 
Project Title : An investigation on the effect of bioactive form of vitamin D3 [1α,25(OH)2D3] 
on the regulation of satellite cell activity, protein synthesis, and muscle function during 
muscle regeneration 
Investigator : Asst. Prof. Dr. Ratchakrit  Srikuea (Mahidol University) 
E-mail Address : ratchakrit.sri@mahidol.ac.th 
Project Period : 2 years (6 months extension was approved) 
 

The recent discovery of the vitamin D receptor (VDR) in regenerating muscle raises the 
question regarding the action of vitamin D3 on skeletal muscle regeneration. To investigate 
the action of vitamin D3 on this process, tibialis anterior (TA) muscle of male C57BL/6 mice 
(10 week of age) was injected with 1.2% BaCl2 to induce extensive muscle injury. The 
bioactive form of vitamin D3 [1α,25(OH)2D3] was administered daily via intramuscular 
injections during regenerative phase (day 4-7 post-injury). Two doses of 1α,25(OH)2D3 at 1 
µg/kg muscle wet weight (MW) and mouse body weight (BW) were investigated. Muscle 
samples were collected on day 8 post-injury to examine proteins related to vitamin D3 
metabolism (VDR, CYP24A1, and CYP27B1), satellite cell differentiation and regenerative 
muscle fiber formation (myogenin and EbMHC), protein synthesis signaling (Akt, p70 S6K1, 
4E-BP1, and myostatin), fiber type composition (fast and slow MHCs), fibrous formation 
(vimentin), and angiogenesis (CD31). Administration of 1α,25(OH)2D3 at MW and BW doses 
increased VDR in regenerative muscle. Increased CYP24A1 and vimentin expression 
accompany decreased myogenin and EbMHC expression at the BW dose of 1α,25(OH)2D3. 
The suppressive effect of 1α,25(OH)2D3 on myogenin and EbMHC expression was confirmed 
in C2C12 myotubes. However, there was no change in CYP27B1, Akt, p70 S6K1, 4E-BP1, 
myostatin, fast and slow MHCs, or CD31 expression at any dose investigated. Taken 
together, there was a dose-dependent effect of 1α,25(OH)2D3 on skeletal muscle 
regeneration. Administration of 1α,25(OH)2D3 at BW dose resulted in decreased satellite cell 
differentiation, delayed regenerative muscle fiber formation, and increased muscular fibrosis. 
However, protein synthesis signaling, fiber type composition, and angiogenesis were not 
affected by 1α,25(OH)2D3 administration. 
 

Keywords : vitamin D3, muscle regeneration, intramuscular injection, muscular fibrosis,  
angiogenesis         
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Executive Summary 

Vitamin D3 is a pleiotropic hormone that has a broad range of physiological functions. 

Besides regulation of calcium homeostasis, various studies reported an action of the bioactive 

form of vitamin D3 [1,25(OH)2D3] on noncalcemic functions, i.e. controlling cell proliferation, 

differentiation, and apoptosis. The action of 1α,25(OH)2D3 requires binding to the vitamin D 

receptor (VDR) in order to initiate downstream cascades and modulate gene transcription. 

Besides regulation of calcemic genes, myogenic and muscle phenotypic genes can be 

modulated in responses to 1α,25(OH)2D3. Moreover, two major enzymes regulating vitamin 

D3 metabolism, CYP27B1 and CYP24A1, were expressed in skeletal muscle cells. Expression 

of the VDR and vitamin D3 metabolizing enzymes in skeletal muscle cells suggest the 

possible local regulation of vitamin D3 on this extrarenal tissue. Recently, substantial VDR 

protein expression in regenerative muscle was discovered that in contrast to the barely 

detectable level in normal muscle. This finding raised a major question regarding to the 

potential role of 1α,25(OH)2D3 on the regulation of skeletal muscle regenerative capacity.  

Skeletal muscle regeneration is a self-repairing process following muscle injury. This 

process involves the activity of resident skeletal muscle stem cells (satellite cells) that are 

located between the basement membrane and basal lamina of muscle fibers. The efficiency 

of the regenerative process requires sufficient myoblast-derived satellite cell number, 

effectiveness of myoblast fusion and differentiation, and a rapid increase in the rate of protein 

synthesis. In addition, connective tissue formation and angiogenesis act as contributing 

factors to determine skeletal muscle regenerative capacity. Excess connective tissue 

formation (fibrous formation) and defect of revascularization after muscle injury can delay 

regenerative process. Unfortunately, an investigation on the direct action of 1α,25(OH)2D3 on 

during skeletal muscle regeneration has not been demonstrated. Therefore, the aim of this 

study was designed to test the direct effects of 1α,25(OH)2D3 on regenerative capacity, 

muscular fibrosis, and angiogenesis during skeletal muscle regeneration.  

In this study, tibialis anterior muscle of adult male C57BL/6 mice (10 weeks of age) 

were injected intramuscularly with 1.2% BaCl2 to induce extensive muscle injury. 

Intramuscular injection of two different doses of 1α,25(OH)2D3 (1 µg/kg relative to muscle wet 

weight and mouse body weight) at regenerative phase was investigated to test the dose 

เอกสารปกปิด หา้มเผยแพรก่่อนไดร้บัอนุญาต 
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dependent effects of 1α,25(OH)2D3 on skeletal muscle regeneration. Muscle samples were 

collected to examine proteins related to vitamin D3 metabolism, satellite cell differentiation and 

regenerative muscle fiber formation, protein synthesis signaling, fiber type composition, 

fibrous formation, and angiogenesis. The expression levels of protein investigated were 

examined by immunohistochemistry and Western blot analysis. Regenerative muscle fiber 

size was determined by histochemical analysis. The effects of 1α,25(OH)2D3 on the 

expression of vitamin D3 regulating enzyme, skeletal muscle cell differentiation, and myotube 

formation were confirmed in vitro study with mouse muscle cell line (C2C12).  

The results demonstrated that administration of 1α,25(OH)2D3 increase VDR protein 

expression in regenerative muscle. However, increased vitamin D3 catabolizing enzyme 

(CYP24A1), decreased satellite cell differentiation, delayed regenerative muscle fiber 

formation, and increased muscular fibrosis were evident only 1α,25(OH)2D3 was 

administrated at mouse body weight dose. Furthermore, protein synthesis signaling, fiber type 

composition, and angiogenesis were not affected by 1α,25(OH)2D3 administration at any 

dose investigated. These finding suggest there was a dose-dependent effect of 1α,25(OH)2D3 

on skeletal muscle regeneration. The novelty of this work is the finding of non-calcemic 

functions of 1α,25(OH)2D3 on regenerative capacity and muscular fibrosis during skeletal 

muscle regeneration. The results of the present study provide a significant contribution to the 

field regarding knowledge of the physiological functions of the bioactive form of vitamin D3 

and vitamin D3 metabolizing enzymes on the regenerative process of skeletal muscle. 
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Research Contents 

Introduction 

Vitamin D3 (cholecalciferol) is a steroid hormone that is essential for calcium 

homeostasis (Lips, 2006). Furthermore, a broad range of physiological non-calcemic functions 

of vitamin D3 have been reported i.e., controlling cell proliferation, differentiation, and 

apoptosis (Samuel and Sitrin, 2008). The metabolism of vitamin D3 from precursor to its 

bioactive form to initiate its action on the target tissue requires multiple steps. Briefly, 

synthesis of vitamin D3 occurs in the skin after the vitamin D3 precursor (7-

dehydrocholesterol) is exposed to sun light to form cholecalciferol. Cholecalciferol is 

hydroxylated in the liver to form 25(OH)D3 (calcidiol). 25(OH)D3 is further hydroxylated via 1-

α hydroxylase, a cytochrome P450 containing-hydroxylase encoded by cyp27b1 gene, in the 

kidney to produce the bioactive form of vitamin D3, 1α,25(OH)2D3 (calcitriol). The 

concentration of 1α,25(OH)2D3 is regulated by the action of the vitamin D3 catabolizing 

enzyme, which is encoded by cyp24a1 gene, to convert 1α,25(OH)2D3 to the inactive 

metabolite calcitroic acid (Reviewed: Prosser and Jones, 2004).  

The action of 1α,25(OH)2D3 requires binding to the vitamin D receptor (VDR) in order 

to initiate downstream cascades and modulate gene transcription. VDR is localized as a 

nuclear receptor and acts as a transcription factor that recognizes cognate vitamin D 

response elements (VDREs) in more than 3,000 target genes in the mouse genome (Wang et 

al., 2005). In addition to calcemic regulatory genes, myogenic regulatory genes (Myf5, MyoD, 

myogenin, and myostatin) (Endo et al., 2003; Garcia et al., 2011; Girgis et al., 2014a) and 

muscle phenotypic genes (myosin heavy chain; MHC isoform) (Endo et al., 2003; Garcia et 

al., 2011; Okuno et al., 2012) were modulated in responses to 1α,25(OH)2D3 treatment. The 

action of 1α,25(OH)2D3 on skeletal muscle cells and tissue was supported by the presence of 

VDR protein in a mouse muscle cell line (C2C12) (Garcia et al. 2011; Srikuea et al., 2012; 

Girgis et al., 2014a), rodent skeletal muscle (Endo et al., 2003; Srikuea et al., 2012; Stratos et 

al., 2013; Makanae et al., 2015), human primary myoblasts (Pojednic et al., 2015a; Olsson et 

al., 2015), and human skeletal muscle (Bischoff et al., 2001; Bischoff-Ferrari et al., 2004; 

Pojednic et al., 2015b). Moreover, two major enzymes regulating vitamin D3 metabolism, 

CYP27B1 and CYP24A1, were also expressed in C2C12 cells and mouse primary myotubes 

เอกสารปกปิด หา้มเผยแพรก่่อนไดร้บัอนุญาต 
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(Girgis et al., 2014b). Taken together, expression of the VDR and vitamin D3 metabolizing 

enzymes in skeletal muscle suggest the possible local regulation of vitamin D3 on this 

extrarenal tissue.  

The presence of VDR protein in regenerative muscle, as demonstrated by 

immunohistochemistry (Srikuea et al., 2012) and Western blot analysis (Stratos et al., 2013), 

raised a major question regarding to the potential role of 1α,25(OH)2D3 on the regulation of 

skeletal muscle regenerative capacity. Skeletal muscle regeneration is a self-repairing 

process following muscle injury. This process involves the activity of resident skeletal muscle 

stem cells (satellite cells) that are located between the basement membrane and basal 

lamina of muscle fibers (Mauro, 1961). Satellite cells are unipotent and can differentiate to 

form muscle fibers in addition to self-renewal (Relaix and Zammit, 2012). Under normal 

conditions, satellite cells are quiescent but can become active, proliferating and differentiating 

after injury to repair damaged muscle fibers or generate new muscle fibers (Hawke and 

Garry, 2001). After activation, satellite cells express transcription factors that can be used to 

identify the stages of their activity, i.e. MyoD, Myf5, Myf6 (activation, proliferation, and 

differentiation) and myogenin (differentiation) (Shi and Garry, 2006). Currently, the satellite 

cell population can be determined by the expression of specific transcription factor; Pax7 

(Seale et al., 2000). The central nuclei derived from satellite cell fusion in regenerating 

muscle fibers are a hallmark of muscle regeneration. These newly formed muscle fibers after 

muscle injury can be characterized by the expression of embryonic myosin heavy chain 

(EbMHC) (Melcon et al., 2006).  

The efficiency of the regenerative process requires sufficient myoblast-derived satellite 

cell number, effectiveness of myoblast fusion and differentiation, and a rapid increase in the 

rate of protein synthesis. The suppressive effects of 1α,25(OH)2D3 on myogenic cells have 

been reported in various studies on myoblast proliferation (Garcia et al. 2011; Srikuea et al., 

2012; Girgis et al., 2014a) and myotube formation (Garcia et al. 2011; Girgis et al., 2014a). 

Although its effect leads to a decrease in myotube number, an increase in myotube size in 

vitro has been reported (Garcia et al. 2011; Girgis et al., 2014a). In addition, treatment with 

1α,25(OH)2D3 in combination with insulin and leucine increased the phosphorylation of 

Akt/mTOR pathway suggesting an anabolic effect in skeletal muscle cells (Salles et al., 2013). 

An impaired muscle fiber regenerative response occurs when mTOR is inhibited after muscle 
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injury (Ge et al., 2009); however, the direct effect of 1α,25(OH)2D3 on Akt/mTOR pathway 

activation in regenerative muscle has not been investigated. Only one investigation reported 

an effect of vitamin D3 on muscle regeneration using a crush injury model (Stratos et al., 

2013). Administration of activated 7-dehydrocholesterol via subcutaneous administration to 

the rats immediately after contusion induced-muscle injury leads to partial restoration of 

muscle function. However, VDR protein expression and satellite cell activity did not changes 

in response to activated 7-dehydrocholesterol administration. Furthermore, an investigation on 

the direct action of the bioactive form of vitamin D3, 1α,25(OH)2D3, on skeletal muscle 

regeneration has not been investigated. 

Connective tissue formation and angiogenesis act as contributing factors to determine 

skeletal muscle regenerative capacity. Increased fibroblast proliferation and collagen 

production after activated 7-dehydrocholesterol administration has been demonstrated 

(Stratos et al., 2013). However, a single dose of activated 7-dehydrocholesterol immediately 

after muscle injury leads to an increased serum 25(OH)D3 that suppressed 1α,25(OH)2D3 

serum level. This leaves the direct action of 1α,25(OH)2D3 on regulation of connective tissue 

formation/muscular fibrosis in regenerative muscle still unanswered. Moreover, the effect of 

1α,25(OH)2D3 on pro-angiogenic growth factors and angiogenic inhibition was recently 

discovered (Garcia et al., 2013). Treatment of 1α,25(OH)2D3 to C2C12 myoblasts increased 

vascular endothelial growth factor A (VEGF-A) and fibroblast growth factor-1 (FGF-1) while 

suppressing FGF-2 and tissue inhibitor of matrix metalloproteinases-3 (TIMP-3). However, this 

study was conducted in vitro demonstrating a need to clarify 1α,25(OH)2D3 action on 

angiogenesis during skeletal muscle regeneration in vivo. 

 

Objectives 

The aim of this study was designed to test the direct effects of 1,25(OH)2D3 on 

regenerative capacity, muscular fibrosis, and angiogenesis during skeletal muscle 

regeneration. 
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Research Methodology 

Adult male C57BL/6 mice were obtained from the National Laboratory Animal Centre, 

Salaya, Nakhon Pathom, Thailand. All animal procedures were performed in accordance with 

institutional guidelines for the care and use of laboratory animals as approved by the Ethics 

Committee on the Use of Experimental Animals, Faculty of Science, Mahidol University, 

Thailand (Protocol no. MUSC56-005-267). 

BaCl2-induced muscle injury 

C57BL/6 mice (10 weeks of age) were anesthetized by inhalation with isoflurane gas 

prior injury induction. Left and right tibialis anterior (TA) muscles were injected intramuscularly 

with 50 µl of 1.2% BaCl2 dissolved in sterile PBS to induce extensive muscle injury. Mouse 

TA muscle was illustrated in Fig. 1. 

