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ABSTRACT 

 

The bone anabolic effects of irisin are  

through preferential stimulation of aerobic glycolysis 

 

Dongdong Zhang 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Kil Lim) 

 

Irisin, a recently identified hormone secreted by skeletal muscle in response to 

exercise, exhibits anabolic effects on the skeleton primarily through the stimulation of 

bone formation. However, the mechanism underlying the irisin-stimulated anabolic 

response remains largely unknown. Emerging evidence indicated that anabolic agents 

for osteoporosis enhanced the work of osteoblast by stimulating osteoblast glucose 

metabolism. Furthermore, an increase in aerobic glycolysis is considered to be a 

common feature activated by bone anabolic signals. To uncover the underlying 

mechanism of irisin-mediated anabolic actions in bone, we biosynthesized 

recombinant irisin (r-irisin) using an Escherichia coli expression system and used it to 

treat several osteoblast cell types. Our biosynthesized r-irisin was successfully 

purified and characterized. The synthesized r-irisin could promote proliferation and 
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differentiation of osteoblasts as evidenced by enhanced expression of osteoblast-

specific transcriptional factors, including Runt-related transcription factor-2 (Runx2), 

Oster (Osx), as well as early osteoblastic differentiation markers such as alkaline 

phosphatase (Alp) and collagen type I alpha 1 (Col1a1), and suppression of the 

expression of sclerostin (Sost), the main function of which is to inhibit osteoblastic 

bone formation, in MLO-Y4 osteocyte-like cells. Furthermore, we showed that the 

promotion of r-irisin on the proliferation and differentiation of osteoblast lineage cells 

are preferentially through aerobic glycolysis, as indicated by the enhanced abundance 

of representative enzymes such as lactate dehydrogenase A (LDHA) and pyruvate 

dehydrogenase kinase 1 (PDK1), together with increased lactate levels, but not 

oxidative phosphorylation (OXPHOS). The expression of OXPHOS related proteins 

decreased after r-irisin treatment in primary cultured calvarial cells. Suppression of r-

irisin-mediated aerobic glycolysis with Dichloroacetate blunted its anabolic effects. 

The favorite of the aerobic glycolysis after r-irisin treatment was then confirmed in 

primary calvarial cells by metabolic analysis using gas chromatography–mass 

spectrometry. Thus, our results suggest that the anabolic actions of r-irisin on the 

regulation of osteoblast lineage cells are preferentially through aerobic glycolysis, 

which may help to develop new irisin based bone anabolic agents. 

 

 

 

 

 

Key Words: Irisin, Aerobic glycolysis, Osteoblast, Anabolism   
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The bone anabolic effects of irisin are  

through preferential stimulation of aerobic glycolysis 

 

Dongdong Zhang 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Kil Lim) 

 

I. INTRODUCTION 

 

Bone, a metabolically dynamic tissue, is consisted of osteoblasts, osteocytes and 

osteoclasts.1 As the chief bone-forming cells, osteoblasts synthesize a large amount of 

extracellular matrix proteins, which will then be mineralized to form bone matrix. 

When the bone matrix is synthetized, the osteoblasts are enveloped by it and become 

osteocytes, which are the star-shaped bone cells found in the mature bone tissue. On 

the other hand, the osteoclasts have a main function of bone resorption. Thereby, the 

homeostatic balance between bone formation (an anabolic process) and bone 

resorption (a catabolic process) during bone metabolism determines its hardness.2 

Emerging evidence showed that this balance is likely disrupted in diabetes where 

glucose metabolism is dysregulated, resulting in decreased bone strength and 

increased bone fracture risk. It is well known that glucose is not only a major fuel that 
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can produce ATP, but also a critical source for building blocks necessary for 

biosynthesis in most mammalian cell types. Osteoblasts, the active bone-forming cells 

which are essential for the growth and maintenance of skeleton, need a large amount 

of building materials during bone formation. Early studies have indicated that glucose 

was an important nutrient for the osteoblast lineage cells, which have been shown to 

express several glucose transporters, such as Glut 1 and Glut3.3 Moreover, it was 

reported that anabolic agents for osteoporosis enhanced the work of osteoblast by 

stimulating glucose metabolism in osteoblasts.4 These findings demonstrated the 

significance of the role and the regulation of glucose metabolism in bone. 

Numerous studies have implicated that the active glycolysis was involved in 

anabolic signals in osteoblasts. Among these, Wnt signaling, an important regulatory 

pathway in bone formation, stimulated aerobic glycolysis in osteoblast lineage cells 

and enhanced glutamine catabolism through tricarboxylic acid (TCA) cycle.5 More 

recently, a study has demonstrated that the anabolic actions of PTH, the anabolic drug 

that has been approved by the Food and Drug Administration (USA), on bone were 

through the stimulation of glucose consumption and lactate production, a hallmark of 

aerobic glycolysis, and the suppression of mitochondrial oxidative phosphorylation by 

preventing the entry of glucose into the TCA cycle.6 Based on these observations, an 

increase in aerobic glycolysis is now considered to be a common feature activated by 

bone anabolic signaling pathways including Wnt, PTH, and IGF-1.6 In addition, it is 

well known that bone metabolism can be regulated by a range of factors, including 

physical exercise. Physical exercise acts on the bone directly via mechanical force, or 

indirectly via an anabolic effect through hormonal factors.7,8 Among which, 

parathyroid hormone (PTH) is a well-known hormone involved in both catabolic and 
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anabolic actions on the bone.9  

Irisin, a newly identified hormone-like molecule, is secreted by skeletal muscle in 

response to physical exercise. It is the extracellular domain of fibronectin type III 

domain-containing protein 5 (FNDC5), cleaved and released into systemic circulation. 

Initially, the existence of human irisin was questioned because of the unconventional 

ATA start codon of FNDC5 and the poor specificity of the antibodies.10,11 However, it 

is finally identified in plasma via mass spectrometry,12 and is mainly translated from a 

non-canonical start codon. Jedrychowski et al. reported that human irisin circulated at 

~3.6 ng/mL in sedentary individuals, and its concentration increased to ~4.3 ng/mL in 

individuals undergoing aerobic interval training. The first role contributed to irisin is 

its ability to convert white adipose tissue to browning adipose tissue, regulating 

energy metabolism and improving insulin resistance. It was also showed that irisin 

plays important roles in regulating energy expenditure, inflammation, hippocampal 

neurogenesis, aging, and other metabolic conditions.13–17 Recent studies have 

indicated that irisin displays anabolic actions on the skeleton through the stimulation 

of bone formation.18,19 However, the mechanism underlying the irisin-stimulated 

anabolic response has not been fully understood. 

