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Abstract

The present study was conducted to investigate effects of rabbit meat extract on energy metabolism and muscle differentiation
in C2C12 myotubes. Water extract of rabbit meat (10, 50, 100, and 200 pg/ml) was used to treat differentiated C2C12 cells. Reverse
transcriptase polymerase chain reaction (RT-PCR) and western blot analysis were used to determine mRNA or protein levels of energy
metabolism-related genes. Total adenosine triphosphate (ATP) content was also measured. Treatment with rabbit meat extract
significantly increased expression levels of muscle differentiation markers (myogenin and myosin heavy chain) and mitochondrial
biogenesis regulators (PGCla, NRF1, and TFAM) in C2C12 myotubes compared to non-treated control. Additionally, rabbit meat
extract activated phosphorylation of AMPK and acetyl-coA carboxylase (ACC). Rabbit meat extract significantly increased ATP
contents in myotubes. These results suggest that rabbit meat extract has the potential to improve energy metabolism in skeletal muscles.
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M B 48 &850, 28 YoA AMPKE 2435t} PGCla
AL APHoRE F7HAZITHIrcher 5 2008; Kim &
AL oL R ALY} GAPALS] Z=Q 7|TOZ A, uE 2016). E3F n]EZE o} Ao THAE QAAE nuclear
Frgotr} 7H4 BRSHA £Astck(Kwak HB 2015; Dong & respiratory factor 1(NRF-1)Z} mitochondrial transcription factor
Tsai 2023). T2 oA AT A] 243} #AH 1|EEE A(TFAM) 5o] QlthKang 5 2019)
glo} 715 %24 QA= theksith(Asheroft 5 2020; Lee & nEZ 2ol A F7h= 48 Eoket: Uyst I
Kim 2021). =2 Ylof|A] peroxisome proliferator-activated o] It} (Porter 5 2011). FEL A|Z= L85 S &
receptor gamma coactivator 1-alpha(PGCla)E A% of 1 Z] o &f| o] 23} AFE) Q] oA E(myoblast)ol| A T FEf Q] TFA|
ARS] Q8 QIAMR A-g-5to] A4 ARSLE 2EStY nEE 329l A E(myotube) Z AJ<E THSong MY 2015). LS5
ol S F7FAZITHKIm 5 2022). AMP-activated 3l= myogenin} myosin heavy chain(MHC)Q,] g go] =71
protein kinase(AMPK):E A|3E W o Z] FAAES FA| 5= o= Ao g A A QIth(Yoon 5 2013; Kang 5 2019). w2t
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A olg §AAEC HEF 24L B 28 BHES %9l
@ % 9tk o2 BARE B U AL A 2hTe
24 ulghE ohe 28 AT UEhiE 23aZol
= 4Hoe g3 v 2400 det A7} 2ao] ¢
% S7bstaL Ut

E7 e E7|R0] &5t 7R Ui E A=
A HE ARSIl f-2uete] sESAR R AR
(MAFRA 2023)°] 2% E7] %3 1,5405.0) 4] 43,5791}2]
£ ARk Rlom wid A A UE AL Sl E7
17 AARFS F5to] oF 60%E AFA|5te] 71 whol AJAkst
a1 Qlom, mgAet ojgEol 5 AR Y F7HEolA o
¥t a9 E 9 ARSET BV a7 AW o] A
EXSA| A vlE BI2, RjUE 5o FESithal o
A ow, ni ngivt ofyd i &5 S dF
A oo =25 & 5 ATh(Lee & 2022). 3L, o =5H
BBy nzta o= EZ1V])E 18Y, T, &
WAL & ohdet AE A &6kl AYste HYA 0 R AL
|5 ot

SHARE E7]11719] AGts &2 SEAEA, AR o
£ A4 24, 914 kA, 9T =4, S7HE T
5°] 3% A2 (Kouba 5 2008; Bianchi 5 2009; Cavani
5 2009; Valenzuela 5 2011; Apata 5 2012), E7|117]9] &
ol gt 2942 A+ F53 Aol & AFAES
E7]111719] 4H| B431E fJsf AP AolA 3T3-L1 A
ANzolA E7|117] 550 PH|v Qled 24 FEE
SHAA el ATLS MAdste BT SRIsHH
(Bae 5 2023). o]o]] & AFoA= E7IV] 58S S5
0] &5 7150l vAl= YFE A H§ C2Cl2 =
A Al v ZdE ARSI o] HES E3 B
7] 58 A7t ZFAE] &3 A oA X thAF 2 -7
£o] uA= a7 eIttt