 

 

 

 

 

 

 

 

Fig. 1 Mouse TA muscle in this study. The location of TA muscle that was injected with 

1.2% BaCl2 solution to induce extensive muscle injury (arrow). 
 

Intramuscular 1α,25(OH)2D3 administration 

Mice were randomly assigned in to one of three groups (n=6/group): control group, 

injury + 1α,25(OH)2D3 (dose 1 µg/kg relative to TA muscle wet weight; MW) group, and injury 

+ 1α,25(OH)2D3 (dose 1 µg/kg relative to mouse body weight; BW) group. Two doses of 

1α,25(OH)2D3 were used in this study to determine the dose dependent effect of 

1α,25(OH)2D3 on skeletal muscle regenerative capacity, muscular fibrosis, and angiogenesis. 

1α,25(OH)2D3 (Cayman Chemical Inc., 71820) was administered daily via intramuscular 

injection to the left injured TA muscle on days 4-7 post-injury (Fig. 2). The right injured TA 

served as contralateral injured muscle and was administrated a vehicle treatment. The 

เอกสารปกปิด หา้มเผยแพรก่่อนไดร้บัอนุญาต 
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administration period of 1α,25(OH)2D3 represents the phase of muscle regeneration that 

involves satellite cell differentiation, rapid increases in protein synthesis, regenerative muscle 

fiber formation, extracellular matrix remodeling, and revascularization.  

 

 

 

 

 

 

 

Fig. 2 Experimental diagram of intramuscular administration of vehicle and 1α,25(OH)2D3 

during skeletal muscle regeneration. Vehicle and 1α,25(OH)2D3 at MW and BW doses 

were administered daily via intramuscular injections during day 4 to 7 post-injury. This 

administration period represents the regenerative phase. 
 

Muscle wet weight/body weight ratio  

On day 8 post-injury, injured TA muscles from either vehicle- or 1α,25(OH)2D3- 

administrated were dissected and weighed using digital weight scale to within ± 0.001 mg 

(Mettler Toledo, MS204S). Immediately after dissection, excess fluid was removed with filter 

paper. TA muscle wet weight (mg) was measured, normalized to mouse body weight (g), and 

recorded as muscle wet weight to body weight ratio.  

Western blot analysis 

 Muscle samples were homogenized in ice-cold homogenizing buffer containing 50 mM 

Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 supplemented with protease 

inhibitor cocktail (Sigma, P8340) (1:100) and phosphatase inhibitor cocktail (Calbiochem, 

524625) (1:100). Muscle homogenates were centrifuged at 1,500 g for 10 min at 4oC to 

separate cytosolic and myofibrillar fractions. The cytosolic fraction was further centrifuged at 

10,000 g for 10 min at 4oC and the supernatant portion was collected. To remove debris in 

myofibrillar fraction, pellets were suspended in the same ice-cold homogenizing buffer and 

centrifuged at 1,500 g for 10 min × 3 (4°C). Thereafter, the insoluble pellet was re-suspended 

with 0.5 M NaOH in 50 mM Tris-HCl, pH 7.5. Protein concentrations were determined by BCA 
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assay in triplicate measurements. Under a reducing condition, 40 µg of cytosolic protein and 

10 µg myofibrillar protein fractions containing sample buffer solution were denatured by 

heating at 60oC for 10 min. The protein samples were loaded into SDS-polyacrylamide gel 

(5% stacking and 8-10% separating gels), and then transferred to a PVDF membrane 

(Millipore, IPVH-00010). The membrane was blocked with 5% non-fat milk (Bio-Rad, 

1706404XTU), and probed with primary antibodies. The cytosolic proteins were incubated 

overnight with the following primary antibodies; VDR (D-6) (Santa Cruz Biotechnology sc-

13133, 1:200), CYP24A1 (Santa Cruz Biotechnology SC-66851, 1:200), CYP27B1 (Santa 

Cruz Biotechnology SC-67261, 1:200), myogenin (Santa Cruz Biotechnology SC-12732, 

1:200), myostatin (Santa Cruz Biotechnology SC-393335, 1:200), vimentin (Santa Cruz 

Biotechnology SC-32322, 1:200), CD31 (Abcam ab28364, 1:500), phospho-p70 S6K1 Thr389 

(Cell signaling 9206, 1:1,000), p70 S6K1 (Cell signaling 2708, 1:1,000), phospho-4E-BP1 

(Cell signaling 9451, 1:1,000), 4E-BP1 (Cell signaling 9644, 1:1,000), phospho-Akt Ser473 

(Cell signaling 4060, 1:1,000), and Akt Ser473 (Cell signaling 2967, 1:2,000). However, the 

myofibrillar protein were incubated with the following primary antibodies including fast MHC 

(Abcam ab91506, 1:2,000), slow MHC (Abcam ab11083, 1:2,000), and EbMHC (Santa Cruz 

Biotechnology SC-53091, 1:500). Particularly, fast MHC and slow MHC antibodies also 

applied with cytosolic protein fraction to determine soluble pool of MHCs. Thereafter, the 

membrane was incubated with appropriate horseradish peroxidase (HRP) conjugated 

secondary antibodies. Protein bands were visualized with chemiluminescence HRP detection 

reagent (Millipore, WBLUR0100) and exposed to CL-XPosure film (Thermo Scientific, 

PIE34090). Band density was analyzed with ImageJ software version 1.44p [National 

Institutes of Health (NIH), Bethesda, MD]. Cytosolic protein expression was normalized to 

GAPDH (Millipore AB2302, 1:5,000), except phospho-p70 S6K1 Thr389, phospho-4E-BP1, 

and phospho-Akt Ser473 which were normalized to their total proteins. Myofibrillar protein 

expression was normalized with amount of loading protein as determined by Ponceau S 

staining.  

Histological analysis 

The frozen muscle samples were sectioned at 10 µm thickness with cryostat (Leica, 

Model CM1850). To determine cross-sectional area (CSA) of regenerative muscle fibers, the 

muscle sections were stained with hematoxylin and eosin to visualize the presence of central 
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nucleated regenerative muscle fibers that represents the hallmark of muscle regeneration. 

Representative images were taken at 200× magnification with Olympus microscope BX53 

(Olympus, Japan). Six images were randomly captured using cellSens Dimension version 

1.81 software (Olympus, Japan) for quantitative analysis. Regenerative muscle fiber CSA was 

quantified using ImageJ software version 1.44p as illustrated in Fig. 3.   

 

 

 

 

 

 

 

 
 

Fig. 3 Representative images of regenerative muscle fiber CSA that was quantified with 

ImageJ software. Individual regenerative muscle fiber with the presence of central nuclei was 

manually quantified as demonstrated by the dark contour. Left and right images represent 

original captured image and analyzed image, respectively.  

 

Immunohistochemical analysis 

The serial sections at 10 µm thickness were used to investigate the changes of VDR, 

CYP24A1, CYP27B1, ATP synthase (complex V) subunit alpha (OxPhos) (Invitrogen, 1IV13-

45-9240), Pax7 (R&D systems MAB1675), myogenin, EbMHC, fast MHC, slow MHC, 

vimentin, and CD31 protein expression using immunofluorescence staining. All subsequent 

steps were performed at room temperature except as noted. Briefly, VDR, CYP24A1, 

CYP27B1, ATP synthase (complex V) subunit alpha (OxPhos), Pax7, myogenin, and 

vimentin-stained sections were pre-fixed with 4% paraformaldehyde (PFA) from 10 min. In 

contrast, CD31-stained sections were pre-fixed with ice-cold acetone for 10 min while fast 

MHC, slow MHC, and EbMHC-stained section were unfixed at this step. For nuclear 

localization proteins (VDR, Pax7, and myogenin), the sections were permeabilized with 0.5% 

Triton X-100 for 5 min. Then, the sections were blocked with mouse IgG blocking reagent 

Original Captured Image Analyzed Image 
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(Vector Labs, MKB-2213) for 1 h followed with 10% normal goat serum (Invitrogen, 

PCN5000) for 1 h. Primary antibodies were incubated overnight at 4oC and dilution used for 

immunohistochemical analysis were listed as follows: mouse monoclonal VDR (D-6) (1:50), 

rabbit polyclonal VDR (H-81) (1:50), rabbit polyclonal CYP24A1 (1:50), rabbit polyclonal 

CYP27B1 (1:50), mouse monoclonal ATP synthase (complex V) subunit alpha (OxPhos) 

(1:200), mouse monoclonal myogenin (1:50), rabbit polyclonal fast MHC (1:1,000), mouse 

monoclonal slow MHC (1:2,000), mouse monoclonal EbMHC (1:100), mouse monoclonal 

vimentin (1:100), and rabbit polyclonal CD31 (1:100). Rabbit polyclonal laminin antibody 

(Sigma L9393, 1:400) was used to visualize regenerative muscle fiber structure. Thereafter, 

the sections were incubated with goat anti-mouse Alexa 568 (Invitrogen A-11004, 1:500) and 

goat anti-rabbit Alexa 488 (Invitrogen A-11008, 1:500) for 1 h in the dark. Fast MHC, slow 

MHC, and EbMHC-stained sections were post-fixed with 4% PFA for 10 min. All stained 

sections were mounted with anti-fade containing DAPI (Vector Labs, H-1200). Representative 

images were taken at 100×, 200×, or 400× magnification with Olympus microscope BX53 

(Olympus, Japan). Six to eight images were randomly captured at 200× magnification using 

cellSens Dimension version 1.81 software (Olympus, Japan) for quantitative analysis. 

Myogenin-positive nuclei counting and quantitative expression analysis of EbMHC, vimentin, 

and CD31 protein were performed using ImageJ software version 1.44p. 

Cell Culture 

The C2C12 mouse muscle cell line (Source: The American Type Culture Collection, 

CRL-1772) was used in this study. This cell line has been widely used to test the myogenic 

differentiation capacity that represents satellite cell differentiation during skeletal muscle 

regeneration in vivo. Briefly, C2C12 myoblasts were cultured with growth medium (DMEM + 

10% fetal bovine serum) in 6-well plate at a starting density 5×104 cells/well. When cell 

density reached approximately 70% confluency, growth medium was replaced with 

differentiation medium (DMEM + 2% horse serum) to activate cell fusion and differentiation to 

form myotubes. At this step, differentiation medium was supplemented with 1α,25(OH)2D3 at 

final concentrations of 0.1, 1, and 10 nM and refreshed daily for 4 days to test the direct 

effect of 1α,25(OH)2D3 on myogenic cell differentiation and myotube formation. The changes 

of myogenin and EbMHC protein expression was investigated with immunocytochemistry. In 

another set of experiment, C2C12 myoblasts were seeded at density 2.5×104 cells/well and 
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cultured with growth medium in 12-well plate for 24 h. Thereafter, cells were treated with 

1α,25(OH)2D3 at final concentration 10 nM for 24 h to determine VDR and CYP24A1 protein 

expression and localization. The mitochondrial compartment of the treated C2C12 myoblasts 

was localized with ATP synthase (complex V) subunit alpha (OxPhos). 

Immunocytochemistry 

 Briefly, cells were fixed with 4% PFA for 10 min and permeabilized with 0.1% Triton X-

100 for 5 min. The permeabilization step was performed specifically for nuclear localization 

protein staining (VDR and myogenin proteins). Cells were blocked with 10% normal goat 

serum for 30 min and incubated with primary antibodies as follows: VDR (D-6) (1:100), 

CYP24A1 (1:100), ATP synthase (complex V) subunit alpha (OxPhos) (1:200), myogenin 

(1:100), EbMHC (1:200) for 1 h. Cells were incubated simultaneously with goat anti-mouse 

Alexa 568 (1:500) and goat anti-rabbit Alexa 488 (1:500) for 1 h in the dark. Nuclei were 

counterstained with DAPI (Invitrogen, 1:1,000) for 5 min and a temporary mounting medium 

(20% PBS + 80% glycerol) was applied. Representative images were captured at either 100× 

or 200× magnification with Olympus microscope IX83 (Olympus, Japan). Images for 

quantitative analysis were randomly captured at 100× magnification. The quantitative analysis 

of myogenin positive nuclei and EbMHC protein expression was performed using cellSens 

Dimension version 1.81 software. Semi-automated cell counting and semi-automated area of 

expression functions of cellSens Dimension version 1.81 software for determination of 

myogenin positive nuclei and EbMHC protein expression were illustrated in Fig. 4. 
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Fig. 4 Representative images of semi-automated cell counting and semi-automated area 

of expression functions of cellSens Dimension version 1.81 software. (A) Semi-automated 

cell counting for determination of myogenin positive nuclei per total cell number (DAPI 

positive nuclei) in an image (B) Semi-automated area of expression for analysis of EbMHC 

area of expression as demonstrated by the red contour. 

 

Statistical Analysis 

Data are presented as mean and standard error of the mean (mean ± SEM). Normal 

distribution and homogeneity of variance were determined using Shapiro-Wilk test and 

Levene’s test, respectively. Significant differences among groups were analyzed with either 

one-way ANOVA with Tukey’s post hoc test or Kruskal-Wallis with Dunn’s multiple 

comparison test where appropriate. Data are analyzed with SPSS version 18.0.0, and the 

level of statistical significance was set with  level of p<0.05.  

A 

B 
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Results 
Effect of consecutive intramuscular administrations on muscle wet weight to body 

weight ratio  

 Muscle wet weight to body weight ratio was determined to evaluate whether 

consecutive intramuscular administration of either vehicle or 1α,25(OH)2D3 at both MW and 

BW doses during the regenerative phase (day 4-7 post-injury) has an effect on muscle 

edema that may impact skeletal muscle regenerative capacity. The results demonstrated that 

the TA muscle wet weight to mouse body weight ratio significantly decreased during skeletal 

muscle regeneration in vehicle-administrated (1.540.05 mg/g BW), 1α,25(OH)2D3 

administrated at MW dose (1.580.02 mg/g BW) and BW dose (1.570.08 mg/g BW) 

compared to control group (1.810.02 mg/g BW) (p<0.05) (Fig. 5). Irrespective of treatment 

(vehicle- or 1α,25(OH)2D3-administration), the muscle wet weight to body weight ratios were 

not significant different. These data suggest that muscle edema was not apparent after 

consecutive intramuscular administration of either vehicle or 1α,25(OH)2D3 at both MW and 

BW doses during skeletal muscle regeneration. 

 

 

 

 

 

 

 
 

Fig. 5 Muscle wet weight to body weight ratio. TA muscle wet weight was normalized to 

mouse body weight and plotted as control, vehicle-administrated, and 1α,25(OH)2D3 MW and 

BW doses administrated groups (n=6/group), *p<0.05 compared to control group. 

1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative to TA muscle wet weight 

and mouse body weight, respectively. 