To explore the underlying mechanism, here we biosynthesized irisin in 

Escherichia coli using recombinant DNA technology and characterized the 

synthesized protein after purification. We showed that our biosynthesized r-irisin 

stimulated osteoblastic bone formation by preferentially enhancing the activity of 

aerobic glycolysis pathway while the TCA cycle was suppressed. Thus, our results 

suggest that the anabolic actions of r-irisin on the regulation of osteoblast lineage cells 

were preferentially through the stimulating of aerobic glycolysis. 
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II. MATERIALS AND METHODS 

 

1. Antibodies 

Antibodies for p-ERK (Thr202/Tyr204) (Cat#9101), ERK (Cat#9102), p-

P38 (Thr180/Tyr182) (Cat#4511), P38 (Cat#9212), LDHA (Cat#2012), and 

PDK1 (Cat#5662) were purchased from Cell Signaling Technologies 

(Danvers, MA, USA). FNDC5 antibody (ab131390) and total OXPHOS 

antibody cocktail (ab110413) were purchased from Abcam Company 

(Cambridge, UK). GAPDH (Cat#OAEA00006) antibody was from Aviva 

Systems Biology (San Diego, CA) and a-tubulin (Cat#05829) antibody was 

from Merck Millipore (Danvers, MA). Horseradish peroxidase (HRP)-

conjugated anti-rabbit (Cat#7074) and HRP-conjugated anti-mouse (sc-2005) 

secondary antibodies were from Cell Signaling Technologies and Santa Cruz 

Biotechnology (CA, USA), respectively. 

 

2. Plasmid construction 

The plasmid pcDNA3.1+C-6His+FNDC5 was purchased from GenScript 

(George Town, Cayman Islands). The irisin-coding region (amino acid residues 

32–143) was amplified via PCR from the plasmid pcDNA3.1+C-6His+FNDC5, 

which contained a 555–bp sequence of human FNDC5. First, a TEV protease 

target sequence was inserted upstream of the irisin encoding sequence and these 

two sequences were amplified together using the following primers: 5′-

CGAAAACCTGTATTTTCA GGGCGACAGTCCCTCAGCCCCAGTGAAC-

3′ (forward) and 5′-CCGCTCGAGTCACTC TTTCATGGTTACCTC-3′ (reverse, 
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containing the XhoI site). The PCR product was purified and amplified using the 

following primers: 5′-GGGGGATCCGAAAACCTGTATTTTCAG-3′ (forward, 

containing a BamHI site) and 5′-CCGCTC GAGTCACTCTTTCATGGTTACCTC-

3′ (reverse, containing a XhoI site). To create pET32a-TEV-irisin, the 

digested PCR product was subcloned into the pET-32a vector (Novagen) so 

that an N-terminal hexahistidine (His)-tag was included in the protein product 

for purification. 

 

3. Expression and purification of r-irisin from E.coli 

The plasmid pET32a-TEV-irisin was transformed into E. coli BL21 (DE3) 

cells for expression. Single colonies were separately inoculated into Luria–

Bertani broth medium. After incubation at 37 °C for 2 hr, the optical density 

(OD) at 600 nm reached 0.6–0.7, following which isopropyl β-ᴅ-1-

thiogalactopyranoside was added to a final concentration of 0.8 mM. All 

bacterial cells were harvested after overnight growth. The cell pellet was 

resuspended and sonicated in lysis buffer (25 mM NaPi, 300 mM NaCl, and 5 

mM β-mercaptoethanol). The supernatant was separated by centrifugation 

(14000 rpm for 30 min, at 4 °C) and then passed through a His-tag affinity 

Ni-nitrilotriacetic acid resin. The affinity column resin was washed out twice 

using washing buffer containing 60 mM imidazole in lysis buffer. The TEV-

irisin fusion peptide was eluted in lysis buffer containing 500 mM imidazole 

and then desalted using a desalting column. Then, the thioredoxin and His-tag 

were removed from target protein by treatment with TEV protease (2:1 molar 

ratio, overnight at room temperature), and r-irisin was re eluted in the flow 
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through fraction during reverse phase column. To increase the protein purity, 

size exclusion chromatography was performed using a Superdex™ 200 

column (GE Healthcare, Little Chalfont, UK) in PBS buffer. The purity of the 

target protein was identified by 15% SDS-PAGE. The target protein, r-irisin, 

was verified by western blotting analysis using an anti-FNDC5 antibody, and 

its concentration was determined by a Nanodrop 2000/2000c spectrophotometer 

(Thermo Fisher Scientific, Wilmington, DE, USA). 

 

4. Determination of endotoxins 

In this work, the endotoxin content of purified r-irisin was measured by 

using the ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit 

(Genscript, Piscataway, NJ, USA). The original purified r-irisin was diluted 

and detected. This examination was performed according to the 

manufacturer’s protocol, and the concentrations of endotoxin were calculated 

according to its guidelines. 

 

5. Cell culture and osteoblast differentiation 

Primary calvarial cells were isolated by sequential collagenase digestion 

and cultured as previously described.20 Bone marrow stromal cells were 

harvested from the intact femur and tibiae of mice. The bone marrow was 

flushed out with α-MEM containing 10% fetal bovine serum and 1% 

penicillin-streptomycin using a syringe with a 26-gauge needle. After 

centrifugation at 1500 rpm for 5 min, the cell pellets were re-suspended in the 

same medium and cultured in 25-cm2 flasks in 2% CO2 at 37 °C. After 7 days, 
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half of the culture medium was removed and the same amount of fresh 

medium was added back. After an additional 3 days, the cells were 

subcultured. Bone marrow stromal cells and murine osteoblastic MC3T3E1 

cells were cultured in α-MEM containing 10% fetal bovine serum and 1% 

penicillin-streptomycin at 37 °C in a 5% CO2 incubator. Murine MLO-Y4 

osteocytes were grown on surface coated with rat tail collagen type I (BD 

Biosciences, Bedford, MA, USA) with α-MEM supplemented with 5% fetal 

bovine serum, 5% calf serum, and 1% penicillin-streptomycin. 

For differentiation, MC3T3E1 preosteoblasts were seeded onto six-well 

plates and grown to confluence by feeding them for 7 days with osteogenic 

medium containing the differentiation-promoting supplements of 10 mM of β-

glycerophosphate (Sigma-Aldrich, MO, USA) and 50 μg/mL ascorbic acid 

(Sigma-Aldrich, MO, USA). The medium was changed every 2 days. Then, 

the cells were treated with or without r-irisin in osteogenic medium for 24 hr 

or 48 hr. Cells were harvested for qRT-PCR or western blotting analysis. 

Murine 3T3-L1 preadipocytes were cultured in DMEM supplemented 

with 10% bovine calf serum and 1% penicillin-streptomycin at 37 °C in a 5% 

CO2 incubator. The cell culture medium was changed every 2–3 days. 3T3-L1 

cells were seeded onto six-well plates. After reaching confluency (day 0), the 

cells were induced to differentiate by incubating them with induction medium 

(DMEM supplemented with 10% fetal bovine serum, 0.5 mM 

isobutylmethylxanthine, 0.25 µM dexamethasone, and 10 µg/mL insulin). 