R

E7|17] 2B FAHZ oY E7] 200 g& ¥l
S E 200 mLE 120 CoJlA 12417t 57t 74E5kelon, ©

Q o

R S)

= FAE FHYE PRI F BE7]|17] FE552 o
(Whatman paper filter No.DZ A2 FZAZRsI FE2ES
Az ole} go] EZ1Y] FEE2 AN & S
ozt Wgsto] AlxsAnt. o] AN FE2 36%AH

2, ln

B3] 3529 22 U AAR 32 HHt 237

2. ME B 3 25 23

o] E5}AE 9] Lol Q] C2C12 A E(CRL-1772™, ATCC,
Manassas, VA, USA)= 10% fetal bovine serum(FBS; Hyclone,
UT, USA) ¥ 1% penicillin-streptomycin(P/S; Hyclone)o] $Hf-
E Dulbecco’s modified Eagle’s medium(DMEM; Welgene,
Daegu, Korea)©. 2 HFs}lH T} oF 85~95%2] ME7} A5
& 2% Horse serum(Hyclone)°| $H-3-5 vjA| =2 ojd 13]
A F 647t wASHIH. o] F3l HIEIIE Y] FokA
(myoblasts)E TL3HA] & (myotubes) 2 E3IA|AFQ oW, B3}
29FE E7]|a7]5E=(10, 50, 100, 200 ng/mL)y2 A 251
o 2] ule Raelz AeE AHOA Imgel ALE
floig Agstel ZAstaih

3. NIZ=M @7}

C2C12 A|zzol A E7]117] &5 AP0 o3t Alx g2
S8E =457 Yol EZ-CyTox(Daeil Lab Service, Seoul,
Korea)S AFE-3FIT C2C12 AlZE(2x10* cells/wel) S 96-well
culture plate©]] seedingd}il, 37°C, 5% CO, 2740 & HjF5}H,
ot E7]|317] FE5S 10, 50, 100, 200 pug/mLe] S = 244
7+ 59 A5ttt 11 & ZF well @ EZ-Cytox solutiong 10
uLA Yl 1A)7F 59t uiFst &, microplate readers AR5}
o] 450 nmol| Al FEE S5 A2EY s dx
ToNA9] 100% FEEE 7|22 A AZP2es
AArstATt

4. Quantitative real-time polymerase chain reaction
(gRT-PCR)

C2C12 A 225 473510 3,000 rpmof| A 527 M Z2 g
3 TRIzol(Sigma-Aldrich, MO, USA) -£9-& A+85}9] total
RNAE EZ5-3 . 25 RNAO| iScript ¢cDNA synthesis
kit(Bio-Rad, CA, USA)E o|&3}o] 25°Co|A] 58, 46°CollA|
2042, 95CAA 129] 272 & HHGA[A cDNAE /53
t}. A% cDNAE= SsoAdvanced universal SYBR Green
supermix(Bio-Rad)S EFF5ko] AUAI AL B FAA
PGCla, SIRTI, NRF1, TFAM 18|17 2283} B8 $A%
Q1 myogenin, MHC®] &&o] gt E7]117] F&&9] =4
avE gRlsh] Y3l qRT-PCRS 35H3AT

5. Western blot

C2C12 A|ZEof| A A== 5E3Kmyogenin, MHC), °f
YA HAKPGC-1q, Sirtl, NRF1, TFAM), AU A @/ 74
(ACC, AMPK)2} THAE ©ldof tigt E7]|117] 582

24 gIs gRIst7] 9o western blotZ FFSHATE =,
C2C12 A EZE $=A 5o 3,000 rpmof| 4] 587 AHEY & &
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RIPA buffer(50 mM Tri-HCI, 150 mM sodium chloride, 1%
NP-40, 0.1% sodium dodecyl sulfate(SDS), a protease inhibitor
cocktail, 50 mM sodium fluorde, and 0.2M sodium orthovandate)
= 91 47T, 13,000 rpmo]| 4] 205 SOt PAEZ 5Tt A
SHS 4=715}a] Bradford’s assay 3 (Bio-Rad)Z AM8-5}o]