 

เอกสารปกปิด หา้มเผยแพรก่่อนไดร้บัอนุญาต 
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VDR protein was expressed in regenerative muscle fibers and satellite cells  

To determine if skeletal muscle regenerative capacity could be modulated by 

1α,25(OH)2D3, VDR protein expression in regenerative muscle fibers and satellite cells was 

verified using the highly sensitive VDR antibody, VDR (D-6) (Wang et al., 2012). The results 

demonstrated that regenerative muscle fibers expressed VDR protein as determined by 

immunostaining with the mouse VDR (D-6) antibody (Fig. 6A). Since regenerative muscle 

fiber formation is depended on the function of satellite cells, we further determined whether 

satellite cells are a target of 1α,25(OH)2D3 in regenerative muscle. Counterstaining with both 

mouse Pax7 antibody and a rabbit VDR (H-81) antibody that was previously reported to 

detect VDR protein expression in regenerative muscle fibers (Srikuea et al., 2012) was 

performed (Fig. 6B). The results revealed that in addition to regenerating muscle fibers, 

satellite cells also expressed VDR protein. Furthermore, the specificity of VDR staining in 

regenerative muscle with rabbit VDR (H-81) antibody was verified with mouse VDR (D-6) 

antibody (Fig. 6C). 

Intramuscular administration of 1α,25(OH)2D3 during muscle regeneration increased 

VDR protein expression  

Since VDR protein was expressed in regenerating muscle fibers and satellite cells, 

this suggests a possible role of 1α,25(OH)2D3 in regulating muscle regenerative capacity. 

Therefore, intramuscular administration of 1α,25(OH)2D3 during skeletal muscle regeneration 

was investigated. Two relative doses of 1α,25(OH)2D3 (1 µg/kg relative to TA muscle wet 

weight (MW) and mouse body weight (BW)) were administrated for 4 consecutive days during 

days 4-7 post-injury (regenerative phase). Western blot analysis using VDR (D-6) antibody 

revealed that VDR protein was expressed at a barely detectable level in control compared to 

regenerative muscle (Fig. 6D). VDR protein expression was significantly increased 5.61.7-

fold during muscle regeneration in vehicle-administrated group (p<0.05) and further increased 

in response to 1α,25(OH)2D3 administration at MW dose (8.12.2-fold) and BW dose 

(9.93.1-fold) (p<0.01) when compared to control group (Fig. 6D; two set of samples were 

illustrated). These results suggest that intramuscular administration of 1α,25(OH)2D3 during 

muscle regeneration enhanced VDR protein expression in regenerative muscle.  

 



17 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6 Localization of VDR protein in regenerative muscle and the response to 

intramuscular administration of 1α,25(OH)2D3. (A) Expression of VDR protein in central 

nuclei of regenerative muscle fibers using VDR (D-6) antibody, arrows indicate VDR-positive 

nuclei. Representative images were captured at 400 magnification with scale bars 20 µm. 

(B) VDR protein was expressed and localized in the nucleus of satellite cells (Pax7 positive 

nuclei) as determined by co-localization of VDR (H-81) and Pax7 proteins (arrows). (C) The 

specificity of VDR (D-6) vs. VDR (H-81) to detected VDR protein in regenerative muscle was 

verified. Representative images of B-C were captured at 200 magnification (cropped) with 

scale bars 20 µm and 10 µm, respectively. (D) Western blot analysis revealed VDR protein 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 

administrated groups. GAPDH was used as a loading control. *p<0.05, **p<0.01 compared to 

control group (n=6/group). 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative 

to TA muscle wet weight and mouse body weight, respectively. 
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Intramuscular administration of 1α,25(OH)2D3 during muscle regeneration increased 

CYP24A1 but not CYP27B1 protein expression 

 To understand the regulation of vitamin D3 during skeletal muscle regeneration, the 

effect of intramuscular administration of 1α,25(OH)2D3 on alterations in vitamin D3 

metabolizing enzymes in regenerative muscle was investigated. It is known that 

1α,25(OH)2D3 concentration is regulated by two vitamin D3 regulating enzymes, including 

CYP24A1 and CYP27B1. In general, excess 1α,25(OH)2D3 can be converted to its catabolite 

form 1α,24,25(OH)2D3 via CYP24A1 enzyme in which 1α,24,25(OH)2D3 is less active and 

has a lower affinity for VDR binding. In contrast, CYP27B1 functions to increase 

1α,25(OH)2D3 synthesis from 25(OH)D3 in both renal and extrarenal tissue. In the present 

study, Western blot analysis revealed that administration of 1α,25(OH)2D3 at BW dose 

significantly increased CYP24A1 protein expression by 1.50.2-fold compared to control 

group (p<0.05) while no significant difference was detected at MW dose (Fig 7A). 

Immunohistochemical analysis revealed that CYP24A1 protein was expressed in regenerative 

muscle and its localization was present at both regenerative muscle fibers and the 

extracellular matrix. Interestingly, CYP24A1 protein was co-localized with VDR protein in the 

central nuclei of regenerative muscle fibers (Fig. 7B). This result suggests the possible local 

regulation of 1α,25(OH)2D3 during skeletal muscle regeneration to regulate the concentration 

of 1α,25(OH)2D3. The specific nuclear localization of CYP24A1 protein in regenerative 

muscle fibers was further clarified in mouse C2C12 myoblasts. Results clearly demonstrate 

that CYP24A1 is mainly expressed in the nuclei of myoblasts which co-localized with VDR 

protein after 1α,25(OH)2D3 treatment (Fig. 7C; upper panel). Furthermore, CYP24A1 protein 

was expressed at low levels in mitochondrial compartment as determined by counterstaining 

with ATP synthase (complex V) subunit alpha (OxPhos) to show mitochondrial localization 

(Fig. 7C; lower panel). In contrast to CYP24A1, CYP27B1 protein expression was not 

changed in response to either vehicle or 1α,25(OH)2D3 administration at MW and BW doses 

(Fig. 7D). In addition, CYP27B1 protein was expressed mainly in mitochondrial compartment 

of the regenerative muscle fibers and extracellular matrix (Fig. 7E). 
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Fig. 7 Expression of vitamin D3 metabolizing enzymes in response to intramuscular 

administration of 1α,25(OH)2D3. (A) Western blot analysis revealed CYP24A1 protein 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 

administrated groups, *p<0.05 compared to control group (n=6/group). GAPDH was used as 

a loading control. (B) CYP24A1 protein is localized in regenerative muscle fibers and the 

extracellular matrix compartment. Co-localization of CYP24A1 and VDR proteins was 
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detected in central nuclei of regenerative muscle fibers. Representative images were captured 

at 400 magnification with scale bars 20 µm. (C) CYP24A1 protein was expressed 

predominantly in the nucleus of C2C12 myoblasts and co-localized with VDR after 

1α,25(OH)2D3 treatment at 10 nM for 24 h. Barely overlapping with ATP synthase (complex 

V) subunit alpha (OxPhos) was detected in C2C12 myoblasts under the same experimental 

condition. Representative images were captured at 200 magnification with scale bars 100 

µm. (D) Western blot analysis revealed CYP27B1 protein expression in control, vehicle-

administrated, and at MW and BW doses administrated groups (n=6/group). GAPDH was 

used as a loading control. (E) CYP27B1 protein is predominantly localized in the 

mitochondrial compartment of regenerative muscle fibers (OxPhos positive-stained) and the 

extracellular matrix. Representative images were captured at 200 magnification (cropped) 

with scale bars 20 µm. 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative to 

TA muscle wet weight and mouse body weight, respectively. 

 

Skeletal muscle regenerative capacity in responses to intramuscular administration of 

1α,25(OH)2D3 

- Decreased regenerative muscle fiber CSA 

H&E-stained sections illustrated the presence of small regenerative muscle fibers in 

1α,25(OH)2D3 administrated groups at both MW and BW doses compared to control group 

(Fig. 8A). The number of regenerative muscle fiber size <600 µm2 significantly increased in 

1α,25(OH)2D3 administration at BW dose compared to vehicle group (4910 fibers vs. 

25153 fibers, p<0.01) (Fig. 8B). To support this notion, the CSA histogram revealed a 

leftward shift of regenerative muscle fiber CSA size <600 µm2 in 1α,25(OH)2D3 administration 

at BW dose compared to vehicle group (Fig. 8C).  
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Fig. 8 Regenerative muscle fiber size in response to in response to intramuscular 

administration of 1α,25(OH)2D3. (A) Representative H&E-stained sections from control, 

vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups. Small 

regenerative muscle fibers were observed in 1α,25(OH)2D3 at MW and BW doses 

administrated groups compared to vehicle-administrated group. Representative images were 

captured at 200 magnification with scale bars 100 µm. (B) The average number of 

regenerative muscle fibers size <600 µm2 compared between control, vehicle-administrated, 

and 1α,25(OH)2D3 at MW and BW doses administrated groups. Six images were randomly 

captured using cellSens Dimension version 1.81 software (Olympus, Japan) for quantitative 

analysis. **p<0.01 compared to vehicle-administrated group (n=6/group). (C) CSA histogram 

revealed a leftward shift of regenerative muscle fiber size <600 µm2 in 1α,25(OH)2D3 at BW 

dose administrated compared to vehicle-administrated groups. The total number of measured 

fibers was 3,936 fibers for vehicle-administrated group and 4,979 fibers for 1α,25(OH)2D3 at 

BW dose group (n=6/group). 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg 

relative to TA muscle wet weight and mouse body weight, respectively. 
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- Decreased satellite cell differentiation and regenerative muscle fiber formation 

Following the observation of increased number of regenerative muscle fibers <600 

µm2, we investigated the expression level of proteins related to satellite cell differentiation 

(myogenin) that are required for developing nascent myotubes during skeletal muscle 

regeneration. Myogenin positive nuclear localization in regenerative muscle fibers was 

illustrated in Fig. 9A (arrows). The qualitative expression of myogenin positive nuclei in 

control, vehicle-, and 1α,25(OH)2D3- administrated groups at MW and BW doses were 

demonstrated in Fig. 9B. The quantitative analysis from immunohistochemical staining 

revealed a significant decrease in myogenin positive nuclei/field during skeletal muscle 

regeneration in 1α,25(OH)2D3-administrated group at BW dose compared to vehicle-

administrated group (81 vs. 142 positive nuclei/field) (p<0.05) (Fig. 9C). This result was 

confirmed by Western blot analysis with a suppressive of myogenin protein expression after 

1α,25(OH)2D3 administration at BW dose (Fig. 9D). In addition, results from the in vitro study 

of C2C12 myotubes (Fig. 9E) supported in vivo results that myogenin protein expression was 

significantly decreased to 59.63.5% after 1α,25(OH)2D3 treatment at high dose (10 nM) 

compared to vehicle-treated (p<0.05) (Fig. 9F).  
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Fig. 9 Myogenin protein expression in responses to 1α,25(OH)2D3 administration in 

vivo and in vitro. (A) Differentiated satellite cells were identified as myogenin-positive nuclei 

(arrows). Laminin was counterstained for visualization of regenerative muscle fibers and DAPI 

was stained for nuclear localization. (B) Representative images of myogenin positive nuclei in 

control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated 

groups. Images of panels A-B were captured at 200 magnification with scale bars 100 µm. 

(C) Quantitative analysis of myogenin positive nuclei in vehicle-administrated and 

1α,25(OH)2D3 at MW and BW doses administrated groups (n=6/group). *p<0.05 compared to 

vehicle-administrated group. (D) Western blot analysis revealed myogenin protein expression 

in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated 

groups. GAPDH was used as a loading control. 1α,25(OH)2D3 (MW) and (BW) represent 

dose at 1 µg/kg relative to TA muscle wet weight and mouse body weight, respectively. (E) 

Representative images of myogenin-positive nuclei in C2C12 myotubes that were treated with 

1α,25(OH)2D3 at 0.1, 1, and 10 nM compared to vehicle-treated group. Images of panel E 

were captured at 100 magnification with scale bars 200 µm. (F) Quantitative analysis of 

myogenin-positive nuclei in control, vehicle-treated, and 1α,25(OH)2D3 at 0.1, 1, and 10 nM 

treated groups. Six images were used for counting the number of myogenin positive nuclei. 

*p<0.05 compared to vehicle-treated group (n= 3 replicate experiments). 
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To further clarify that the suppression of satellite cell differentiation led to an impaired 

in skeletal muscle regeneration, we examined EbMHC protein expression that is required for 

de novo fiber formation. EbMHC protein localization and expression in regenerative muscle 

fibers was illustrated in Fig. 10A (arrows). Qualitative expression of EbMHC protein in control, 

vehicle-, and 1α,25(OH)2D3- administrated groups at MW and BW doses were demonstrated 

in Fig. 10B. EbMHC protein expression was significantly suppressed after intramuscular 

administration of 1α,25(OH)2D3 at BW dose compared to vehicle-administrated as determined 

by quantitative expression analysis (3.91.1vs. 8.61.7%) (p<0.05) (Fig. 10C). These results 

were confirmed by Western blot analysis that demonstrate a suppressive effect on EbMHC 

protein expression after 1α,25(OH)2D3 administration at BW dose (Fig. 10D). Furthermore, 

treatment of C2C12 myotubes with 1α,25(OH)2D3 led to a dose-dependent suppression of 

EbMHC protein expression (Fig. 10E-F). The quantitative analysis revealed significantly 

decreased EbMHC protein expression to 42.41.9% after C2C12 myotubes were treated with 

10 nM 1α,25(OH)2D3 compared to the vehicle-treated group (p<0.001) (Fig. 10F). Taken 

together, these data suggest that intramuscular administration of 1α,25(OH)2D3 at BW dose 

led to impaired muscle regenerative capacity via suppression of satellite cell differentiation 

and EbMHC protein expression.  

 

 

 

 

 

 

 

 

 

 

 

 

 



25 
 

 

 

 

 

 

 

 

 

 

 
 

Fig. 10 EbMHC protein expression in responses to 1α,25(OH)2D3 administration in vivo 

and in vitro. (A) Newly formed regenerative muscle fibers were identified by the expression 

of EbMHC (arrows). Laminin was counterstained for visualization of regenerative muscle 

fibers and DAPI was stained for nuclear localization. (B) Representative of EbMHC-positive 

fibers in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 

administrated groups. Images of panels A-B were captured at 200 magnification with scale 

bars 100 µm. (C) Quantitative analysis on the percentage of EbMHC protein expression in 

vehicle-administrated and 1α,25(OH)2D3 at MW and BW doses administrated groups 

(n=6/group). *p<0.05, #p<0.05 compared to vehicle-administrated and 1α,25(OH)2D3 at MW 

dose administrated groups, respectively. (D) Western blot analysis revealed EbMHC protein 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 

administrated groups. Ponceau S was used as a loading control. (E) Representative images 

of EbMHC protein expression in C2C12 myotubes that were treated with 1α,25(OH)2D3 at 

0.1, 1, and 10 nM compared to vehicle-treated group. Images of panel E were captured at 

100 magnification with scale bars 200 µm. (F) Quantitative analysis of EbMHC protein 

expression in control, vehicle-treated, and 1α,25(OH)2D3 at 0.1, 1, and 10 nM treated groups. 

Twenty-five images were used for analysis of EbMHC area of expression. *p<0.05, **p<0.01, 

***p<0.001 compared to vehicle-treated group (n= 3 replicate experiments). 
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- No change in regenerative muscle protein synthesis and myostatin expression 

To determine whether 1α,25(OH)2D3 affects muscle protein synthesis during skeletal 

muscle regeneration, its effect on the expression of p70 S6K1, 4E-BP1, and Akt that 

represent a major protein synthesis pathway in skeletal muscle tissue was examined. 