Two days after induction (day 2), the medium was changed to medium 

supplemented with insulin only, and refreshed every other day. r-Irisin was 
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added to the 3T3-L1 cells on day 2 during adipocyte differentiation for a total 

of 4 days. After stimulation for 6 days, RNA extraction for RT-PCR was 

performed. 

 

6. WST-1 cell proliferation assay 

The proliferation of the cultured osteoblasts was measured using the 

WST-1 assay kit. MC3T3E1 cells were seeded into a 96-well culture plate at 

2000 cells/well. After overnight incubation, the cells were treated with 

various concentrations of r-irisin and continuously cultured for 24 hr or 48 hr. 

Ten microliters of WST-1 solution was added to each well containing 100 μL 

of medium and incubated for 1.5 hr. The absorbance of the samples was 

measured at 450 nm using a multimode reader. All experiments were 

performed in triplicate. 

 

7. Dichloroacetate intervention 

Sodium dichloroacetate (DCA) (Sigma-Aldrich, MO, USA) was 

dissolved in PBS. Proliferating MC3T3E1 cells were treated with different 

concentrations of r-irisin and/or DCA (2 and 5 mM). After 48 hr of treatment, 

cell proliferation was evaluated by WST-1 assay. Differentiating MC3T3E1 

cells were treated with 10 nM of r-irisin and/or DCA in the presence of β-

glycerophosphate and ascorbic acid for 3 days. RNA from differentiating 

cells was extracted for quantitative reverse transcription PCR (qRT-PCR) 

analysis. 
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8. Semi-quantitative RT-PCR and quantitative reverse transcription PCR 

Total RNA was extracted from cells treated with or without r-irisin using 

TRIsure™ reagent (Bioline Reagents Ltd, London, UK) according to the 

manufacturer’s instructions. The reverse transcription of 2 μg total RNA was 

performed using Moloney murine leukemia virus reverse transcriptase 

(Promega, Madison, WI, USA). The gene-specific primers used in this study 

are listed in Table 1. PCR amplification was performed using 2 μL first-strand 

cDNA, 10 pmol primers, and GoTap DNA polymerase (Promega, WI, USA). 

The following cycles were used for Ucp1: initial denaturation at 94 °C for 5 

min; followed by 32 cycles of 95 °C for 30 s, 55 °C for 1 min, and 72 °C for 1 

min; and a final extension at 72 °C for 10 min. For β-actin: initial 

denaturation at 94 °C for 5 min; followed by 25 cycles of 95 °C for 30 s, 

59 °C for 1 min, and 72 °C for 1 min; and a final extension at 72 °C for 10 

min. 

Quantitative reverse transcription PCR (qRT-PCR) was performed in 

triplicate with SensiFAST™ SYBR® Hi-ROX kit (Bioline Reagents Ltd, 

London, UK) using a one-step system. The real-time PCR conditions were as 

follows: 95 °C for 10 min, then 40 cycles at 95 °C for 15 s, 60 °C for 1 min; 

and a melt curve cycle at 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. 

The 2−ΔΔCT method was used to calculate the relative gene expression, and β-

Actin was used as an internal control. 
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Table 1. The PCR primers 

gene Forward (5´–3´) Reverse (5´–3´) 

Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT 

Atf4 GAGCTTCCTGAACAGCGAAGTG TGGCCACCTCCAGATAGTCATC 

Runx2 CCGTGGCCTTCAAGGTTGT TTCATAACAGCGGAGGCATTT 

Osx CCCTTCTCAAGCACCAATGG AAGGGTGGGTAGTCATTTGCATA 

Alp TGACCTTCTCTCCTCCATCC CTTCCTGGGAGTCTCATCCT 

Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 

Sost ATCCCAGGGCTTGGAGAGTA ACATCTTTGGCGTCATAGGG 

Ucp2 CAGGTCACTGTGCCCTTACCAT CACTACGTTCCAGGATCCCAAG 

β-Actin GCTACAGCTTCACCACCACAG GGTCTTTACGGATGTCAACGTC 

 

Ucp1: Uncoupling protein 1, Atf4: Transcription factor 4, Runx2: Runt-related 

transcription factor-2, Osx: Osterix, Alp: alkaline phosphatase, Col1a1: collagen type 

I alpha 1, Ucp2: uncoupling protein 2. 
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9. Western blot analysis 

The treated cells were washed with cold PBS and solubilized in 

radioimmunoprecipitation assay lysis buffer (5 M NaCl, 0.5 M EDTA, 1 M 

Tris, NP-40, 10% sodium deoxycholate and 10% SDS) containing a 

protease inhibitor cocktail (Roche, Basel, Switzerland) and a phosphatase 

inhibitor cocktail (Sigma-Aldrich, MO, USA). Cell lysates were collected 

and total cell protein concentrations were determined using the Bradford 

assay method. Equal amounts of proteins were loaded into each well of a 10% 

polyacrylamide gel and subjected to SDS-PAGE. After electrophoresis, 

proteins were transferred to polyvinylidene fluoride membrane. Blots were 

blocked with 5% skim milk at room temperature for 1 hr and incubated 

with the indicated primary antibodies (irisin, LDHA, PDK1; OXPHOS–

NDUFB8, UQCRC2, MTCO1, SDHB, and ATP5A) overnight at 4 °C at 

1:1000 dilution. After washing with Tris-buffered saline containing 0.1% 

Tween 20, the membranes were incubated with horseradish peroxidase-

conjugated secondary antibodies for 1 hr at room temperature. The 

immune complexes were detected using the enhanced chemiluminescence 

method. 

 

10. Lactate measurement 

Lactate concentrations were measures by the lactate assay kit (Eton 

Bioscience Inc., San Diego, CA) according to the manufacturer’s instructions. 

The lactate levels were normalized to cell number. 
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11. Gas chromatography-mass spectrometry (GC/MS) analysis 

A. Sample preparation 

Primary calvarial cells were seeded onto six-well plates. After 

reaching 70–80% confluence, the cells were treated with r-irisin at 

different concentrations for various durations. Cells were harvested 

using cold PBS and centrifuged at 6000 rpm for 3 min at 4 °C. After the 

aspiration of the suspension, the cell pellets were stored at –70 °C for 

analysis. 

B. Extraction and trimethylsilyl derivatization 

Seven hundred and fifty microliters of 80% methanol (4 °C) 

containing dissolved 2,6-dinitrotoluene-D3 and ribitol (10 mg/mL) was 

added to each sample and sonicated for 10 min before extraction (4 °C, 

10 min) and centrifugation (4 °C, 13,000 rpm, 10 min). The supernatant 

was evaporated using a Speed-Vac® centrifugal evaporator (Thermo 

Fisher Scientific) and then derivatized with methoxyamine 

hydrochloride (20 mg/mL dissolved in pyridine) and N-methyl-N-

(trimethylsilyl)trifluoroacetamide containing 1% trimethylsilyl chloride. 