Ao =8 =451, 20 ng $HEES 10~12% SDS-
polyacrylamlde gel electrophoresisE Ag-5}o] E-2]519t}. o]
£ nitrocellulose membrane©]| transfer$t &, 5% skim milk=
blockingS}1 T} Blocking®l membraneo] Z+2+9] 12} IAE
A7F5ka] 4ol A 514 HE2A171 &, 1X PBST buffer® Al
215131, HRP-conjugated 22} FA| 2 A-20] A 4087t HF-S-A]
Zth. o]% enhanced chemiluminescence(ECL) -8 (Advansta
Inc., CA, USA)C.Z 7|4 W3- 49Y5}al Xoray filmof 735}
Aot 7 o] WHE = Image J program(NIH, USA)yZ o]-&
oto] Bactin®] WA Fro} vlwg I vER Aol

6. ATP assay

C2C12 A|3Eof|A] ATP colorimetric assay kit(Abcam, MA,
USAYE AREsto] 453t B35ld C2C12 AlZ2E 4%t
3, 110 uL9] ATP assay bufferS @1l ¥4E25t0] A4S
2 96 well plateo] 50 pLA EF5}T. ATP assay buffer,
ATP Probe, ATP converter, Developers g3t 29 96
well plateo]] Z+z+ 50 yLA & 01-_7’_ AF2o A WS AT
ZFEfol Al 30 B2t ¥HEAIX] & 570 nme] oPF o2 A5
otk ATPY] %X ATP standardE ©]8-5to] AAkstqirh.

7. 84 24
Statistical Package for the Social Science(SPSS V28, SPSS
Inc., Chicago, IL, USAYS A-&3}0] £7] 2418 S9s19ict.
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Student’s rtestS AFESIG Y, EAF o=
15}7] 3 p-valueZ} 0.05 o]}l AL

Znt o nE

1. NEZESM
C2C12 myoblasts2} myotubeso| /] E7|117] £EE9] =4
£ H7Fol7] Y4l cell viabilityE S35t ALAF 02 A
Ik HiFRt F9-0] Al ZAYEES 100%= AASIE W B
717 22E9] 10, 50, 100, 200 pgml % 22| A
myoblasts®] 739 Z+Z} 100.47+6.49, 98.7442.9, 100.29+4.6,
101.99+2.512 ZAE Q1 (Fig. 1A), myotubes®] F-$- Z+z+
100.743.06, 100.4£0.13, 100.270.26, 100.7+2.9% =H =i}t
(Fig. 1B). Tebd] £7]17] 2228 Hed 4% RE S5
o4 oI st LieitA gioree shalstict. ol o
T s& HelolA E7]17] FEE0] A2l vA= =40l
SAY S AARE 4 Qi
2. 22300 Chet 51t
C2C12 A|ZEo| A BE7|117] F&E0] 25 &3l A=
G EAS] 19 5 25} vpASl myogeninah MHCE]
mRNAﬂ- ol E] 9ke-S- 7z gRT- PCRI} western blot B
g A5 A 23] w2d E717] 552 A
E] St A Z o]l Al myogeninZ} MHC mRNA & o| 5= 9J&4]
0 g Z7Hp<0.05, p<0.01, p<0.001)3}AT}. EF, E‘r‘ﬁ*‘,] Ll
L 200 pygmL E7|3117] 2ZES X235 A ZojA] g%
B} myogenin YHE2 2F 1.98(p<0.001), MHC &3 ij
3738 (p<0.001)= 7} & SQkth(Fig. 2A). o]’ 2= E7
27] 22%0] 2 B3} Buide] $ug Ao EA 2
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Fig. 1. Effects of rabbit meat extract on cell viability in C2C12 myoblasts (A), and differentiated C2C12 myotubes (B).
Cells were treated with rabbit meat extract at 10, 50, 100 and 200 pg/mL for 24 h. Data represents mean+S.D. of three

independent experiments.
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Fig. 2. Effects of rabbit meat extract on myocyte differentiation in C2C12 cells Myogenin and MHC mRNA (A) and protein
(B) levels were determined by qRT-PCR and western blotting, respectively. The cells were stained using the May-Grunwald

and Giemsa staining methods on day 4. Measurement of myotube widths based on images (C). Data represents mean+S.D.