Western blot analysis demonstrated that phosphorylated protein/total protein levels of p70 

S6K1 (Fig. 11A), 4E-BP1 (Fig. 11B), and Akt (Fig. 11C) were not significantly different in 

either administered condition (vehicle- or 1α,25(OH)2D3-administration). To support this 

notion, there was also no difference in expression of mature myostatin protein compared 

between vehicle- and 1α,25(OH)2D3 administrated groups (Fig. 11D). These results suggest 

that an impairment of regenerative muscle capacity originated from the suppression of 

satellite cell differentiation and regenerative muscle fiber formation rather than decreased 

muscle protein synthesis. 
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Fig. 11 Muscle protein synthesis signaling in response to intramuscular administration 

of 1α,25(OH)2D3. Western blot analysis of (A) phospho-p70 s6K1 and total p70 s6K1 (B) 

phospho-4E-BP1 and total 4E-BP1 (C) phospho-Akt and total Akt and (D) myostatin protein 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 

administrated groups. GAPDH was used as a loading control for myostatin protein 

expression. *p<0.05 compared to control group (n=6/group). 1α,25(OH)2D3 (MW) and (BW) 

represent dose at 1 µg/kg relative to TA muscle wet weight and mouse body weight, 

respectively. 

 

- No fiber type transition  

Recent studies in cell culture provided evidence that 1α,25(OH)2D3 treatment induced 

increased type II muscle fibers (Okuno et al., 2012). However, whether intramuscular 

administration of 1α,25(OH)2D3 could alter regenerative muscle fiber phenotype is currently 

unknown. The fiber type distribution of mouse TA muscle between control and regenerative 

muscle were illustrated in Fig. 12A. The expression of fast fibers was higher than slow fibers 

in both normal and regenerative TA muscles. The results demonstrated no significant 

increase in fast fiber phenotype in any administrated doses of 1α,25(OH)2D3 in both 

myofibrillar (Fig. 12B) and supernatant protein fractions (Fig. 12C). In contrast, there was a 

tend to increase slow MHC in regenerative muscle after administration of 1α,25(OH)2D3 at 

BW dose in myofibrillar protein fraction (Fig. 12B). However, slow MHC protein expression 

was almost undetectable in supernatant protein fraction (Fig. 12C). 
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Fig. 12 Fast MHC and slow MHC protein expression in responses to intramuscular 

administration of 1α,25(OH)2D3. (A) Representative images for identification of fast MHC 

and slow MHC protein expression in control and regenerative muscles. Fast MHC was 

illustrated in green and slow MHC was illustrated in red, DAPI was stained for nuclear 

localization. Merged image shown in the right panel. Images were captured at 100 

magnification with scale bars 200 µm. (B) Western blot analysis from myofibrillar protein 

fraction revealed fast MHC and slow MHC protein expression in control, vehicle-

administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups (n=6/group). 

(C) Western blot analysis from cytosolic protein fraction revealed fast MHC and slow MHC 

protein expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 

administrated groups (n=6/group). Ponceau S and GAPDH were used as loading control for 

myofibrillar and cytosolic protein expression, respectively. 1α,25(OH)2D3 (MW) and (BW) 

represent dose at 1 µg/kg relative to TA muscle wet weight and mouse body weight, 

respectively.  
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- Increased connective tissue formation  

 Extracellular matrix remodeling is an essential factor during skeletal muscle 

regeneration to provide the connective tissue support. Delayed muscle regeneration could 

lead to an increase in fibrous tissue formation. Connective tissue formation was significantly 

increased during skeletal muscle regeneration and further increased when 1α,25(OH)2D3 at 

BW dose was intramuscularly administered as determined by vimentin protein expression (a 

marker of muscular fibrosis) (Fig. 13A). Quantitative analysis revealed an approximate 4-fold 

increase in vimentin protein expression during skeletal muscle regeneration compared to 

control. Moreover, vimentin protein expression was significantly increased after 1α,25(OH)2D3 

administration at BW dose compared to vehicle group (18.72.6% vs. 12.61.0%) (p<0.05) 

(Fig. 13B). The expressions of vimentin protein in control and regenerative muscle with either 

vehicle or 1α,25(OH)2D3 administrated was confirmed with Western blot analysis (Fig. 13C).  

 

 

 

 

 

 

 

 
 

 

 

Fig. 13 Connective tissue formation in responses to 1α,25(OH)2D3 administration. (A) 

Representative images of vimentin protein expression in control, vehicle-administrated, and 

1α,25(OH)2D3 at MW and BW doses administrated groups. (B) Quantitative analysis on the 

percentage of vimentin protein expression in control, vehicle-administrated, and 

1α,25(OH)2D3 at MW and BW doses administrated groups. (C) Western blot analysis 

revealed vimentin protein expression in control, vehicle-administrated, and 1α,25(OH)2D3 at 

MW and BW doses administrated groups (n=6/group). GAPDH was used as a loading control. 

**p<0.01 compared to control group; #p<0.05 compared to vehicle and 1α,25(OH)2D3 at MW 

dose administrated groups. 
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- No change of capillary density  

Revascularization is required during skeletal muscle regeneration to deliver nutrients 

and oxygen supply for functional recovery. Immunostaining of CD31, an endothelial cell 

marker that used to determine angiogenesis was illustrated in Fig. 14A. In control muscle, the 

percentage of CD31 area expression was approximately 3.10.2% and increased to 

4.30.2%, 4.50.2%, and 4.50.5% during skeletal muscle regeneration after administrations 

of vehicle and 1α,25(OH)2D3 at MW and BW doses, respectively. However, there was no 

significant difference between vehicle- and 1α,25(OH)2D3-administrated groups (Fig. 14B). 

CD31 protein expression in control, vehicle- and 1α,25(OH)2D3-administrated groups was 

confirmed with Western blot analysis (Fig. 14C).  

 

 

 

 

 

 

 

 

 
 

Fig. 14 Angiogenesis in responses to 1α,25(OH)2D3 administration. (A) Representative 

images of CD31 protein expression in control, vehicle-administrated, and 1α,25(OH)2D3 at 

MW and BW doses administrated groups. (B) Quantitative analysis on the percentage of 

CD31 protein expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW 

doses administrated groups. (C) Western blot analysis revealed CD31 protein expression in 

control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups 

(n=6/group). GAPDH was used as a loading control. Images of panels A and D were 

captured at 200 magnification with scale bars 100 µm. 1α,25(OH)2D3 (MW) and (BW) 

represent dose at 1 µg/kg relative to TA muscle wet weight and mouse body weight, 

respectively.  
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Discussion 

In the present study, the action of the bioactive form of vitamin D3 [1α,25(OH)2D3] via 

intramuscular administration during skeletal muscle regeneration was investigated. The 

significant findings are: 1) regenerative muscle expressed VDR and vitamin D3 metabolizing 

enzyme (CYP24A1 and CYP27B1) proteins which suggest the local metabolism of vitamin D3 

in skeletal muscle during regenerative process; 2) an increased VDR protein expression in 

regenerative muscle after intramuscular administration of 1α,25(OH)2D3 was verified with 

VDR (D-6) antibody. This antibody was reported as highly sensitive antibody to detect VDR 

protein expression in skeletal muscle tissue; 3) intramuscular administration of 1α,25(OH)2D3 

at MW and BW doses into regenerative muscle had a dose-dependent effect on skeletal 

muscle regenerative capacity and muscular fibrosis but not angiogenesis.   

 Expression of VDR protein is currently under debated and contradictory results have 

been reported in normal skeletal muscle. Western blot analysis using VDR (D-6), which has 

the highest sensitivity to VDR, to verify VDR protein expression was undetectable (Wang and 

Deluca, 2011) and detectable (Girgis et al., 2014b) in whole muscle lysate. Moreover, VDR 

protein was expressed in normal skeletal muscle with immunohistochemistry using VDR (D-6) 

antibody (Girgis et al., 2014b), but this evidence has not been reported in the other 

investigations (Reviewed: Wang et al., 2012). Although, VDR protein was barely detectable in 

normal skeletal muscle, it was substantially expressed and localized in regenerative muscle 

fibers during skeletal muscle regeneration using VDR (H-81) antibody (Srikuea et al., 2012). 

In this study, VDR protein was detected to express during skeletal muscle regeneration using 

highly sensitive VDR (D-6) antibody (Wang et al., 2010). Both VDR (D-6) and VDR (H-81) 

antibodies were raised against identical amino acids 344-424 of VDR of human origin, except 

the host species of VDR (D-6) was mouse monoclonal and VDR (H-81) was rabbit polyclonal. 

The specificity of VDR (H-81) was verified with VDR (D-6) antibody on its ability to detect 

VDR protein in regenerative muscle using immunohistochemical analysis. The results 

confirmed the expression of VDR protein in the central nuclei of regenerative muscle fibers 

can be detected with both VDR (H-81) and VDR (D-6) antibodies.  

 

 

เอกสารปกปิด หา้มเผยแพรก่่อนไดร้บัอนุญาต 
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Skeletal muscle regeneration is the self-repairing process after muscle injury in which 

the regenerative capacity relies on the function of satellite cells (Hawke and Garry, 2001). 

However, whether endogenous VDR protein is expressed in satellite cells is currently 

unknown. The result shown that satellite cells expressed VDR protein during skeletal muscle 

regeneration as demonstrated by the co-localization of Pax7 and VDR proteins. This finding 

suggests the possible direct action of vitamin D3 on myogenesis during the regenerative 

process and further extends the knowledge on VDR protein expression in regenerative 

muscle (Srikuea et al., 2012). To support this notion, the presence of endogenous VDR 

protein expression was reported in the nucleus of C2C12 myoblasts (Garcia et al. 2011; 

Srikuea et al., 2012; Girgis et al., 2014a) and primary myotubes isolated from skeletal muscle 

fibers (Girgis et al., 2014b) suggesting satellite cells could be the source of VDR after skeletal 

muscle injury. 

The intramuscular administration of 1α,25(OH)2D3 was performed in this study to 

verify the direct action of 1α,25(OH)2D3 at the injured site. The beneficial effect of 

intramuscular administration of the bioactive form of vitamin D3 was the ability to control the 

concentration of 1α,25(OH)2D3 at the administered site, maximize the interaction of 

1α,25(OH)2D3 to its receptor, and reduce the undesired systemic effect to the other tissues. 

In this study, two doses of 1α,25(OH)2D3 with consecutive administration during skeletal 

muscle regeneration were investigated to clarify the dose dependent effect of 1α,25(OH)2D3. 

The results demonstrated that intramuscular administration of 1α,25(OH)2D3 at both MW and 

BW doses significantly increase VDR protein expression in regenerative muscle. The effective 

dose which increased VDR protein expression was similar to the systemic dose (1 µg/kg BW) 

that is used to investigate calcemic function of 1α,25(OH)2D3 in the duodenum (a vitamin D3 

sensitive tissue) (Khuituan et al., 2012). However, VDR protein expression was slightly 

increased (1.8-fold) in the BW dose administration compared to MW dose. This result raised 

the possibility that regenerative muscle has a local control of vitamin D3 metabolism to 

regulate the response to high concentration of 1α,25(OH)2D3.  

In vitro study in C2C12 cells revealed that when the cells were treated with 

1α,25(OH)2D3, CYP24A1 mRNA expression was significantly increased as a dose dependent 

manner in response to 1α,25(OH)2D3 treatments (Girgis et al., 2014b). In the current 
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investigation, CYP24A1 protein expression was increased after 1α,25(OH)2D3 was 

administrated at BW dose suggesting the local regulation of 1α,25(OH)2D3 concentration in 

vivo. The increase in CYP24A1 possibly decreased the toxicity of high concentration of 

1α,25(OH)2D3 to regenerative muscle. Besides CY24A1 protein expression, the expression 

level of CYP27B1 protein was investigated, a vitamin D3 regulating enzyme, which was 

previously reported to be expressed in regenerative muscle (Srikuea et al., 2012). 

1α,25(OH)2D3 administration at both MW and BW doses did not change CYP27B1 protein 

level. This result could imply that the regulation of this enzyme was less affected by 

1α,25(OH)2D3 concentration in vivo. In contrast, the regulation of CYP27B1 protein was 

dependent on the level of 25(OH)D3 as demonstrated by luciferase reporter assays studied in 

both C2C12 myoblasts (Girgis et al., 2014a) and primary myotubes (Girgis et al., 2014b). 

Impairments in muscle regenerative capacity were demonstrated after 1α,25(OH)2D3 

administration at BW dose as CSA analysis revealed an significant increase in regenerating 

muscle fibers with a size <600 µm2. This suppressive effect of 1α,25(OH)2D3 on skeletal 

muscle regeneration could involve either decrease satellite cell differentiation that led to 

impaired regenerative muscle fiber formation or suppression of protein synthesis signaling in 

regenerative muscle. Here, administration of 1α,25(OH)2D3 at BW dose induced a significant 

decrease in proteins related to satellite cell differentiation (myogenin) and regenerative 

muscle fiber formation (EbMHC) during skeletal muscle regeneration. Suppression of these 

two proteins after 1α,25(OH)2D3 treatment in C2C12 myotubes in vitro supported the finding 

in vivo. These data suggest that satellite cell differentiation and regenerative muscle formation 

could be impaired after high concentrations of 1α,25(OH)2D3 are administered. However, the 

major pathway of skeletal muscle protein synthesis was not affected by 1α,25(OH)2D3 

administration. Phosphorylation of Akt, P70 S6K1, and 4E-BP1 proteins relative to their total 

protein expressions were not altered. Moreover, myostatin protein expression during skeletal 

muscle regeneration was not influenced by 1α,25(OH)2D3 administration. Taken together, 

these results suggest that 1α,25(OH)2D3 could interfere with the process of muscle stem cell 

differentiation that leads to impaired regenerative muscle fiber formation rather than 

suppressing protein synthesis signaling in regenerative muscle.  
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Although mouse TA muscle is a majority of fast muscle fibers (>99%) (Bloemberg and 

Quadrilatero, 2012), a tend to increase slow MHC protein expression with no significant 

change of fast MHC when compared between 1α,25(OH)2D3 administrated at BW dose and 

vehicle-administrated was observed. These data are in contrast to the study by Okuno et al. 

(2012) in which they demonstrate an increase in fast MHC in differentiated C2C12 myoblasts 

after 1 nM of 1α,25(OH)2D3 treatment. This discrepancy may rely on the aspect that 

differentiated C2C12 myoblasts in cultured do not contain all the characteristics of 

regenerating muscle fibers. Moreover, lacking nerve innovation and interaction between 

growth factors during the regenerative phase are limitations in an investigation of fiber type 

transition in the culture system. Therefore, this limitations may lead to the differential 

response of fiber type transition after 1α,25(OH)2D3 administration in vivo vs. in vitro studies.  

Full recovery of skeletal muscle regeneration requires the balance between 

regenerating muscle fibers and connective tissue formation where excess connective tissue 

formation leads to muscular fibrosis. Related with an impairment of regenerative capacity 

after 1α,25(OH)2D3 administration at BW dose, vimentin protein expression was significantly 

increased. The presence of muscle fibrosis could be related to the action of 1α,25(OH)2D3 

that acts as a suppressor of myogenin and EbMHC protein expression. Indeed, administration 

of activated 7-dehydrocholesterol via subcutaneous administration to rats increased prolyl-4-

hydroxylase- expression for 4 and 14 days following contusion suggesting an excessive 

deposition of extracellular matrix protein after vitamin D3 treatment (Stratos et al., 2013).  