A 1-µL aliquot of each derivatized sample was analyzed by GC/MS 

(Shimadzu 2010) as detailed below. 

C. GC/MS analysis and data analysis 

GC/MS analysis was performed on a GCMS-QP2010 (Shimadzu, 

Kyoto, Japan). A DB-5 mass spectrometry column (30 m × 0.25 mm 

internal diameter; film thickness 1µm; Agilent, Santa Clara, CA, USA) 

was used with the gas chromatograph system. The column temperature 
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was held at 100 °C for 4 min, then raised by 4 °C/min to 320 °C and 

held at that temperature for 11 min (total run time 70 min). The inlet 

temperature was 280 °C, and 1 µL of sample was injected using a 10:1 

split mode. The mass conditions were as follows: ion source temperature, 

230 °C; interface temperature, 280 °C. 

D. Multivariate data analysis 

The entire pareto-scaled data matrix obtained from the results of 

GC/MS was analyzed by the orthogonal partial least squares method 

(OPLS) using SIMCA-P (Umetrics, Umeå, Sweden). 

 

12. CFU-Alkaline phosphatase (ALP) and alizarin red staining 

Bone marrow cells from mouse tibia were flushed out and centrifuged. 

The resuspended cells were counted and viable cells (as assessed by trypan 

blue exclusion assay) were seeded at 2.5 × 106 cells/well onto six-well plates. 

Differentiation medium containing 10 mM β-glycerophosphate and 50 μg/mL 

ascorbic acid with or without r-irisin was added at day 3. The differentiation 

medium with or without r-irisin was changed every other day. 

After 8 days, the formed colonies were fixed with 4% paraformaldehyde 

and stained for ALP activity using an ALP kit (Sigma-Aldrich). Naphthyl AS-

MX phosphate was used as the substrate and fast blue salt was used as the 

coupling chromogen. ALP-positive colonies were quantitated. Mineralization 

was determined at day 21 by staining with 40 mM alizarin red S (pH 4.1–4.2) 

for 10 min at room temperature. The excess alizarin red stain was eluted with 

10% cetylpyridinium chloride and the absorbance at 570 nm was measured. 
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13. Statistical analysis 

All statistical analyses were performed using Prism version 5 (GraphPad 

Software, La Jolla, CA, USA). Results are presented as mean ± SEM. Two-

group comparisons were evaluated by Student’s t test. Comparisons among 

more than two groups were performed by two-way ANOVA. A p value of < 

0.05 (95% confidence interval) was considered statistically significant.  

  



 

17 

III. RESULTS 

 

1. Expression and characterization of purified human r-irisin 

To achieve high-yield expression of human irisin gene in an E. coli 

expression system, we subcloned irisin gene into the vector pET32a between 

the BamHI and XhoI sites. The construct contains thioredoxin and His tags 

with a TEV protease recognition sequence (ENLYFQG) in the N-terminal 

extension, in which thioredoxin is commonly used as a fusion tag to enhance 

the expression of soluble proteins (Fig. 1A). The fusion r-irisin protein was 

expressed in Luria–Bertani broth medium by using isopropyl β-ᴅ-1-

thiogalactopyranoside induction. By using Ni-nitrilotriacetic acid affinity 

chromatography, we could get the fusion r-irisin protein with excellent 

solubility, as determined by SDS-PAGE stained with Coomassie brilliant blue, 

which were then cleaved by TEV protease to produce the target r-irisin 

protein (Fig. 1B). The molecular weight of target r-irisin was determined as 

26 kDa (Fig. 1B), supporting the hypothesis that r-irisin was a dimer, 

consistent with a previous report,21 and that the monomeric r-irisin was about 

12 kDa (Fig. 1C). Western blotting analysis confirmed that the purified target 

protein was human irisin (Fig. 1C). 
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Figure 1. Expression and verification of purified r-irisin. (A) Schematic 

representation of the fusion protein (Trx-His-TEV irisin). (B, C) The r-irisin 

protein expressed from Escherichia coli, which existed as a dimer (B), was further 

purified using size-exclusion chromatography (SEC). The curve peak represented 

the pure target r-irisin, which was identified by western blot analysis (C). 
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2. Endotoxin concentrations of purified r-irisin 

In order to exclude the possibility of endotoxin contamination in our 

purified r-irisin, we used chromogenic LAL assay, which is wildly used to 

quantitate endotoxins from gram-negative bacteria. In our experiments, we 

diluted our purified r-irisin and then detected the amount of endotoxins by 

using LAL test. The result showed low endotoxin levels of 1 in all diluted r-

irisin (Fig. 2). 

 

 

 

Figure 2. Measurement of endotoxin concentrations in the purified r-

irisin. Endotoxin concentrations in the purified r-irisin were measured by A 

LAL endotoxin assay. The initial protein (65 μM) was diluted 1:100, 1:000, 

and 1:10000 with endotoxin-free water. After measurement of the absorbance 

at 545 nm, the concentrations of endotoxins were calculated according to the 

manual’s protocol. 
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3. Verification of the bioactivity of r-irisin 

It has been proven that irisin acts on white adipose cells stimulating a 

program of browning-fat-like development with elevated expression of the 

brown cell marker, uncoupling protein 1 (Ucp1).22 To verify the activity of r-

irisin obtained by the prokaryotic expression system, we first investigated the 

browning effect in 3T3-L1–derived adipocytes after treating with various 

concentrations of r-irisin. Gene expression analysis showed that the treatment 

of 3T3-L1–derived adipocytes with different concentrations of r-irisin 

significantly increased the expression of Ucp1 (Fig. 3A). Because previous 

study has shown that irisin stimulates osteoblast proliferation through p38 

mitogen-activated protein kinase (p38 MAPK) and extracellular signal-related 

kinase (ERK) signaling pathways,19 we then further examined the effects of r-

irisin on the molecular signaling pathways in MC3T3E1 cells. The results 

showed that the abundance of phosphorylated ERK and phosphorylated p38 

MAPK significantly increased as early as 5 min after the r-irisin treatment 

and peaked between 10 and 20 min after treatment (Fig. 3B), which was 

consistent with previous data.19 Altogether, our results demonstrated that our 

synthesized r-irisin in this study possessed bioactivity. 
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Figure 3. Characterization of purified r-irisin. (A) 3T3-L1–derived adipocytes 

were treated with r-irisin at indicated concentrations. The expression of Ucp1 was 

measured by RT-PCR. (B) MC3T3E1 cells were treated with 10nM r-irisin for the 

indicated times. Cell lysates were analyzed by western blotting for phosphorylated 

and total ERK and P38, as well as GAPDH. NT: without r-irisin treatment. 
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4. r-Irisin stimulates osteoblast proliferation 