of three independent experiments. “p<0.05,
S Eol2 HAY 5 Y A0 Yehith B dApolai
C2C12 Ao A TiL7] F5&2 A2 58 Falste] 10
ng/mLE A& O H(Lee 5 2024), 7822 500, 1,000
ngmLE A 2]3t A3k, 200 gl H 2T SARE S0 2
8 25} 7] Wdo] 2=k webA 200 pgmL7EA] X
g5t} 42 s £ dFoM= E7A] FE5
o] T4 w3 A= FFE AR fdl ErlES 5
3 FEiAQ HelE HESIAT. ¥ 23 myotube®] U]
7F EZ|AL7] FEES AR ¥ AREG E7|AL7]
SEe AT AEAA S7Hp<0.05)3te 4T EIH
(Fig. 2B ¥ Fig. 2C). &3-E3= myogenin, MyoD, MHC &<
o 277 2eBsle ZMAGD Rastn o
(Miller JB 1990; Je 5 2019). 18|22 E A7E 59 7)1
7] FEES THES SN BHo] Jve AL T
Aotk SEAFHY A 0% FAEZAEHLE B2
E717)E A717]8T 208, HAT7]R 268 £

“p<0.01 and ""p<0.001 vs. non-treated differentiated cells.

2] =3 Akalpha-linolenic acid) $FHS XYL QUTHRDA,
2022). Gub- AL C2C12 Ao 8 B3} 7o) A
TES FAAF #FA QL myogenin®] WA F7HAIX1THZhou
= 2022). B3t E7| 37| 47719 @R 17 H} o @e
it 258 5k th(seki 5 2021; Sinha 5 2022).
HE BE7|17] 2E2EA 48 BIlE 2= EX B

< ot B AR e, E7|AV]E 25 290 T
dEE0] gol ZAstAL et wetd 5 E7|117]9 fA
dES Bt 25 298 =g o e Vs =
= davt Aok

3. 24 MIZOIM OlILAXICHAS] CHSH &2t

=4 Al 2E+= myoblastsof| 4] myotubesZ F-2}=]= 2 o]
A EZE=E ot o] F7IBHHA mEEEE ot s

2310l 2o 7]ogttty gElA ti(Porter 5 2011).
C2C12 Nz E7)17] FE59 oUAItA 2EadE
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Fig. 3. Effects of rabbit meat extract on the biogenesis-regulating factors in C2C12 myotubes. The expression of PGCla,
Sirtl, NRF1, and TFAM mRNA (A) and protein (B) were analyzed by qRT-PCR and western blotting, respectively. Data

sokok

represents mean+S.D. of three independent experiments. ‘p<0.05, ~p<0.01 and " p<0.001 vs. non-treated differentiated cells.

gelsty| flsf rlEZE o} w7 oy A thAF 2 EJIRER] oA FEEeket u[EZE o} gl nA= BE g9l
PGC-1a, Sirtl, NRF1, TFAM2] mRNA ¥ tiuiz H2dS 3tk oo =& ndg 38235t =) ALE & Ev|T
qRT-PCR H'H3} western blot {02 FA}sI9Ic) 1 2y}, 7] &80 gt §% oyA] A X 4 nEEZE

PGCla, Sirl, NTFI, TFAMS] mRNAS} Gl WHle] B%  of 7]’ 24 38 rey PAd02 B7e Bast ok
270 v|F) EV|17] 2EE X o Bk oj&AH o

2 Z7Hp<0.05, p<0.01, p<0.001) 5} THFig. 3). PGC-la= U] 4. A2 M=0M E7ND7| FEE2| AMPK/ACC
EZC o} S &R A|7]| A (Halling & Pilegaard 2020), signaling pathway0| CHgt &1}
NRF1-Z R|EZEZ|otof| 4] 9] Akst] Ql4ts} #p7g o] 24l AMPK= S04 A4 iAol S Q3 S 51,
A}o|H (Kiyama 5 2018), TFAM U] EZE2|of 4] 3l A HEZCEgol f ATP BikE S7HA 7| 282 Shth(Das
AFE Z24E5te P|EZEd] ol DNAS] Z2 RE|of|A] 285 S 2012). olo]] E7]117] F&E2] oHAhA 52 Ao

L Al o|th(Kang 5 2018). PGC-la= NRF-1 @ TFAM  AMPK2] ¥#34S H71517] $i5to] AMPK % p-AMPK th
< I A nEZE g o} 2417} DNAS] AALS A5t 2 wrslere =45t 1 AT}, AMPK QAR Theiz
o] nEEC ol AFAE T7HA7IE Ao gEA Atk (p-AMPK)Q] WALtz Hls] E7|17] 258 A 5
(Chen 5 2022). B AZoJHL E717] 2ZEo| o3 o] wet Z7Kp<0.01, p<0.001)3H= AT R ATHFig. 4A).