Angiogenesis is crucial for skeletal muscle regeneration in order to increase blood 

supply and nutrient delivery to regenerating muscle. Garcia et al. (2013) reported two pro-

angiogenic growth factors (VEGF-A and FGF-1) were increased while myogenic and/or 

angiogenic inhibitors (FGF-2 and TIMP-3) were decreased in C2C12 myoblasts treated with 

1α,25(OH)2D3. These results suggest that 1α,25(OH)2D3 could enhance angiogenesis in 

vitro. However, the effect of 1α,25(OH)2D3 at both administrated doses on angiogenesis 

during muscle regeneration in vivo was not detected. These results may imply that the 

potential effect of 1α,25(OH)2D3 in vitro was not sufficient to promote angiogenesis during 

skeletal muscle regeneration.  
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Conclusions 
In conclusion, regenerative muscle could be the target of vitamin D3 action in vivo as 

it expresses VDR and vitamin D3 metabolizing enzymes (CYP24A1 and CYP27B1) proteins 

during skeletal muscle regeneration. Increased VDR and CYP24A1 protein expression in 

response to a high dose of 1α,25(OH)2D3 suggests a local regulation of 1α,25(OH)2D3 in 

regenerative muscle. Decreased satellite cell differentiation, delayed regenerative muscle fiber 

formation, and increased muscular fibrosis were evident when 1α,25(OH)2D3 was 

intramuscularly administered at BW dose. However, protein synthesis signaling, fiber type 

composition, and angiogenesis in regenerative muscle were not affected by 1α,25(OH)2D3 

administration at any dose investigated. The novelty of this work is the finding of non-

calcemic functions of 1α,25(OH)2D3 on regenerative capacity and muscular fibrosis during 

skeletal muscle regeneration. The results of the present study provide a significant 

contribution to the field regarding knowledge of the physiological functions of the bioactive 

form of vitamin D3 and vitamin D3 metabolizing enzymes on the regenerative process of 

skeletal muscle. 

เอกสารปกปิด หา้มเผยแพรก่่อนไดร้บัอนุญาต 
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Abstract  1 

The recent discovery of the vitamin D receptor (VDR) in regenerating muscle raises the 2 

question regarding the action of vitamin D3 on skeletal muscle regeneration. To investigate the 3 

action of vitamin D3 on this process, tibialis anterior (TA) muscle of male C57BL/6 mice (10 4 

weeks of age) was injected with 1.2% BaCl2 to induce extensive muscle injury. The bioactive 5 

form of vitamin D3 [1α,25(OH)2D3] was administered daily via intramuscular injections during 6 

regenerative phase (day 4-7 post-injury). Two doses of 1α,25(OH)2D3 at 1 µg/kg muscle wet 7 

weight (MW) and mouse body weight (BW) were investigated. Muscle samples were collected 8 

on day 8 post-injury to examine proteins related to vitamin D3 metabolism (VDR, CYP24A1, 9 

and CYP27B1), satellite cell differentiation and regenerative muscle fiber formation 10 

(myogenin and EbMHC), protein synthesis signaling (Akt, p70 S6K1, 4E-BP1, and myostatin), 11 

fiber type composition (fast and slow MHCs), fibrous formation (vimentin), and angiogenesis 12 

(CD31). Administration of 1α,25(OH)2D3 at MW and BW doses increased VDR in 13 

regenerative muscle. Increased CYP24A1 and vimentin expression accompany decreased 14 

myogenin and EbMHC expression at the BW dose of 1α,25(OH)2D3. However, there was no 15 

change in CYP27B1, Akt, p70 S6K1, 4E-BP1, myostatin, fast and slow MHCs, or CD31 16 

expression at any dose investigated. Taken together, there was a dose-dependent effect of 17 

1α,25(OH)2D3 on skeletal muscle regeneration. Administration of 1α,25(OH)2D3 at BW dose 18 

resulted in decreased satellite cell differentiation, delayed regenerative muscle fiber formation, 19 

and increased muscular fibrosis. However, protein synthesis signaling, fiber type composition, 20 

and angiogenesis were not affected by 1α,25(OH)2D3 administration. 21 

 22 

Keywords: 23 

vitamin D3, intramuscular injection, muscle regeneration, muscular fibrosis, angiogenesis24 
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Introduction 25 

Vitamin D3 (cholecalciferol) is a steroid hormone that is essential for calcium 26 

homeostasis (12). Furthermore, a broad range of physiological non-calcemic functions of 27 

vitamin D3 have been reported i.e., controlling cell proliferation, differentiation, and apoptosis 28 

(23). The metabolism of vitamin D3 from precursor to its bioactive form to initiate its action on 29 

the target tissue requires multiple steps. Briefly, synthesis of vitamin D3 occurs in the skin after 30 

the vitamin D3 precursor (7-dehydrocholesterol) is exposed to sun light to form cholecalciferol. 31 

Cholecalciferol is hydroxylated in the liver to form 25(OH)D3 (calcidiol). 25(OH)D3 is further 32 

hydroxylated via 1-α hydroxylase, a cytochrome P450 containing-hydroxylase encoded by 33 

cyp27b1 gene, in the kidney to produce the bioactive form of vitamin D3, 1α,25(OH)2D3 34 

(calcitriol). The concentration of 1α,25(OH)2D3 is regulated by the action of the vitamin D3 35 

catabolizing enzyme, which is encoded by cyp24a1 gene, to convert 1α,25(OH)2D3 to the 36 

inactive metabolite calcitroic acid (20). 37 

The action of 1α,25(OH)2D3 requires binding to the vitamin D receptor (VDR) in order 38 

to initiate downstream cascades and modulate gene transcription. VDR is localized as a nuclear 39 

receptor and acts as a transcription factor that recognizes cognate vitamin D response elements 40 

(VDREs) in more than 3,000 target genes in the mouse genome (28). In addition to calcemic 41 

regulatory genes, myogenic regulatory genes (Myf5, MyoD, myogenin, and myostatin) (4, 6, 42 

8) and muscle phenotypic genes (myosin heavy chain; MHC isoform) (4, 6, 16) were 43 

modulated in responses to 1α,25(OH)2D3 treatment. The action of 1α,25(OH)2D3 on skeletal 44 

muscle cells and tissue was supported by the presence of VDR protein in a mouse muscle cell 45 

line (C2C12) (6, 8, 26), rodent skeletal muscle (4, 13, 26, 27), human primary myoblasts (17, 46 

19), and human skeletal muscle (1, 2, 18). Moreover, two major enzymes regulating vitamin D3 47 

metabolism, CYP27B1 and CYP24A1, were also expressed in C2C12 cells and mouse primary 48 

myotubes (9). Taken together, expression of the VDR and vitamin D3 metabolizing enzymes in 49 

skeletal muscle suggest the possible local regulation of vitamin D3 on this extrarenal tissue.  50 
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The presence of VDR protein in regenerative muscle, as demonstrated by 51 

immunohistochemistry (26) and Western blot analysis (27), raised a major question regarding 52 

to the potential role of 1α,25(OH)2D3 on the regulation of skeletal muscle regenerative 53 

capacity. Skeletal muscle regeneration is a self-repairing process following muscle injury. This 54 

process involves the activity of resident skeletal muscle stem cells (satellite cells) that are 55 

located between the basement membrane and basal lamina of muscle fibers (14). Satellite cells 56 

are unipotent and can differentiate to form muscle fibers in addition to self-renewal (21). Under 57 

normal conditions, satellite cells are quiescent but can become active, proliferating and 58 

differentiating after injury to repair damaged muscle fibers or generate new muscle fibers (10). 59 

After activation, satellite cells express transcription factors that can be used to identify the 60 

stages of their activity, i.e. MyoD, Myf5, Myf6 (activation, proliferation, and differentiation) 61 

and myogenin (differentiation) (25). Currently, the satellite cell population can be determined 62 

by the expression of specific transcription factor; Pax7 (24). The central nuclei derived from 63 

satellite cell fusion in regenerating muscle fibers are a hallmark of muscle regeneration. These 64 

newly formed muscle fibers after muscle injury can be characterized by the expression of 65 

embryonic myosin heavy chain (EbMHC) (15).  66 

The efficiency of the regenerative process requires sufficient myoblast-derived satellite 67 

cell number, effectiveness of myoblast fusion and differentiation, and a rapid increase in the 68 

rate of protein synthesis. The suppressive effects of 1α,25(OH)2D3 on myogenic cells have 69 

been reported in various studies on myoblast proliferation (6, 8, 26) and myotube formation (6, 70 

8). Although its effect leads to a decrease in myotube number, an increase in myotube size in 71 

vitro has been reported (6, 8). In addition, treatment with 1α,25(OH)2D3 in combination with 72 

insulin and leucine increased the phosphorylation of Akt/mTOR pathway suggesting an 73 

anabolic effect in skeletal muscle cells  (22). An impaired muscle fiber regenerative response 74 

occurs when mTOR is inhibited after muscle injury (7); however, the direct effect of 75 

1α,25(OH)2D3 on Akt/mTOR pathway activation in regenerative muscle has not been 76 
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investigated. To our knowledge, only one investigation reported an effect of vitamin D3 on 77 

muscle regeneration using a crush injury model (27). Administration of activated 7-78 

dehydrocholesterol via subcutaneous administration to the rats immediately after contusion 79 

induced-muscle injury leads to partial restoration of muscle function. However, VDR protein 80 

expression and satellite cell activity did not changes in response to activated 7-81 

dehydrocholesterol administration. Furthermore, an investigation on the direct action of the 82 

bioactive form of vitamin D3, 1α,25(OH)2D3, on skeletal muscle regeneration has not been 83 

investigated. 84 

Connective tissue formation and angiogenesis act as contributing factors to determine 85 

skeletal muscle regenerative capacity. Increased fibroblast proliferation and collagen 86 

production after activated 7-dehydrocholesterol administration has been demonstrated (27). 87 

However, a single dose of activated 7-dehydrocholesterol immediately after muscle injury 88 

leads to an increased serum 25(OH)D3 that suppressed 1α,25(OH)2D3 serum level. This leaves 89 

the direct action of 1α,25(OH)2D3 on regulation of connective tissue formation/muscular 90 

fibrosis in regenerative muscle still unanswered. Moreover, the effect of 1α,25(OH)2D3 on pro-91 

angiogenic growth factors and angiogenic inhibition was recently discovered (5). Treatment of 92 

1α,25(OH)2D3 to C2C12 myoblasts increased vascular endothelial growth factor A (VEGF-A) 93 

and fibroblast growth factor-1 (FGF-1) while suppressing FGF-2 and tissue inhibitor of matrix 94 

metalloproteinases-3 (TIMP-3). However, this study was conducted in vitro demonstrating a 95 

need to clarify 1α,25(OH)2D3 action on angiogenesis during skeletal muscle regeneration in 96 

vivo. 97 

Taken together, the aim of this study was to investigate the direct action of 98 

1α,25(OH)2D3 on regenerative capacity, muscular fibrosis, and angiogenesis during skeletal 99 

muscle regeneration.  100 
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Materials and Methods 101 

Animals 102 

Adult male C57BL/6 mice were obtained from the National Laboratory Animal Centre, 103 

Salaya, Nakhon Pathom, Thailand. All animal procedures were performed in accordance with 104 

institutional guidelines for the care and use of laboratory animals as approved by the Ethics 105 

Committee on the Use of Experimental Animals, Faculty of Science, Mahidol University, 106 

Thailand (Protocol no. MUSC56-005-267). 107 

BaCl2-induced muscle injury 108 

C57BL/6 mice (10 weeks of age) were anesthetized by inhalation with isoflurane gas 109 

prior injury induction. Left and right tibialis anterior (TA) muscles were injected 110 

intramuscularly with 50 µl of 1.2% BaCl2 dissolved in sterile PBS to induce extensive muscle 111 

injury. 112 

Intramuscular 1α,25(OH)2D3 administration 113 

Mice were randomly assigned in to one of three groups (n=6/group): control group, 114 

injury + 1α,25(OH)2D3 (dose 1 µg/kg relative to TA muscle wet weight; MW) group, and 115 

injury + 1α,25(OH)2D3 (dose 1 µg/kg relative to mouse body weight; BW) group. Two doses 116 

of 1α,25(OH)2D3 were used in this study to determine the dose dependent effect of 117 

1α,25(OH)2D3 on skeletal muscle regenerative capacity, muscular fibrosis, and angiogenesis. 118 

1α,25(OH)2D3 (Cayman Chemical Inc., 71820) was administered daily via intramuscular 119 

injection to the left injured TA muscle on days 4-7 post-injury. The right injured TA served as 120 

contralateral injured muscle and was administrated a vehicle treatment. The administration 121 

period of 1α,25(OH)2D3 represents the phase of muscle regeneration that involves satellite cell 122 

differentiation, rapid increases in protein synthesis, regenerative muscle fiber formation, 123 

extracellular matrix remodeling, and revascularization. 124 
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Muscle wet weight/body weight ratio 125 

On day 8 post-injury, injured TA muscles from either vehicle- or 1α,25(OH)2D3- 126 

administrated were dissected and weighed using digital weight scale to within ± 0.001 mg 127 

(Mettler Toledo, MS204S). Immediately after dissection, excess fluid was removed with filter 128 

paper. TA muscle wet weight (mg) was measured, normalized to mouse body weight (g), and 129 

recorded as muscle wet weight to body weight ratio. 130 

Western blot analysis 131 

Muscle samples were homogenized in ice-cold homogenizing buffer containing 50 mM 132 

Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 supplemented with protease 133 

inhibitor cocktail (Sigma, P8340) (1:100) and phosphatase inhibitor cocktail (Calbiochem, 134 

524625) (1:100). Muscle homogenates were centrifuged at 1,500 g for 10 min at 4oC to 135 

separate cytosolic and myofibrillar fractions. The cytosolic fraction was further centrifuged at 136 

10,000 g for 10 min at 4oC and the supernatant portion was collected. To remove debris in 137 

myofibrillar fraction, pellets were suspended in the same ice-cold homogenizing buffer and 138 

centrifuged at 1,500 g for 10 min × 3 (4°C). Thereafter, the insoluble pellet was re-suspended 139 

with 0.5 M NaOH in 50 mM Tris-HCl, pH 7.5. Protein concentrations were determined by 140 

BCA assay in triplicate measurements. Under a reducing condition, 40 µg of cytosolic protein 141 

and 10 µg myofibrillar protein fractions containing sample buffer solution were denatured by 142 

heating at 60oC for 10 min. The protein samples were loaded into SDS-polyacrylamide gel (5% 143 

stacking and 8-10% separating gels), and then transferred to a PVDF membrane (Millipore, 144 

IPVH-00010). The membrane was blocked with 5% non-fat milk (Bio-Rad, 1706404XTU), 145 

and probed with primary antibodies. The cytosolic proteins were incubated overnight with the 146 

following primary antibodies; VDR (D-6) (Santa Cruz Biotechnology sc-13133, 1:200), 147 