A previous study reported that irisin displays anabolic actions on the 

skeleton primarily through stimulation of bone formation.18 To verify the 

effect of our synthesized r-irisin on osteoblasts, we first observed osteoblast 

proliferation using MC3T3E1 cells after the treatment with r-irisin. A WST-1 

assay and cell counting by hemocytometer were performed to evaluate the 

effects of r-irisin on osteoblast proliferation. The results showed that the 

absorption of cells at 450 nm significantly increased at 24 hr after treatment 

with relatively high concentrations of r-irisin as well as at 48 hr after 

treatment with various concentrations of r-irisin (Fig. 4A). Consistently, the 

cell number significantly increased after 48 hr of r-irisin treatment at all 

concentrations (Fig. 4B). 
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Figure 4. Effects of r-irisin on the proliferation of osteoblast lineage cells. (A 

and B) MC3T3E1 cells were treated with different concentrations of r-irisin for 

24 hr or 48 hr. The optical density at 450 nm was measured (A), and cell 

numbers were determined by hemocytometer counting at 48 hr (B). *p < 0.05, 

**p < 0.01, ***p < 0.001, NT: without r-irisin treatment. 
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5. r-Irisin promotes osteoblasts differentiation 

To confirm the effect of our synthesized r-irisin on osteoblasts, we 

analyzed the mRNA expression levels of transcription regulators on bone 

marrow stromal cells, including Atf4, Runt-related transcription factor-2 

(Runx2), and Osx as well as earlier osteoblast differentiation marker genes, 

alkaline phosphatase (Alp) and collagen type I alpha 1 (Col1a1). The results 

showed that r-irisin rapidly (within 3 hr) upregulated Atf4 in bone marrow 

stromal cells after culture in osteogenic differentiation medium (Fig.5A, left). 

Similarly, a significant increase in the expression levels of Runx2, Osx, Alp 

and Col1a1 mRNAs was observed after 48 hr of culture in the presence of r-

irisin (Fig. 5A, right). Since our previous work has shown that Sost, which is 

mainly produced by osteocytes, plays an inhibitory role in bone formation,24 

we decided to examine the modulatory effect of r-irisin on this gene in 

osteocyte-like MLO-Y4 cells, which have a high baseline expression of Sost. 

Both tested concentrations of r-irisin significantly downregulated Sost mRNA 

levels after 48 hr treatment (Fig. 5B). ALP staining was performed to further 

assess the osteogenic effects of r-irisin. We found an increase in the formation 

of ALP-positive colonies of bone marrow stromal cells treated with r-irisin as 

compared to those without r-irisin treatment (Fig. 5C). However, the 

mineralized surface in those cells was not significantly affected after r-irisin 

treatment (Fig. 5D). These changes indicated that r-irisin had anabolic effects 

on osteoblast lineage cells during early osteoblastic differentiation. 
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Figure 5. Effects of r-irisin on the differentiation of osteoblast lineage cells. (A) 

Bone marrow stromal cells were treated with r-irisin (10 nM) in osteogenic 

differentiation media for 3 hr, 8 hr (A, left), or 48 hr (A, right). The expression levels 
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of osteoblastic transcriptional regulators (Atf4, Runx2, and Osx) and differentiation 

marker genes (Alp and Col1a1) were assessed by qRT-PCR. (B) MLO-Y4 osteocytes 

were treated with r-irisin (10 nM and 1 µM) for 48 hr. Sost mRNA levels were 

measured by qRT-PCR. The data were expressed as the mean ± SEM of triplicates. (C 

and D) Bone marrow stromal cells were treated with r-irisin (10 nM) in osteogenic 

differentiation media. The number of alkaline phosphatase-positive colonies (C) was 

determined by alkaline phosphatase staining at day 8. Bone nodules were evaluated 

by alizarin red staining at day 21 (D) and colonies were assessed by eluting the stain 

with 10% cetylpyridinium chloride and measuring the absorbance at 570 nm. 

Representative images of ALP-positive colonies and alizarin red-stained nodules are 

shown. *p < 0.05, **p < 0.01, ***p < 0.001, NT: without r-irisin treatment. 
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6. r-Irisin stimulated aerobic glycolysis in osteoblast lineage cells 

Several studies have proven that the anabolic effects of PTH, Wnt and 

IGF1 on bone are contributed by the enhanced aerobic glycolysis.6 Therefore, 

the observed anabolic actions in osteoblasts proliferation and differentiation 

induced by r-irisin prompted us to examine the effects of r-irisin on the 

metabolic changes in MC3T3E1 and primary calvarial cells. We first 

examined two important enzymes in the aerobic glycolysis pathway, LDHA 

and PDK1. LDHA is responsible for the conversion of pyruvate to lactate, 

and PDK1 inhibits pyruvate dehydrogenase (PDH) to suppress the 

conversion of pyruvate to acetyl-CoA. We assessed the abundance of these 

enzymes in proliferating MC3T3E1 cells treated with different 

concentrations of r-irisin for 24 hr. The results showed that high 

concentrations of r-irisin increased the expression levels of LDHA and 

PDK1, whereas low concentrations did not have a significant effect (Fig. 

6A). In both differentiated MC3T3E1 cells and primary calvarial cells, the 

abundance of LDHA and PDK1 was enhanced by all concentration of r-irisin 

(Fig. 6B and 6C). 
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Figure 6. Effects of r-irisin on glycolysis-related enzymes in osteoblasts. (A–C) 

Undifferentiated MC3T3E1 cells (A), differentiated MC3T3E1 cells (B), and primary 
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calvarial cells (C) were treated with r-irisin (1, 10 and 100 nM) for 24 hr. Cell lysates 

were immunoblotted for LDHA, PDK1, and Tubulin. *p < 0.05, **p < 0.01, ***p < 

0.001, LDHA: lactate dehydrogenase A, PDK1: pyruvate dehydrogenase kinase 1. 