NRFI7H TEAMS] o] 2712 BIstgiie, oS 5ol AMPKS] 243k A 8g4gol Bolshs §749 ACCH
£7]17] 2&%0] 24T W nlEREelol o] 4% A4S 2 BRHRE Gk 0]o] phospho-ACC(PACC)
2 5 % 92 A0 AAH /IE BANA APARS o Y FAFS SYdtel 7117 FEHEC] AMPK
EECol iy S/l et 244 NS Bustn 9l A ARS §es] sk skl A9 23k Y] 252

A|PHBae 5 2023), E7|1L7] FE&0] FAT AlZo|A 9 1 A& Qs ACCY QAL 57Hp<0.05, p<0.01, p<0.001)
EZCeoof WA= JFl el AgA o Add v SIACT(Fig 4B), o= AMPKO| 243} Aot dA[sh=
gtk weka B ALoAs E7]17] F550] C2C12 A|X Wgolglet. wekd EZ] FEEC] ZAT WA
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Fig. 4. Effects of rabbit meat extract on the phosphorylation of AMPK and ACC in C2C12 myotubes. The expression
of protein level were determined by western blotting. Data represents mean+S.D. of three independent experiments. “p<0.03,

ook

“p<0.01 and ""p<0.001 vs. non-treated differentiated cells.

Relative ATP level
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Fig. 5. Effects of rabbit meat extract on the levels of
ATP in C2C12 myotubes. Data represents meantS.D. of
“p<0.01 vs.
differentiated cells. M: metformin treatment (2.5 mM/mL).

three independent experiments. non-treated

AMPK &g 3}0]|
QAlElE E3F] PGC

FFES Z 5 U2 TASUTH AMPKE

GC-la @Aslo] AgAoz Flojg.
PGC-1a9] AL 53 nEZ=2ot B FARES &Hd
< T7M71E ZAoE Bay v, B A3 A3el A|5HY
TH(Halling & Pilegaard 2020; Chen 5 2022).

ZAZ MIZOIM ATP AAH| CHSH S3}

& A= nEZE ol S5kl ATP AJ4to] &
Q +o 5l 2otk (Lee & Kim 2021; Akiyama S
2022). ATPS] Y@ ZL oy} 2| upilold, ZAZ | n&
2L o} 75 OVJQE R LG} AHPARS] AL} A 5tE]
HA Qled AgH/do] WAst, nEZEFote] oA

g 0

1g
ol

i

Ao ZHAsSh= Ao FE A QJthBrand 5 2013).

C2C12 mytubesol| A E7|117] &E9] oA 4 Z7}
£ gRlst7] fsto] A2 W ATP =5 5785kl 1 2
I Al W ATPY] et= E7|3L7] 58 AgTolA iz
ol Hlg} foFog F7Hp<0.01)dt= Aoz YEeRgTh
(Fig. 5). E3F, & ti2Fo 2 AMPK A Z2A H|EZE
2jo} At 245 Sk metformin A 2o A& o R0
H]8] Z7}(p<0.01)3H= Ao & Lpehgt)

2 d7e BE7AY) FE20
2 zAsieth AIEEGS Boke 2T, eoan) 22l
|2 AELE] FF2 VIAA AT B2 T2kl o
gt AR = myogeniny} MHCS| o] F71sk9or, o4
AU Aol j BT AMPK 2 p-AMPK G o]
Z7ketgom, ouA] Ai4lo] et ETEE AE ) ATP 5
=7t 71 o8 B9l E71a7] FEE0] AEEde
A GLORA & Baloh oA TS S 4 9
28 3}olslylt}. E3], PGCla @ AMPK A5 720 g4}
£ £ v|EZT o} At} ATP AJAto] 271k oF 4=
A ol Aite E7|17] FE50] 25 715 T H
oA HAF

=,

F4o|| 785t AHE 7S AlARRIT
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