CYP24A1 (Santa Cruz Biotechnology SC-66851, 1:200), CYP27B1 (Santa Cruz 148 

Biotechnology SC-67261, 1:200), myogenin (Santa Cruz Biotechnology SC-12732, 1:200), 149 

myostatin (Santa Cruz Biotechnology SC-393335, 1:200), vimentin (Santa Cruz Biotechnology 150 
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SC-32322, 1:200), CD31 (Abcam ab28364, 1:500), phospho-p70 S6K1 Thr389 (Cell signaling 151 

9206, 1:1,000), p70 S6K1 (Cell signaling 2708, 1:1,000), phospho-4E-BP1 (Cell signaling 152 

9451, 1:1,000), 4E-BP1 (Cell signaling 9644, 1:1,000), phospho-Akt Ser473 (Cell signaling 153 

4060, 1:1,000), and Akt Ser473 (Cell signaling 2967, 1:2,000). However, the myofibrillar 154 

proteins were incubated with the following primary antibodies including fast MHC (Abcam 155 

ab91506, 1:2,000), slow MHC (Abcam ab11083, 1:2,000), and EbMHC (Santa Cruz 156 

Biotechnology SC-53091, 1:500). Particularly, fast MHC and slow MHC antibodies also 157 

applied with cytosolic protein fraction to determine soluble pool of MHCs. Thereafter, the 158 

membrane was incubated with appropriate horseradish peroxidase (HRP) conjugated secondary 159 

antibodies. Protein bands were visualized with chemiluminescence HRP detection reagent 160 

(Millipore, WBLUR0100) and exposed to CL-XPosure film (Thermo Scientific, PIE34090). 161 

Band density was analyzed with ImageJ software version 1.44p [National Institutes of Health 162 

(NIH), Bethesda, MD]. Cytosolic protein expression was normalized to GAPDH (Millipore 163 

AB2302, 1:5,000), except phospho-p70 S6K1 Thr389, phospho-4E-BP1, and phospho-Akt 164 

Ser473 which were normalized to their total proteins. Myofibrillar protein expression was 165 

normalized with amount of loading protein as determined by Ponceau S staining. 166 

Histological analysis 167 

The frozen muscle samples were sectioned at 10 µm thickness with cryostat (Leica, 168 

Model CM1850). To determine cross-sectional area (CSA) of regenerative muscle fibers, the 169 

muscle sections were stained with hematoxylin and eosin to visualize the presence of central 170 

nucleated regenerative muscle fibers that represents the hallmark of muscle regeneration. 171 

Representative images were taken at 200× magnification with Olympus microscope BX53 172 

(Olympus, Japan). Six images were randomly captured using cellSens Dimension version 1.81 173 

software (Olympus, Japan) for quantitative analysis. Regenerative muscle fiber CSA was 174 

quantified using ImageJ software version 1.44p.  175 
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Immunohistochemical analysis 176 

The serial sections at 10 µm thickness were used to investigate the changes of VDR, 177 

CYP24A1, CYP27B1, ATP synthase (complex V) subunit alpha (OxPhos) (Invitrogen, 1IV13-178 

45-9240), Pax7 (R&D systems MAB1675), myogenin, EbMHC, fast MHC, slow MHC, 179 

vimentin, and CD31 protein expression using immunofluorescence staining. All subsequent 180 

steps were performed at room temperature except as noted. Briefly, VDR, CYP24A1, 181 

CYP27B1, ATP synthase (complex V) subunit alpha (OxPhos), Pax7, myogenin, and 182 

vimentin-stained sections were pre-fixed with 4% paraformaldehyde (PFA) from 10 min. In 183 

contrast, CD31-stained sections were pre-fixed with ice-cold acetone for 10 min while fast 184 

MHC, slow MHC, and EbMHC-stained section were unfixed at this step. For nuclear 185 

localization proteins (VDR, Pax7, and myogenin), the sections were permeabilized with 0.5% 186 

Triton X-100 for 5 min. Then, the sections were blocked with mouse IgG blocking reagent 187 

(Vector Labs, MKB-2213) for 1 h followed with 10% normal goat serum (Invitrogen, 188 

PCN5000) for 1 h. Primary antibodies were incubated overnight at 4oC and dilution used for 189 

immunohistochemical analysis were listed as follows: mouse monoclonal VDR (D-6) (1:50), 190 

rabbit polyclonal VDR (H-81) (1:50), rabbit polyclonal CYP24A1 (1:50), rabbit polyclonal 191 

CYP27B1 (1:50), mouse monoclonal ATP synthase (complex V) subunit alpha (OxPhos) 192 

(1:200), mouse monoclonal myogenin (1:50), rabbit polyclonal fast MHC (1:1,000), mouse 193 

monoclonal slow MHC (1:2,000), mouse monoclonal EbMHC (1:100), mouse monoclonal 194 

vimentin (1:100), and rabbit polyclonal CD31 (1:100). Rabbit polyclonal laminin antibody 195 

(Sigma L9393, 1:400) was used to visualize regenerative muscle fiber structure. Thereafter, the 196 

sections were incubated with goat anti-mouse Alexa 568 (Invitrogen A-11004, 1:500) and goat 197 

anti-rabbit Alexa 488 (Invitrogen A-11008, 1:500) for 1 h in the dark. Fast MHC, slow MHC, 198 

and EbMHC-stained sections were post-fixed with 4% PFA for 10 min. All stained sections 199 

were mounted with anti-fade containing DAPI (Vector Labs, H-1200). Representative images 200 

were taken at 100×, 200×, or 400× magnification with Olympus microscope BX53 (Olympus, 201 
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Japan). Six to eight images were randomly captured at 200× magnification using cellSens 202 

Dimension version 1.81 software (Olympus, Japan) for quantitative analysis. Myogenin-203 

positive nuclei counting and quantitative expression analysis of EbMHC, vimentin, and CD31 204 

protein were performed using ImageJ software version 1.44p. 205 

Cell Culture 206 

The C2C12 mouse muscle cell line (Source: The American Type Culture Collection, 207 

CRL-1772) was used in this study. This cell line has been widely used to test the myogenic 208 

differentiation capacity that represents satellite cell differentiation during skeletal muscle 209 

regeneration in vivo. Briefly, C2C12 myoblasts were cultured with growth medium (DMEM + 210 

10% fetal bovine serum) in 6-well plate at a starting density 5×104 cells/well. When cell 211 

density reached approximately 70% confluency, growth medium was replaced with 212 

differentiation medium (DMEM + 2% horse serum) to activate cell fusion and differentiation 213 

to form myotubes. At this step, differentiation medium was supplemented with 1α,25(OH)2D3 214 

at final concentrations of 0.1, 1, and 10 nM and refreshed daily for 4 days to test the direct 215 

effect of 1α,25(OH)2D3 on myogenic cell differentiation and myotube formation. The changes 216 

of myogenin and EbMHC protein expression was investigated with immunocytochemistry. In 217 

another set of experiment, C2C12 myoblasts were seeded at density 2.5×104 cells/well and 218 

cultured with growth medium in 12-well plate for 24 h. Thereafter, cells were treated with 219 

1α,25(OH)2D3 at final concentration 10 nM for 24 h to determine VDR and CYP24A1 protein 220 

expression and localization. The mitochondrial compartment of the treated C2C12 myoblasts 221 

was localized with ATP synthase (complex V) subunit alpha (OxPhos). 222 

Immunocytochemistry 223 

Briefly, cells were fixed with 4% PFA for 10 min and permeabilized with 0.1% Triton 224 

X-100 for 5 min. The permeabilization step was performed specifically for nuclear localization 225 

protein staining (VDR and myogenin proteins). Cells were blocked with 10% normal goat 226 

serum for 30 min and incubated with primary antibodies as follows: VDR (D-6) (1:100), 227 
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CYP24A1 (1:100), ATP synthase (complex V) subunit alpha (OxPhos) (1:200), myogenin 228 

(1:100), EbMHC (1:200) for 1 h. Cells were incubated simultaneously with goat anti-mouse 229 

Alexa 568 (1:500) and goat anti-rabbit Alexa 488 (1:500) for 1 h in the dark. Nuclei were 230 

counterstained with DAPI (Invitrogen, 1:1,000) for 5 min and a temporary mounting medium 231 

(20% PBS + 80% glycerol) was applied. Representative images were captured at either 100× or 232 

200× magnification with Olympus microscope IX83 (Olympus, Japan). Images for quantitative 233 

analysis were randomly captured at 100× magnification. The quantitative analysis of myogenin 234 

positive nuclei and EbMHC protein expression was performed using cellSens Dimension 235 

version 1.81 software. 236 

 237 

Statistical Analysis 238 

Data are presented as mean and standard error of the mean (mean ± SEM). Normal 239 

distribution and homogeneity of variance were determined using Shapiro-Wilk test and 240 

Levene’s test, respectively. Significant differences among groups were analyzed with either 241 

one-way ANOVA with Tukey’s post hoc test or Kruskal-Wallis with Dunn’s multiple 242 

comparison test where appropriate. Data are analyzed with SPSS version 18.0.0, and the level 243 

of statistical significance was set with α level of p<0.05. 244 

 245 

Results 246 

Effect of consecutive intramuscular administrations on muscle wet weight to body weight 247 

ratio 248 

Muscle wet weight to body weight ratio was determined to evaluate whether 249 

consecutive intramuscular administration of either vehicle or 1α,25(OH)2D3 at both MW and 250 

BW doses during the regenerative phase (day 4-7 post-injury) has an effect on muscle edema 251 

that may impact skeletal muscle regenerative capacity. The experimental diagram for 252 

consecutive intramuscular administration of either vehicle or 1α,25(OH)2D3 is illustrated in 253 
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Fig. 1A. The results demonstrated that the TA muscle wet weight to mouse body weight ratio 254 

significantly decreased during skeletal muscle regeneration in vehicle-administrated (1.54±0.05 255 

mg/g BW), 1α,25(OH)2D3 administrated at MW dose (1.58±0.02 mg/g BW) and BW dose 256 

(1.57±0.08 mg/g BW) compared to control group (1.81±0.02 mg/g BW) (p<0.05) (Fig. 1B). 257 

Irrespective of treatment (vehicle- or 1α,25(OH)2D3-administration), the muscle wet weight to 258 

body weight ratios were not significant different. These data suggest that muscle edema was 259 

not apparent after consecutive intramuscular administration of either vehicle or 1α,25(OH)2D3 260 

at both MW and BW doses during skeletal muscle regeneration. 261 

VDR protein was expressed in regenerative muscle fibers and satellite cells 262 

To determine if skeletal muscle regenerative capacity could be modulated by 263 

1α,25(OH)2D3, VDR protein expression in regenerative muscle fibers and satellite cells was 264 

verified using the highly sensitive VDR antibody, VDR (D-6) (31). First, we demonstrated that 265 

regenerative muscle fibers expressed VDR protein as determined by immunostaining with the 266 

mouse VDR (D-6) antibody (Fig. 2A). Since regenerative muscle fiber formation is depended 267 

on the function of satellite cells, we further determined whether satellite cells are a target of 268 

1α,25(OH)2D3 in regenerative muscle. Counterstaining with both mouse Pax7 antibody and a 269 

rabbit VDR (H-81) antibody that was previously reported to detect VDR protein expression in 270 

regenerative muscle fibers (26) was performed (Fig. 2B). The results revealed that in addition 271 

to regenerating muscle fibers, satellite cells also expressed VDR protein. Furthermore, the 272 

specificity of VDR staining in regenerative muscle with rabbit VDR (H-81) antibody was 273 

verified with mouse VDR (D-6) antibody (Fig. 2C). 274 

Intramuscular administration of 1α,25(OH)2D3 into regenerative muscle increased VDR 275 

protein expression 276 

Since VDR protein was expressed in regenerating muscle fibers and satellite cells, this 277 

suggests a possible role of 1α,25(OH)2D3 in regulating muscle regenerative capacity. 278 

Therefore, intramuscular administration of 1α,25(OH)2D3 during skeletal muscle regeneration 279 
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was investigated. Two relative doses of 1α,25(OH)2D3 (1 µg/kg relative to TA muscle wet 280 

weight (MW) and mouse body weight (BW)) were administrated for 4 consecutive days during 281 

days 4-7 post-injury (regenerative phase). Western blot analysis using VDR (D-6) antibody 282 

revealed that VDR protein was expressed at a barely detectable level in control compared to 283 

regenerative muscle (Fig. 2D). VDR protein expression was significantly increased 5.6±1.7-284 

fold during muscle regeneration in vehicle-administrated group (p<0.05) and further increased 285 

in response to 1α,25(OH)2D3 administration at MW dose (8.1±2.2-fold) and BW dose (9.9±3.1-286 

fold) (p<0.01) when compared to control group (Fig. 2D; two set of samples were illustrated). 287 

These results suggest that intramuscular administration of 1α,25(OH)2D3 during muscle 288 

regeneration enhanced VDR protein expression in regenerative muscle. 289 

Intramuscular administration of 1α,25(OH)2D3 during muscle regeneration increased 290 

CYP24A1 but not CYP27B1 protein expression 291 

To understand the regulation of vitamin D3 during skeletal muscle regeneration, we 292 

sought to determine the effect of intramuscular administration of 1α,25(OH)2D3 on alterations 293 

in vitamin D3 metabolizing enzymes in regenerative muscle. It is known that 1α,25(OH)2D3 294 

concentration is regulated by two vitamin D3 regulating enzymes, including CYP24A1 and 295 

CYP27B1. In general, excess 1α,25(OH)2D3 can be converted to its catabolite form 296 

1α,24,25(OH)2D3 via CYP24A1 enzyme in which 1α,24,25(OH)2D3 is less active and has a 297 

lower affinity for VDR binding. In contrast, CYP27B1 functions to increase 1α,25(OH)2D3 298 

synthesis from 25(OH)D3 in both renal and extrarenal tissue. In the present study, Western blot 299 

analysis revealed that administration of 1α,25(OH)2D3 at BW dose significantly increased 300 

CYP24A1 protein expression by 1.5±0.2-fold compared to control group (p<0.05) while no 301 

significant difference was detected at MW dose (Fig 3A). Immunohistochemical analysis 302 

revealed that CYP24A1 protein was expressed in regenerative muscle and its localization was 303 

present at both regenerative muscle fibers and the extracellular matrix. Interestingly, CYP24A1 304 

protein was co-localized with VDR protein in the central nuclei of regenerative muscle fibers 305 
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(Fig. 3B). This result suggests the possible local regulation of 1α,25(OH)2D3 during skeletal 306 

muscle regeneration to regulate the concentration of 1α,25(OH)2D3. The specific nuclear 307 

localization of CYP24A1 protein in regenerative muscle fibers was further clarified in mouse 308 

C2C12 myoblasts. Results clearly demonstrate that CYP24A1 is mainly expressed in the nuclei 309 

of myoblasts which co-localized with VDR protein after 1α,25(OH)2D3 treatment (Fig. 3C; 310 

upper panel). Furthermore, CYP24A1 protein was expressed at low levels in mitochondrial 311 

compartment as determined by counterstaining with ATP synthase (complex V) subunit alpha 312 

(OxPhos) to show mitochondrial localization (Fig. 3C; lower panel). In contrast to CYP24A1, 313 