 

7. Effects of r-irisin on lactate production in osteoblasts 

We further measured the lactate production in MC3T3E1 cells after r-

irisin treatment. Consistently, the lactate level was significantly increased 

after r-irisin treatment (Fig. 7A). To verify the potential contribution of 

aerobic glycolysis on r-irisin-induced anabolic actions in osteoblasts, we 

used DCA, which inactivates the activity of PDK1, to enhance the entry of 

pyruvate into the TCA cycle (Fig. 7B). DCA treatment blocked lactate 

production induced by r-irisin in undifferentiated MC3T3E1 cells (Fig. 7A). 
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Figure 7. Effects of r-irisin on lactate production in MC3T3E1 cells. (A) Lactate 

concentrations were measured in undifferentiated MC3T3E1 cells treated with r-irisin 

(10 nM) and/or dichloroacetate (DCA) (2 and 5 mM) for 48 hr. (B) Schematic 

diagram of the aerobic glycolysis pathway and TCA cycle. *p < 0.05, #p < 0.05 were 

taken as compared with the vehicle treated groups. 
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8. Effects of DCA on r-irisin-induced osteogenic action 

We next examined the effects of DCA on r-irisin-regulated cell 

proliferation and differentiation in MC3T3E1 cells. The increment of 

absorption value measured by the WST-1 assay kit after treatment of r-irisin 

was reduced significantly by DCA treatment (Fig. 8A). Meanwhile, the 

enhanced expression of osteoblastic transcriptional regulators, Runx2 and 

Osx, and osteogenic markers, Alp and ColIa1 by r-irisin were also reduced 

after DCA treatment (Fig. 8B). Thus, our results demonstrated that r-irisin-

initiated aerobic glycolysis played an important role in the osteogenesis of 

osteoblast lineage cells. 
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Figure 8. DCA blunts r-irisin-induced osteoblast proliferation and differentiation. 

(A) MC3T3E1 osteoblasts were treated with r-irisin and/or DCA at the indicated 

concentrations for 48 hr, followed by a WST-1 assay. (B) Differentiated MC3T3E1 

cells were treated with irisin and/or DCA in osteogenic differentiation medium for 48 

hr, and the expression levels of osteoblast transcript regulators (Runx2, Osx) and 

differentiation marker genes (Alp, ColIa1) were assayed by qRT-PCR. **p < 0.01, 

***p < 0.001. 
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9. Effects of r-irisin on endogenous metabolites in primary calvarial cells 

The increased expression of metabolic enzymes in aerobic glycolysis 

pathway prompted us to examine cellular metabolites, which are a direct 

readout of cellular metabolism, in response to r-irisin. We performed a 

GC/MS analysis in primary calvarial cells treated with different 

concentrations of r-irisin for various periods. Score line plots in the 

orthogonal partial lease squares and two-way orthogonal partial least squares 

models showed remarkably different patterns of changes in amino acid 

concentrations between the r-irisin-treated cells and non-treated cells (Fig. 

9A). Heat maps were drawn to display the details of changes at the 

metabolite levels, emphasizing the differences among groups (Fig. 9B). 

Furthermore, a fold-change analysis clearly illustrated the significant 

changes of metabolites involved in the glycolysis pathway, the TCA cycle, 

and the pentose phosphate pathway among the groups treated with different 

concentrations of r-irisin and among the different time points (Fig. 9C). 

Consistent with the increased aerobic glycolysis, GC/MS analysis also 

showed increased lactate levels in primary calvarial cells treated with r-irisin 

(Fig. 9C). Several key intermediates involved in the TCA cycle, including 

citrate, isocitrate, and 2-ketoglutarate, remarkably decreased after r-irisin 

treatment; however, succinate, fumarate, and malate increased (Figs. 9C and 

9D). Moreover, the expressions of ribose 5-phosphate and sedoheptulose 7-

phosphate, which are involved in the non-oxidative phase of the pentose 

phosphate pathway, were significantly increased (Figs. 9C and 9D). Overall, 

the expression changes of several metabolites, together with LDHA and 
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PDK1, which are two important glycolysis-related enzymes, provides 

sufficient evidence to suggest an increase in glycolysis pathway and decrease 

in TCA cycle activities in response to r-irisin. 
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Figure 9. Effects of r-irisin on energy production-related metabolites in primary 

calvarial cells. Primary cultured calvarial cells were treated with r-irisin (0.1 and 10 

nM) for the indicated durations, and the expression of metabolites was assessed by 

GS/MS analysis. (A, B) Representative orthogonal partial least squares (A) and heat 
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maps (B) were shown using calvarial cells that were treated with 10 nM r-irisin 

treatment for 3 hr or 8 hr. (C) Fold changes (r-irisin-treated cells relative to untreated 

controls) of metabolites were shown after r-irisin treatment for the indicated durations. 

Significant changes were identified at p < 0.05. (D) Schematic diagram of TCA cycle 

(left) and pentose phosphate pathway (right). The arrows show the changes in 

intermediate metabolites involved in these two metabolic pathways. 
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10. Effects of r-irisin on oxidative phosphorylation related proteins in 

osteoblast lineage cells 

Since the process of glucose entry to TCA cycle was suppressed by r-

irisin, we further examined the consequent effects on mitochondrial 

oxidative phosphorylation (OXPHOS), which also generates ATP as 

glycolysis pathway. We examined the expression levels of relevant enzymes 

including NDUFB8, UQCRC2, MTCO1, SDHB, and ATP5A in 

preosteoblastic MC3T3E1 cells, differentiating MC3T3E1 cells, and primary 

calvarial cells treated with or without r-irisin. In comparison to untreated 

cells, there were no significant changes in the abundance of these proteins 

after r-irisin treatment in proliferating and differentiating MC3T3E1 cells 

(Fig. 10A). Nevertheless, the levels of ATP5A, MTCO1, and NDUFB8 

significantly decreased after r-irisin treatment in primary calvarial cells (Fig. 

10B). Furthermore, UCP2 could allow protons, which were originally used 

for ATP synthesis, to directly enter the mitochondrial matrix. Our results 

showed that the expression of Ucp2 was not affected by r-irisin treatment in 

MC3T3E1 cells (Fig. 11A). However, different concentrations of r-irisin 

significantly increased Ucp2 mRNA levels in both differentiating MC3T3E1 

cells and calvarial cells (Fig. 11B and 11C). Overall, these results indicated 

that r-irisin preferentially stimulated glycolysis in osteoblasts during the 

proliferation and early differentiation stages. 
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Figure 10. Effects of r-irisin on oxidative phosphorylation in osteoblast lineage 

cells. Undifferentiated MC3T3E1 cells, differentiated MC3T3E1 cells, and primary 

calvarial cells were treated with r-irisin (1 and 100 nM) for 24 hr. (A and B) Cell 

lysates were analyzed by western blotting with a cocktail of antibodies against 

enzymes involved in oxidative phosphorylation (namely ATP5A, UQCRC2, MTCO1, 

SDHB, and NDUFB8), GAPDH, and tubulin. The data were expressed as the mean ± 

SEM of triplicates. *p < 0.05, ***p < 0.001. 
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Figure 11. Effects of r-irisin on Ucp2 mRNA expression in osteoblast lineage cells. 

(A-C) Ucp2 mRNA levels were measured by qRT-PCR. The data were expressed as 

the mean ± SEM of triplicates. **p < 0.01, ***p < 0.001, Ucp2: uncoupling protein 2. 
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IV. DISCUSSION 

 

Our findings demonstrated that our biosynthesized r-irisin could stimulate both 

proliferation and differentiation of osteoblast lineage cells, consistent with the 

previously reported function.19 We also showed that glucose metabolism was altered 

after the treatment of osteoblasts with r-irisin, as indicated by the preferential 

activation of aerobic glycolysis and the inhibition of the TCA cycle. As highly 

metabolically active cells, osteoblasts could express genes to gratify the enzymatic 

requirements for glycolysis.25,26 The anabolic effect of irisin on bone is critically 

dependent on cellular energy metabolism, particularly on glucose metabolism. Wnt 

signaling also stimulated aerobic glycolysis in osteoblast lineage cells in a similar 

manner.5 Based on our and previous observations, an increase in aerobic glycolysis, 

activated by bone anabolic signaling pathways including Wnt, PTH, and IGF-1, is 

probably a common feature in bone.6 As a common feature shared by anabolic agents, 

the regulation of energy metabolism, especially the preferential activation of aerobic 

glycolysis, might play a pivotal role in hormone-mediated bone anabolism. 

The recently identified peptide hormone irisin is the cleavage product of FNDC5. 

Despite the controversy about its existence in humans, irisin was finally detected by 

GC/MS analysis in the systemic circulation of human.12 Irisin triggered the 

transdifferentiation of white adipose tissue to brown adipose tissue in mice, which 

was beneficial for the prevention of type 2 diabetes, by activating of P38 MAPK.27 Hu 

et al. reported that the concentration of irisin was reduced in the systemic circulation 

of subjects with diabetic angiopathy.28 Irisin is also known to be expressed in the liver, 

which prevents lipogenesis and increases β-oxidation.17 Additionally, neuronal 
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differentiation in the Hippocampus was impaired in FNDC5 knockout mice.16 More 

recently, it has been demonstrated that irisin functions as a pro-myogenic factor, 

inducing muscle hypertrophy and rescuing muscle atrophy induced by denervation.29 

As a result, irisin could be a promising therapeutic peptide that might provide benefits 

not only to obesity and diabetes but also to a wide range of clinical disorders.30 

Recently, Colaianni et al. reported that recombinant irisin injected into mice 

increased cortical bone mass, cortical geometric indices, and bone strength.18 To rule 

out a potential indirect action of r-irisin on bone mass via adipose tissue browning, 

they used a cumulative weekly dose of r-irisin that was 35 times lower than previous 

dose to induce the adipose browning response, and the lower dose did not affect the 

conversion of white adipose tissue to brown adipose tissue. Based on their results, 

they reported that bone cells were more sensitive to irisin than other cells. The study 

also demonstrated that irisin-induced bone-forming action was mediated initially by 

Atf4, followed by upregulation of osteoblastic transcriptional regulators Runx2 and 

Osx, triggering the osteogenesis gene program. Furthermore, irisin injection also 

down-regulated the expression of Sost, which is known to inhibit bone formation. 

More recently, they showed that irisin was also effective on trabecular bone in an 

osteoporotic murine model.31 To confirm and clarify the bioactivity of our synthesized 

r-irisin, we treated osteoblast lineage cells with different concentrations of r-irisin for 

different time points. Consistently, our in vitro study also showed that r-irisin 

enhanced the proliferation and differentiation of osteoblast lineage cells, while it 

suppressed Sost mRNA expression in MLO-Y4 osteocyte cells although whether 

MLO-Y4 cell line expresses Sost or not is still controversial,32,33 which might be due 

to different experimental conditions. 
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Bone tissues consume glucose at one-third the rate of muscle and half of that of 

adipose tissue.34 Since osteoblasts have been known to utilize aerobic glycolysis for 

producing energy and carbon resources for bone formation, characterizing the 

changes in energy metabolism supporting bone formation induced by anabolic agents 

has been the center of interest over time.25 Esen et al. reported that PTH enhanced 

both aerobic glycolysis and the pentose phosphate pathway but suppressed the entry 

of glucose into the TCA cycle.6 Wnt-Lrp5 signaling and IGF-1 were also reported to 

simulate aerobic glycolysis.5,6 In the present study, r-irisin enhanced the expression of 

enzymes involved in aerobic glycolysis, including LDHA and PDK1, in 

undifferentiated and differentiated MC3T3E1 cells as well as primary cultured 

calvarial cells. Lactate production was also increased after r-irisin treatment. 

Treatment of DCA, a PDK1 inhibitor, restrained the proliferation and differentiation 

of osteoblasts induced by r-irisin. Primary cultured calvarial cells comprise a mixture 

of undifferentiated and differentiated cell populations. In support of our enzyme 

analysis data, the GC/MS analysis of metabolites in primary calvarial cells also 

revealed a pattern of changes favoring the aerobic glycolysis pathway in parallel with 

increased lactate production after r-irisin treatment. After treatment with r-irisin, 

lactate production increased whereas the concentrations of citrate, isocitrate, and α-

ketoglutarate, which are important intermetabolites of the TCA cycle, significantly 

decreased. This suggests increased aerobic glycolysis and the suppression of pyruvate 

entering the TCA cycle. The significant decrease observed in the concentration of 

citrate induced by r-irisin in osteoblasts might be caused by high rate of extracellular 

citrate secretion. The active removal of citrate from mitochondria, so-called 

cataplerosis, further reduced the flux of glucose-derived pyruvate into the TCA 
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cycle.4 The decrease in the concentration of α-ketoglutarate with isocitrate in our 

GC/MS analysis also suggested that the metabolism of glutamine in mitochondria was 

not enhanced significantly by r-irisin treatment. Interestingly, the concentrations of 

succinate, fumarate, and malate also increased after treatment with r-irisin. Since 

citrate, isocitrate, and α-ketoglutarate decreased significantly, succinate might have 

been generated from other alternative sources such as the γ-aminobutyric acid shunt 

or the glyoxylate shunt.35,36 As a specific ligand, succinate is known to be associated 

with a G protein-coupled receptor known as GPR91 or SUCNR1.37 Upon binding to 

this receptor, succinate has a hormone-like function, enhancing VEGF expression and 

angiogenesis5 which might further stimulate osteoblast proliferation. The pentose 

phosphate pathway, especially the non-oxidative phase, was enhanced by r-irisin 

treatment based on the increased concentrations of ribose-5-phosphate and 

sedoheptulose 7-phosphate. Recently, many data have implicated that the TCA cycle 

functions in the control of longevity.38 Edwards et al. reported that malate and 

fumarate, but not succinate, increased the life span of C–aenorhabditis elegans.39 

Further studies are necessary to define the effects of these metabolites on the life span 

of osteoblasts. 