CYP27B1 protein expression was not changed in response to either vehicle or 1α,25(OH)2D3 314 

administration at MW and BW doses (Fig. 3D). In addition, CYP27B1 protein was expressed 315 

mainly in mitochondrial compartment of the regenerative muscle fibers and extracellular 316 

matrix (Fig. 3E). 317 

Skeletal muscle regenerative capacity in responses to intramuscular administration of 318 

1α,25(OH)2D3 319 

- Decreased regenerative muscle fiber CSA 320 

H&E-stained sections illustrated the presence of small regenerative muscle fibers in 321 

1α,25(OH)2D3 administrated groups at both MW and BW doses compared to control group 322 

(Fig. 4A). The number of regenerative muscle fiber size <600 µm2 significantly increased in 323 

1α,25(OH)2D3 administration at BW dose compared to vehicle group (49±10 fibers vs. 251±53 324 

fibers, p<0.01) (Fig. 4B). To support this notion, the CSA histogram revealed a leftward shift 325 

of regenerative muscle fiber CSA size <600 µm2 in 1α,25(OH)2D3 administration at BW dose 326 

compared to vehicle group (Fig. 4C). 327 

- Decreased satellite cell differentiation and regenerative muscle fiber formation 328 

Following the observation of increased number of regenerative muscle fibers <600 329 

µm2, we investigated the expression level of proteins related to satellite cell differentiation 330 

(myogenin) that are required for developing nascent myotubes during skeletal muscle 331 
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regeneration. Myogenin positive nuclear localization in regenerative muscle fibers was 332 

illustrated in Fig. 5A (arrows). The qualitative expression of myogenin positive nuclei in 333 

control, vehicle-, and 1α,25(OH)2D3- administrated groups at MW and BW doses were 334 

demonstrated in Fig. 5B. The quantitative analysis from immunohistochemical staining 335 

revealed a significant decrease in myogenin positive nuclei/field during skeletal muscle 336 

regeneration in 1α,25(OH)2D3-administrated group at BW dose compared to vehicle-337 

administrated group (8±1 vs. 14±2 positive nuclei/field) (p<0.05) (Fig. 5C). This result was 338 

confirmed by Western blot analysis with a suppressive of myogenin protein expression after 339 

1α,25(OH)2D3 administration at BW dose (Fig. 5D). In addition, results from the in vitro study 340 

of C2C12 myotubes (Fig. 5E) supported in vivo results that myogenin protein expression was 341 

significantly decreased to 59.6±3.5% after 1α,25(OH)2D3 treatment at high dose (10 nM) 342 

compared to vehicle-treated (p<0.05) (Fig. 5F). 343 

To further clarify that the suppression of satellite cell differentiation led to an 344 

impairment in skeletal muscle regeneration, we examined EbMHC protein expression that is 345 

required for de novo fiber formation. EbMHC protein localization and expression in 346 

regenerative muscle fibers was illustrated in Fig. 6A (arrows). Qualitative expression of 347 

EbMHC protein in control, vehicle-, and 1α,25(OH)2D3- administrated groups at MW and BW 348 

doses were demonstrated in Fig. 6B. EbMHC protein expression was significantly suppressed 349 

after intramuscular administration of 1α,25(OH)2D3 at BW dose compared to vehicle-350 

administrated as determined by quantitative expression analysis (3.9±1.1vs. 8.6±1.7%) 351 

(p<0.05) (Fig. 6C). These results were confirmed by Western blot analysis that demonstrate a 352 

suppressive effect on EbMHC protein expression after 1α,25(OH)2D3 administration at BW 353 

dose (Fig. 6D). Furthermore, treatment of C2C12 myotubes with 1α,25(OH)2D3 led to a dose-354 

dependent suppression of EbMHC protein expression (Fig. 6E-F). The quantitative analysis 355 

revealed significantly decreased EbMHC protein expression to 42.4±1.9% after C2C12 356 

myotubes were treated with 10 nM 1α,25(OH)2D3 compared to the vehicle-treated group 357 
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(p<0.001) (Fig. 6F). Taken together, these data suggest that intramuscular administration of 358 

1α,25(OH)2D3 at BW dose led to impaired muscle regenerative capacity via suppression of 359 

satellite cell differentiation and EbMHC protein expression. 360 

- No change in regenerative muscle protein synthesis and myostatin expression 361 

To determine whether 1α,25(OH)2D3 affects muscle protein synthesis during skeletal 362 

muscle regeneration, we examined its effect on the expression of p70 S6K1, 4E-BP1, and Akt 363 

that represent a major protein synthesis pathway in skeletal muscle tissue. Western blot 364 

analysis demonstrated that phosphorylated protein/total protein levels of p70 S6K1 (Fig. 7A), 365 

4E-BP1 (Fig. 7B), and Akt (Fig. 7C) were not significantly different in either administered 366 

condition (vehicle- or 1α,25(OH)2D3-administration). To support this notion, there was also no 367 

difference in expression of mature myostatin protein compared between vehicle- and 368 

1α,25(OH)2D3 administrated groups (Fig. 7D). These results suggest that an impairment of 369 

regenerative muscle capacity originated from the suppression of satellite cell differentiation 370 

and regenerative muscle fiber formation rather than decreased muscle protein synthesis. 371 

- No fiber type transition 372 

Recent studies in cell culture provided evidence that 1α,25(OH)2D3 treatment induced 373 

increased type II muscle fibers (16). Here, we investigated whether intramuscular 374 

administration of 1α,25(OH)2D3 could alter regenerative muscle fiber phenotype. The fiber 375 

type distribution of mouse TA muscle between control and regenerative muscle were illustrated 376 

in Fig. 8A. The expression of fast fibers was higher than slow fibers in both normal and 377 

regenerative TA muscles. The results demonstrated no significant increase in fast fiber 378 

phenotype in any administrated doses of 1α,25(OH)2D3 in both myofibrillar (Fig. 8B) and 379 

supernatant protein fractions (Fig. 8C). In contrast, there was a tend to increase slow MHC in 380 

regenerative muscle after administration of 1α,25(OH)2D3 at BW dose in myofibrillar protein 381 

fraction (Fig. 8B). However, slow MHC protein expression was almost undetectable in 382 

supernatant protein fraction (Fig. 8C). 383 
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- Increased connective tissue formation  384 

Extracellular matrix remodeling is an essential factor during skeletal muscle 385 

regeneration to provide the connective tissue support. Delayed muscle regeneration could lead 386 

to an increase in fibrous tissue formation. Connective tissue formation was significantly 387 

increased during skeletal muscle regeneration and further increased when 1α,25(OH)2D3 at BW 388 

dose was intramuscularly administered as determined by vimentin protein expression (a marker 389 

of muscular fibrosis) (Fig. 9A). Quantitative analysis revealed an approximate 4-fold increase 390 

in vimentin protein expression during skeletal muscle regeneration compared to control. 391 

Moreover, vimentin protein expression was significantly increased after 1α,25(OH)2D3 392 

administration at BW dose compared to vehicle group (18.7±2.6% vs. 12.6±1.0%) (p<0.05) 393 

(Fig. 9B). The expressions of vimentin protein in control and regenerative muscle with either 394 

vehicle or 1α,25(OH)2D3 administrated at both MW and BW doses was confirmed with 395 

Western blot analysis (Fig. 9C). 396 

- No change of capillary density 397 

Revascularization is required during skeletal muscle regeneration to deliver nutrients 398 

and oxygen supply for functional recovery. Immunostaining of CD31, an endothelial cell 399 

marker that used to determine angiogenesis was illustrated in Fig. 9D. In control muscle, the 400 

percentage of CD31 area expression was approximately 3.1±0.2% and increased to 4.3±0.2%, 401 

4.5±0.2%, and 4.5±0.5% during skeletal muscle regeneration after administrations of vehicle 402 

and 1α,25(OH)2D3 at MW and BW doses, respectively. However, there was no significant 403 

difference between vehicle- and 1α,25(OH)2D3-administrated groups (Fig. 9E). CD31 protein 404 

expression in control, vehicle- and 1α,25(OH)2D3-administrated groups was confirmed with 405 

Western blot analysis (Fig. 9F).  406 
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Discussion 407 

In the present study, we examined the action of the bioactive form of vitamin D3 408 

[1α,25(OH)2D3] via intramuscular administration during skeletal muscle regeneration. The 409 

significant findings of our work are: 1) regenerative muscle expressed VDR and vitamin D3 410 

metabolizing enzyme (CYP24A1 and CYP27B1) proteins which suggest the local metabolism 411 

of vitamin D3 in skeletal muscle during regenerative process; 2) an increased VDR protein 412 

expression in regenerative muscle after intramuscular administration of 1α,25(OH)2D3 was 413 

verified with VDR (D-6) antibody. This antibody was reported as highly sensitive antibody to 414 

detect VDR protein expression in skeletal muscle tissue; 3) intramuscular administration of 415 

1α,25(OH)2D3 at MW and BW doses into regenerative muscle had a dose-dependent effect on 416 

skeletal muscle regenerative capacity and muscular fibrosis but not angiogenesis. 417 

Expression of VDR protein is currently under debated and contradictory results have 418 

been reported in normal skeletal muscle. Western blot analysis using VDR (D-6), which has 419 

the highest sensitivity to VDR, to verify VDR protein expression was undetectable (30) and 420 

detectable (9) in whole muscle lysate. Moreover, VDR protein was expressed in normal 421 

skeletal muscle with immunohistochemistry using VDR (D-6) antibody (9), but this evidence 422 

has not been reported in the other investigations (31). Although, VDR protein was barely 423 

detectable in normal skeletal muscle, it was substantially expressed and localized in 424 

regenerative muscle fibers during skeletal muscle regeneration using VDR (H-81) antibody 425 

(26). In the present study, we further confirmed that VDR protein was expressed during 426 

skeletal muscle regeneration using highly sensitive VDR (D-6) antibody (29). Both VDR (D-6) 427 

and VDR (H-81) antibodies were raised against identical amino acids 344-424 of VDR of 428 

human origin, except the host species of VDR (D-6) was mouse monoclonal and VDR (H-81) 429 

was rabbit polyclonal. The specificity of VDR (H-81) was verified with VDR (D-6) antibody 430 

on its ability to detect VDR protein in regenerative muscle using immunohistochemical 431 
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analysis. The results confirmed the expression of VDR protein in the central nuclei of 432 

regenerative muscle fibers can be detected with both VDR (H-81) and VDR (D-6) antibodies. 433 

Skeletal muscle regeneration is the self-repairing process after muscle injury in which 434 

the regenerative capacity relies on the function of satellite cells (10). However, whether 435 

endogenous VDR protein is expressed in satellite cells is currently unknown. Here, we 436 

demonstrated that satellite cells expressed VDR protein during skeletal muscle regeneration as 437 

demonstrated by the co-localization of Pax7 and VDR proteins. This finding suggests the 438 

possible direct action of vitamin D3 on myogenesis during the regenerative process and further 439 

extends the knowledge on VDR protein expression in regenerative muscle (26). To support this 440 

notion, the presence of endogenous VDR protein expression was reported in the nucleus of 441 

C2C12 myoblasts (6, 8, 26) and primary myotubes isolated from skeletal muscle fibers (9) 442 

suggesting satellite cells could be the source of VDR after skeletal muscle injury. 443 

The intramuscular administration of 1α,25(OH)2D3 was performed in this study to 444 

verify the direct action of 1α,25(OH)2D3 at the injured site. The beneficial effect of 445 

intramuscular administration of the bioactive form of vitamin D3 was the ability to control the 446 

concentration of 1α,25(OH)2D3 at the administered site, maximize the interaction of 447 

1α,25(OH)2D3 to its receptor, and reduce the undesired systemic effect to the other tissues. In 448 

this study, two doses of 1α,25(OH)2D3 with consecutive administration during skeletal muscle 449 

regeneration were investigated to clarify the dose dependent effect of 1α,25(OH)2D3. The 450 

results demonstrated that intramuscular administration of 1α,25(OH)2D3 at both MW and BW 451 

doses significantly increase VDR protein expression in regenerative muscle. The effective dose 452 

which increased VDR protein expression was similar to the systemic dose (1 µg/kg BW) that is 453 

used to investigate calcemic function of 1α,25(OH)2D3 in the duodenum (a vitamin D3 sensitive 454 

tissue) (11). However, VDR protein expression was slightly increased (1.8-fold) in the BW 455 

dose administration compared to MW dose. This result raised the possibility that regenerative 456 
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muscle has a local control of vitamin D3 metabolism to regulate the response to high 457 

concentration of 1α,25(OH)2D3. 458 

In vitro study in primary myotubes revealed that when the cells were treated with 459 

1α,25(OH)2D3, CYP24A1 mRNA expression was significantly increased as a dose dependent 460 

manner in response to 1α,25(OH)2D3 treatments (9). In the current investigation, CYP24A1 461 

protein expression was increased after 1α,25(OH)2D3 was administrated at BW dose suggesting 462 

the local regulation of 1α,25(OH)2D3 concentration in vivo. The increase in CYP24A1 possibly 463 

decreased the toxicity of high concentration of 1α,25(OH)2D3 to regenerative muscle. Besides 464 

CY24A1 protein expression, we investigated the expression level of CYP27B1 protein, a 465 

vitamin D3 regulating enzyme, which was previously reported to be expressed in regenerative 466 

muscle (26). 1α,25(OH)2D3 administration at both MW and BW doses did not change 467 

CYP27B1 protein level. This result could imply that the regulation of this enzyme was less 468 

affected by 1α,25(OH)2D3 concentration in vivo. In contrast, the regulation of CYP27B1 469 

protein was dependent on the level of 25(OH)D3 as demonstrated by luciferase reporter assays 470 

studied in both C2C12 myoblasts (8) and primary myotubes (9). 471 

Impairments in muscle regenerative capacity were demonstrated after 1α,25(OH)2D3 472 

administration at BW dose as CSA analysis revealed an significant increase in regenerating 473 

muscle fibers with a size <600 µm2. This suppressive effect of 1α,25(OH)2D3 on skeletal 474 

muscle regeneration could involve either decrease satellite cell differentiation that led to 475 

impaired regenerative muscle fiber formation or suppression of protein synthesis signaling in 476 

regenerative muscle. Here, administration of 1α,25(OH)2D3 at BW dose induced a significant 477 

decrease in proteins related to satellite cell differentiation (myogenin) and regenerative muscle 478 

fiber formation (EbMHC) during skeletal muscle regeneration. Suppression of these two 479 

proteins after 1α,25(OH)2D3 treatment in C2C12 myotubes in vitro supported the finding in 480 

vivo. These data suggest that satellite cell differentiation and regenerative muscle formation 481 

could be impaired after high concentrations of 1α,25(OH)2D3 are administered. However, the 482 
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major pathway of skeletal muscle protein synthesis was not affected by 1α,25(OH)2D3 483 

administration. Phosphorylation of Akt, P70 S6K1, and 4E-BP1 proteins relative to their total 484 

protein expressions were not altered. Moreover, myostatin protein expression during skeletal 485 

muscle regeneration was not influenced by 1α,25(OH)2D3 administration. Taken together, these 486 

results suggest that 1α,25(OH)2D3 could interfere with the process of muscle stem cell 487 

differentiation that leads to impaired regenerative muscle fiber formation rather than 488 

suppressing protein synthesis signaling in regenerative muscle. 489 

Although mouse TA muscle is a majority of fast muscle fibers (>99%) (3), we observed 490 

a tend to increase slow MHC protein expression with no significant change of fast MHC when 491 

1α,25(OH)2D3 was administrated at BW dose compared to vehicle-administrated. These data 492 

are in contrast to the previous reported that fast MHC expression was increased in 493 

differentiated C2C12 myoblasts after 1 nM of 1α,25(OH)2D3 treatment (16). This discrepancy 494 

may rely on the aspect that differentiated C2C12 myoblasts in cultured do not contain all the 495 

characteristics of regenerating muscle fibers. Moreover, lacking nerve innovation and 496 

interaction between growth factors during the regenerative phase are limitations in an 497 

investigation of fiber type transition in the culture system. Therefore, this limitations may lead 498 

to the differential response of fiber type transition after 1α,25(OH)2D3 administration in vivo 499 

vs. in vitro studies. 500 

Full recovery of skeletal muscle regeneration requires the balance between regenerating 501 

muscle fibers and connective tissue formation where excess connective tissue formation leads 502 

to muscular fibrosis. Related with an impairment of regenerative capacity after 1α,25(OH)2D3 503 

administration at BW dose, vimentin protein expression was significantly increased. The 504 

presence of muscle fibrosis could be related to the action of 1α,25(OH)2D3 that acts as a 505 

suppressor of myogenin and EbMHC protein expression. Indeed, administration of activated 7-506 

dehydrocholesterol via subcutaneous administration to rats increased prolyl-4-hydroxylase-β 507 
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expression for 4 and 14 days following contusion suggesting an excessive deposition of 508 

extracellular matrix protein after vitamin D3 treatment (27). 509 

Angiogenesis is crucial for skeletal muscle regeneration in order to increase blood 510 

supply and nutrient delivery to regenerating muscle. Two pro-angiogenic growth factors 511 

(VEGF-A and FGF-1) were increased while myogenic and/or angiogenic inhibitors (FGF-2 512 

and TIMP-3) were decreased in C2C12 myoblasts treated with 1α,25(OH)2D3. These results 513 

suggest that 1α,25(OH)2D3 could enhance angiogenesis in vitro (5). However, we did not 514 

detect the effect of 1α,25(OH)2D3 at both administrated doses on angiogenesis during muscle 515 

regeneration in vivo. These results may imply that the potential effect of 1α,25(OH)2D3 in vitro 516 

was not sufficient to promote angiogenesis during skeletal muscle regeneration. 517 

In conclusion, regenerative muscle could be the target of vitamin D3 action in vivo as it 518 

expresses VDR and vitamin D3 metabolizing enzymes (CYP24A1 and CYP27B1) proteins 519 

during skeletal muscle regeneration. Increased VDR and CYP24A1 protein expression in 520 

response to a high dose of 1α,25(OH)2D3 suggests a local regulation of 1α,25(OH)2D3 in 521 

regenerative muscle. Decreased satellite cell differentiation, delayed regenerative muscle fiber 522 

formation, and increased muscular fibrosis were evident when 1α,25(OH)2D3 was 523 

intramuscularly administered at BW dose. However, protein synthesis signaling, fiber type 524 

composition, and angiogenesis in regenerative muscle were not affected by 1α,25(OH)2D3 525 

administration at any dose investigated. The novelty of this work is the finding of non-calcemic 526 

functions of 1α,25(OH)2D3 on regenerative capacity and muscular fibrosis during skeletal 527 

muscle regeneration. The results of the present study provide a significant contribution to the 528 

field regarding knowledge of the physiological functions of the bioactive form of vitamin D3 529 

and vitamin D3 metabolizing enzymes on the regenerative process of skeletal muscle. 530 
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Figure Captions 546 

Fig. 1 Experimental diagram and muscle wet weight to body weight ratio. (A) 547 

Experimental diagram for consecutive intramuscular administration of 1α,25(OH)2D3 during 548 

skeletal muscle regeneration. Vehicle and 1α,25(OH)2D3 at MW and BW doses were 549 

administered daily via intramuscular injections during day 4 to 7 post-injury. This 550 

administration period represents the regenerative phase. (B) TA muscle wet weight was 551 

normalized to mouse body weight and plotted as control, vehicle-administrated, and 552 

1α,25(OH)2D3 MW and BW doses administrated groups (n=6/group), *p<0.05 compared to 553 

control group. 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative to TA muscle 554 

wet weight and mouse body weight, respectively. 555 

 556 

Fig. 2 Localization of VDR protein in regenerative muscle and the response to 557 

intramuscular administration of 1α,25(OH)2D3. (A) Expression of VDR protein in central 558 

nuclei of regenerative muscle fibers using VDR (D-6) antibody, arrows indicate VDR-positive 559 

nuclei. Representative images were captured at 400× magnification with scale bars 20 µm. (B) 560 

VDR protein was expressed and localized in the nucleus of satellite cells (Pax7 positive nuclei) 561 

as determined by co-localization of VDR (H-81) and Pax7 proteins (arrows). (C) The 562 

specificity of VDR (D-6) vs. VDR (H-81) to detected VDR protein in regenerative muscle was 563 

verified. Representative images of B-C were captured at 200× magnification (cropped) with 564 

scale bars 20 µm and 10 µm, respectively. (D) Western blot analysis revealed VDR protein 565 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 566 

administrated groups. GAPDH was used as a loading control. *p<0.05, **p<0.01 compared to 567 

control group (n=6/group). 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative 568 

to TA muscle wet weight and mouse body weight, respectively.  569 
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Fig. 3 Expression of vitamin D3 metabolizing enzymes in response to intramuscular 570 

administration of 1α,25(OH)2D3. (A) Western blot analysis revealed CYP24A1 protein 571 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 572 

administrated groups, *p<0.05 compared to control group (n=6/group). GAPDH was used as a 573 

loading control. (B) CYP24A1 protein is localized in regenerative muscle fibers and the 574 

extracellular matrix compartment. Co-localization of CYP24A1 and VDR proteins was 575 

detected in central nuclei of regenerative muscle fibers. Representative images were captured 576 

at 400× magnification with scale bars 20 µm. (C) CYP24A1 protein was expressed 577 

predominantly in the nucleus of C2C12 myoblasts and co-localized with VDR after 578 

1α,25(OH)2D3 treatment at 10 nM for 24 h. Barely overlapping with ATP synthase (complex 579 

V) subunit alpha (OxPhos) was detected in C2C12 myoblasts under the same experimental 580 

condition. Representative images were captured at 200× magnification with scale bars 100 µm. 581 

(D) Western blot analysis revealed CYP27B1 protein expression in control, vehicle-582 

administrated, and at MW and BW doses administrated groups (n=6/group). GAPDH was used 583 

as a loading control. (E) CYP27B1 protein is predominantly localized in the mitochondrial 584 

compartment of regenerative muscle fibers (OxPhos positive-stained) and the extracellular 585 

matrix. Representative images were captured at 200× magnification (cropped) with scale bars 586 

20 µm. 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative to TA muscle wet 587 

weight and mouse body weight, respectively. 588 

 589 

Fig. 4 Regenerative muscle fiber size in response to in response to intramuscular 590 

administration of 1α,25(OH)2D3. (A) Representative H&E-stained sections from control, 591 

vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups. 592 

1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative to TA muscle wet weight 593 

and mouse body weight. Small regenerative muscle fibers were observed in 1α,25(OH)2D3 at 594 

MW and BW doses administrated groups compared to vehicle-administrated group. 595 
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Representative images were captured at 200× magnification with scale bars 100 µm. (B) The 596 

average number of regenerative muscle fibers size <600 µm2 compared between control, 597 

vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups. 598 

**p<0.01 compared to vehicle-administrated group (n=6/group). (C) CSA histogram revealed a 599 

leftward shift of regenerative muscle fiber size <600 µm2 in 1α,25(OH)2D3 at BW dose 600 

administrated compared to vehicle-administrated groups. The total number of measured fibers 601 

was 3,936 fibers for vehicle-administrated group and 4,979 fibers for 1α,25(OH)2D3 at BW 602 

dose group (n=6/group). 603 

 604 

Fig. 5 Myogenin protein expression in responses to 1α,25(OH)2D3 administration in vivo 605 

and in vitro. (A) Representative images for identification of differentiated satellite cells in 606 

regenerative muscle. Differentiated satellite cells were identified as myogenin-positive nuclei 607 

(arrows). Laminin was counterstained for visualization of regenerative muscle fibers and DAPI 608 

was stained for nuclear localization. Merged image shown in the right panel. (B) 609 

Representative images of myogenin positive nuclei in control, vehicle-administrated, and 610 

1α,25(OH)2D3 at MW and BW doses administrated groups. Images of panels A-B were 611 

captured at 200× magnification with scale bars 100 µm. (C) Quantitative analysis of myogenin 612 

positive nuclei in vehicle-administrated and 1α,25(OH)2D3 at MW and BW doses 613 

administrated groups (n=6/group). *p<0.05 compared to vehicle-administrated group. (D) 614 

Western blot analysis revealed myogenin protein expression in control, vehicle-administrated, 615 

and 1α,25(OH)2D3 at MW and BW doses administrated groups. GAPDH was used as a loading 616 

control. 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg relative to TA muscle wet 617 

weight and mouse body weight, respectively. (E) Representative images of myogenin-positive 618 

nuclei in C2C12 myotubes that were treated with 1α,25(OH)2D3 at 0.1, 1, and 10 nM compared 619 

to vehicle-treated group. Images of panel E were captured at 100× magnification with scale 620 

bars 200 µm. (F) Quantitative analysis of myogenin-positive nuclei in control, vehicle-treated, 621 
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and 1α,25(OH)2D3 at 0.1, 1, and 10 nM treated groups. Six images were used for counting the 622 

number of myogenin positive nuclei. *p<0.05 compared to vehicle-treated group (n= 3 623 

replicate experiments). 624 

 625 

Fig. 6 EbMHC protein expression in responses to 1α,25(OH)2D3 administration in vivo 626 

and in vitro. (A) Representative images for identification of EbMHC protein expression in 627 

regenerative muscle. Newly formed regenerative muscle fibers were identified by the 628 

expression of EbMHC (arrows). Laminin was counterstained for visualization of regenerative 629 

muscle fibers and DAPI was stained for nuclear localization. Merged image shown in the right 630 

panel. (B) Representative of EbMHC-positive fibers in control, vehicle-administrated, and 631 

1α,25(OH)2D3 at MW and BW doses administrated groups. Images of panels A-B were 632 

captured at 200× magnification with scale bars 100 µm. (C) Quantitative analysis on the 633 

percentage of EbMHC protein expression in vehicle-administrated and 1α,25(OH)2D3 at MW 634 

and BW doses administrated groups (n=6/group). *p<0.05, #p<0.05 compared to vehicle-635 

administrated and 1α,25(OH)2D3 at MW dose administrated groups, respectively. (D) Western 636 

blot analysis from myofibrillar protein fraction revealed EbMHC protein expression in control, 637 

vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups. Ponceau 638 

S was used as a loading control. 1α,25(OH)2D3 (MW) and (BW) represent dose at 1 µg/kg 639 

relative to TA muscle wet weight and mouse body weight, respectively. (E) Representative 640 

images of EbMHC protein expression in C2C12 myotubes that were treated with 641 

1α,25(OH)2D3 at 0.1, 1, and 10 nM compared to vehicle-treated group. Images of panel E were 642 

captured at 100× magnification with scale bars 200 µm. (F) Quantitative analysis of EbMHC 643 

protein expression in control, vehicle-treated, and 1α,25(OH)2D3 at 0.1, 1, and 10 nM treated 644 

groups. Twenty-five images were used for analysis of EbMHC area of expression. *p<0.05, 645 

**p<0.01, ***p<0.001 compared to vehicle-treated group (n= 3 replicate experiments). 646 
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Fig. 7 Muscle protein synthesis signaling in response to intramuscular administration of 647 

1α,25(OH)2D3. Western blot analysis of (A) phospho-p70 s6K1 and total p70 s6K1 (B) 648 

phospho-4E-BP1 and total 4E-BP1 (C) phospho-Akt and total Akt and (D) myostatin protein 649 

expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 650 

administrated groups. GAPDH was used as a loading control for myostatin protein expression. 651 

*p<0.05 compared to control group (n=6/group). 1α,25(OH)2D3 (MW) and (BW) represent 652 

dose at 1 µg/kg relative to TA muscle wet weight and mouse body weight, respectively. 653 

 654 

Fig. 8 Fast MHC and slow MHC protein expression in responses to intramuscular 655 

administration of 1α,25(OH)2D3. (A) Representative images for identification of fast MHC 656 

and slow MHC protein expression in control and regenerative muscles. Fast MHC was 657 

illustrated in green and slow MHC was illustrated in red, DAPI was stained for nuclear 658 

localization. Merged image shown in the right panel. Images were captured at 100× 659 

magnification with scale bars 200 µm. (B) Western blot analysis from myofibrillar protein 660 

fraction revealed fast MHC and slow MHC protein expression in control, vehicle-661 

administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups (n=6/group). (C) 662 

Western blot analysis from cytosolic protein fraction revealed fast MHC and slow MHC 663 

protein expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW doses 664 

administrated groups (n=6/group). Ponceau S and GAPDH were used as loading control for 665 

myofibrillar and cytosolic protein expression, respectively. 1α,25(OH)2D3 (MW) and (BW) 666 

represent dose at 1 µg/kg relative to TA muscle wet weight and mouse body weight, 667 

respectively.  668 
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Fig. 9 Connective tissue formation and angiogenesis in responses to 1α,25(OH)2D3 669 

administration. (A) Representative images of vimentin protein expression in control, vehicle-670 

administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups. (B) Quantitative 671 

analysis on the percentage of vimentin protein expression in control, vehicle-administrated, and 672 

1α,25(OH)2D3 at MW and BW doses administrated groups. **p<0.01 compared to control 673 

group; #p<0.05 compared to vehicle and 1α,25(OH)2D3 at MW dose administrated groups. (C) 674 

Western blot analysis revealed vimentin protein expression in control, vehicle-administrated, 675 

and 1α,25(OH)2D3 at MW and BW doses administrated groups (n=6/group). GAPDH was used 676 

as a loading control. (D) Representative images of CD31 protein expression in control, vehicle-677 

administrated, and 1α,25(OH)2D3 at MW and BW doses administrated groups. (E) Quantitative 678 

analysis on the percentage of CD31 protein expression in control, vehicle-administrated, and 679 

1α,25(OH)2D3 at MW and BW doses administrated groups. (F) Western blot analysis revealed 680 

CD31 protein expression in control, vehicle-administrated, and 1α,25(OH)2D3 at MW and BW 681 

doses administrated groups (n=6/group). GAPDH was used as a loading control. Images of 682 

panels A and D were captured at 200× magnification with scale bars 100 µm. 1α,25(OH)2D3 683 

(MW) and (BW) represent dose at 1 µg/kg relative to TA muscle wet weight and mouse body 684 

weight, respectively.   685 
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