Meanwhile, the abundance of oxidative phosphorylation related enzymes 

including NDUFB8, UQCRC2, MTCO1, SDHB, and ATP5A in both proliferating 

and early differentiated MC3T3E1 preosteoblast cells was unaffected after r-irisin 

treatment in our western blotting analysis, and the abundance of these enzymes even 

decrease in primary calvarial cells. It has been previously reported that oxidative 

phosphorylation was activated during the mineralization period (i.e., late 

differentiation period) in response to ascorbic acid and β-glycerophosphate.40 
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However, in our present study, r-irisin did not increase the formation of alizarin red-

positive nodules, which is a marker of late osteoblastic differentiation. Moreover, the 

expression of Ucp2 increased after r-irisin treatment in differentiating MC3T3E1 cells 

and primary cultured calvarial cells. As a passive carrier of protons, Ucp2 leaks 

protons and reduces the electrochemical gradient across the inner membrane of 

mitochondria, which is necessary for ATP generation. Thereby, ATP may not be 

generated effectively by r-irisin through mitochondrial oxidative phosphorylation in 

early differentiated osteoblasts. Collectively, our data suggested that aerobic 

glycolytic metabolism became predominant over oxidative phosphorylation after r-

irisin treatment, and this metabolic shift played a major role in providing metabolic 

intermediates to support the synthesis of matrix proteins and the generation of ATP in 

both proliferating and early differentiated osteoblast lineage cells. 

Previous studies have reported that the proliferation and differentiation of 

osteoblasts induced by irisin were mediated through the activation of the MAPK 

signaling pathways.19,26 We also confirmed the stimulated phosphorylation of ERK 

and P38-MAPK in our study. It has been shown that PTH stimulates aerobic 

glycolysis via the activation of IGF-1 signaling, which in turn activates PI3K 

signaling and the mTORC2 cascade.6 Activated mTORC2 upregulates metabolic 

enzymes such as hexokinase 2, LDHA, and PDK1.41 Furthermore, mTORC1 was 

reported to be activated by MAPK signaling through the inhibition of tuberous 

sclerosis 2, which increased bone formation.42 Therefore, we speculate that the 

increased aerobic glycolysis induced by r-irisin could be stimulated through 

ERK/P38-mediated mTOR activation. Since an irisin receptor has not yet been 

identified, more studies related to the characterization of downstream signaling 
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pathways for linking osteoblast proliferation and differentiation with energy 

metabolism are warranted. Irisin has two glycosylation sites that are glycosylated in 

mice and humans.21,22 It has been reported that the posttranslational glycosylation of 

irisin enhances its biological activity of browning effect.27 However, the r-irisin used 

in our study was produced in a bacterial expression system, which is non-glycosylated 

irisin. It may not fully reflect the function of native irisin. The potential differences 

between glycosylated and non-glycosylated irisin should be examined in future 

studies. 

 

  



 

46 

V. CONCLUSION 

 

In conclusion, our findings suggest that our biosynthesized r-irisin stimulates both 

proliferation and early osteoblastic differentiation through preferential activation of 

aerobic glycolysis, and this metabolic shift may play a potential role in providing 

metabolic intermediates to support the synthesis of matrix proteins and the generation 

of ATP in osteoblast lineage cells. Understanding the mechanisms governing the 

promotion of osteoblast proliferation and differentiation by irisin could be important 

for developing novel bone-anabolic therapeutics. 
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ABSTRACT (IN KOREAN) 

 

유산소 해당과정 촉진에 의한 아이리신의 골-동화 효과 

 

<지도교수 임 승 길> 

연세대학교 대학원 의과학과 

장동동 

 

최근의 연구에 의하면 운동할 때 골격근에서 분비되는 것으로 밝혀진 

호르몬인, irisin은 주로 뼈 형성에 자극을 시킴으로 골격에 있어서 동화 

작용을 보이는 것으로 알려져 있다. 그러나 irisin에 의해 유발되는 

동화작용반응에 대한 기전은 상세하게 밝혀지지 않고 있다. 골다공증 

치료를 위한 동화작용 기전의 약제들은 조골세포의 포도당 대사를 

유발시킴으로 조골세포의 활동을 증강시킨다는 새로운 증거들이 나타나고 

있습니다. 더군다나 호기성 당 대사의 증가는 골(骨) 신진 대사 신호로 

인해 활성화되는 일반적인 특징으로 여겨지고 있습니다. 이러한 이유 

때문에 골(骨)에 있어서 irisin에 의해 매개되는 동화 작용의 작용기전을 

밝히기 위해, 우리는 Escherichia coli 발현 시스템을 사용하여 재조합 irisin 

단백질 (r-irisin)을 생합성을 하였고, 몇 종류의 조골세포를 사용하여 

검증하는 연구를 수행했다. 생합성된 r-irisin은 성공적으로 순수하게 

정제되었고, 잘 작용하는 것으로 확인하었다. 생합성된 r-irisin은 Runt 
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관련된 전사 인자-2 (Runx2) 그리고 Osterix (Osx)와 초기조골세포의 

분화마커인 알칼리성 인산 가수 분해 효소 (ALP)와 콜라겐 타입 I 알파 1 

(Col1a1)의 유전자의 전사를 증대시켰다. 반면에 골(骨) 유사세포인 MLO-

Y4에서 r-irisin의 처리는 조골세포의 생성을 방해하는 스켈레오틴 (SOST)의 

발현을 억제시키는 것이 관찰되었다. 우리는 또한 irisin의한 조골세포 

계열의 세포에 있어서 성장과 분화에 있어서 증진 효과는 호기성 

분해과정을 통해 우선적으로 이루어짐을 알게 되었다. 이는 lactate 

dehydrogenase A (LDHA)와 pyruvate dehydrogenase kinase 1 (PDK1)등과 같은 

대표적인 효소의 증가에 의해 나타난다. 이와 더불어 젖산염의 수준은 

증가하지만 산화적 인산화 (OXPHOS) 수준은 증대되지 않았다. 마우스 

두개골에서 분리된 세포에 r-irisin 처리를 한 연구에서 OXPHOS 관련된 

단백질은 양이 감소되었다. Dichloroacetate을 함께 처리시에는 r-irisin에 

의해 매개되는 호기성 대사의 동화작용 효과를 억제시켰다. r-irisin 처리한 

마우스 두개골에서 분리된 세포의 연구에서도 호기성 대사 과정을 

선호한다는 사실이 가스 크로마토 그래피 - 질량 분광계법를 사용한 대사 

분석에 의해서도 확인되었다. 이러한 결과들은 조골 계통의 세포를 

조절함에 있어서 r-irisin에 의한 동화작용이 호기성대사에 의한 과정을 더 

우선시하여 이루어지며, 골(骨) 동화작용을 기반으로 하는 irisin을 

개발하는데 도움을 줄 것으로 기대된다 

 

 

핵심되는 말: Irisin, 호기성 해당 (Glycolysis), 조골세포 (Osteoblast), 동화 작용 
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