The mechanism of mitochondrial biogenesis
induced by fatty acids in skeletal muscles.
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The mechanism of mitochondrial biogenesis induced by fatty acids in skeletal muscles.
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Abstract

An important muscle adaptation to endurance exercise is the ability to increase mitochondrial
density and oxidative enzyme activity. Feeding a long-chain fatty acid (LCFA)-based diet was found
to induce an increase in mitochondrial biogenesis in muscles by activating the peroxisome
proliferator-activated receptors (PPARs) family of nuclear transcription factors. Long-chain
saturated and fatty acids (C16-C20) are natural PPARs ligands. However, it remains unclear whether
mitochondrial biogenesis in skeletal muscle is similarly influenced by medium-chain fatty acids
(MCFA) and whether these also bind PPARs. Therefore, this study aimed to evaluate the effects of
MCFA on mitochondrial biogenesis in skeletal muscle fibers and on coactivator recruitment to
PPARa and PPARS in vitro. To examine the effects of dietary MCFA on mitochondria-related
protein expression, we measured mitochondrial enzyme activity in rodent skeletal muscle after
feeding an MCFA-based high-fat diet for four weeks. The results showed that citrate synthase
activity increased in both fast- and slow-twitch muscle fibers of the MCFA-fed rats, without
increased fat accumulation. Next, mouse skeletal muscle cells (C2C12 cells) were treated with 50,
100, 500, and 1000 pM of octanoate (MCFA, C8:0), decanoate (MCFA, C10:0), dodecanoate
(MCFA, C10:0), or B-hydroxybutyrate (ketone body) for 24 h. After incubation with each solution,
voltage-dependent anion channel (VDAC) and Complex IV (COX IV) proteins were measured using
western blot. Expression of VDAC and COX IV proteins was significantly higher following
treatment with decanoate and B-hydroxybutyrate compared to that in the controls. Thus, it was clear
that decanoate from MCFAs and B-hydroxybutyrate from ketone bodies increased mitochondrial
protein expression. Furthermore, to examine MCFA and -hydroxybutyrate binding to PPARa and
PPARS, we measured the interaction of a coactivator peptide and PPARs using a Time-resolved
fluorescence resonance energy transfer (TR-FRET) assay in vitro. This study demonstrates that
LCFAs bind both PPARa and PPARS. Conversely, MCFAs do not bind PPARSs in vitro, suggesting
that PPAR binding is dependent on carbon chain length. In conclusion, we demonstrate that
decanoate and P-hydroxybutyrate enhance mitochondrial biogenesis in skeletal muscle

independently of PPARs interaction.
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EHHFEROWIRDORIRIC L - T, IBENBICEORER Y & L THRET 27210 T
<, IRENEAOEEZH S TNDLZERHLNERSTND, AERNIZBWTHA 72 )F
BB FEEL TWDR, £ OEKRMCHIEE AR & L TOREIZH > T2 O3 EEE T
b5, NEIMRIZREZHESCREE DEN & WV o I EED SRS &, BRI OREGE
FHIEZETHD,

R harRIUTWETT /v =V U (ATP; adenosine triphosphate) O FFA il 2 B 72 %
E| 2 fH > TV DR/ NS E T D, Holloszy and Booth (1976) 12 & - THID THRAME F L
— = ZIIERA O cytochrome ¢ & b2 Y 7V RELEEERIEHEZ TLESE L 2 &0
WS, EECXDERHOEERBESILII P RUTOETHDL LD 2 LAUR
e X7z, S H I, Miller et al. (1983) 12 & - T, ik FE%L 14 LL E O K5I (LCFA; long-chain
fatty acid) Z ZCIRERBIUITER L TT7 v MEKHIOI har R 728 E .
FrIOMEEBRER 2R ST 5 2 L snic, ZORIITEKHI o RY TAESK
DEIHE P L —=2 7T TR TREERICE > THAEL D Z BN ONOWFFEIC &
STHXEFEEIN TS (Hancock et al., 2008; Han et al., 1997; Miller et al., 1983), JEEEEUC &

RO Far FUTAGEHIL, BN E PPARs (peroxisome proliferator-activated
receptors) (2% 9% LCFA OIFFEAIZ L > THEHE I D Xuetal, 1999), Xuetal. (1999)
2 K- T, ZliAEEFIEGEE (PUFA; polyunsaturated fatty acid) |ZEaFIRAEE (SFA; saturated
fatty acid) &Y & PPARs {ZX L TU T RIEMERE N ERHEINLTND

LorL7en b, REIFICH7- % LCFA OFERUIAKIEN 2 &I &, 1 2 U Ak %
Jla oI MESAEAET S5 (Hanetal, 1997), —JF5 T, LCFA £V b RFEHDOD 7200
MCFA (B 8~ 12 ) 1ZMAAEN 2 Eif S ¥ 722V 2 A9 % (Bach and Babayan, 1982) ,
MCFA MK 2 B8 S B2 0 HH & L CLLCFA & 72 5 MBI E K OREHRIE 2% 5
Z ENZEIT HALDH (Bach and Babayan, 1982) . MCFA (3 LCFA XV & F&D/NS W28
NG BRI S S SN S av, EERERRRE (FFA,; free fatty acid) & L CPIMR % #% T/~
HEIEN T, IO E IR TEOHICZ XA —JHE LTHH SN S, 20k
MCFA &E#EH A~V AEND Z LD LCFA R°ARffI LCFA ERIRICY 71k L
TEHEHGOI har FUTAGHEAFEIELARIENRELOND, LA LR 5L, MCFA

FHHBOI Fay R TAEGRICHT HERICOVWTIEH LN E > TR, &
512, MCFA [Z L2 GBER I 21EMIZ N E TR LA EHRE SN TE LT,
PPARs (ZX}9 %5 MCFA Of§AE DA L THH LML o T,

Z 2T, AWIZETIE MCFA 78 LCFA L [RIERIZ, BHHOI = FU 7 AEGKEHE S

B, £ OFIZ PPARs 235 L TWD LW O R Z L CTle, T DGR Z MRGES 2 72D 1C



MCFA IZ X 2BHHOI bay FU T OB LE MBS IO L~V THRIEL, 512
PPARs (Zx1 % MCFA Ofs S OA A MEE LT,

1L WF7EaR e

AR TIE Bk B Z KT 572012, LN OWERE AR E LTz,

[WFERRE 1] MCFA JEERICE DT v MEHMHI b= R Y TREEER OB (KRR 1D
MCFA & LCFA & [FERICEHHICIV IAEN D BN TH Y 36, Zh
FCTEKMHI by RY TICRT 5 MCFA ORI DWW TIRIE L A EHF5E
ENTETCWRW, ZZ TAERI CTIX, 4 BMICH-2% MCFA lEE & %18
BMLIEEEDTy VERBOI v RY 7R LB EEER RO Z L& R
AEL 72,

[AFZERRRE 2] MCFA IC X 2B MM b R 7RSS v X7 BoZfe (EBRT)
FBRITIIMCFAIREBEIIC L 28HMHI b N 7 OB aRRGEE L
726 DD MCFA DWEEIIRO I v KU T X2 Ry B aRENs 5 5
BELTERALTWDZONZOWTERATH D, 2T, EB I TILEK
s 2 VN CL 3 B MCFA (427 & i C8:0, T 4 VI C10:0 55
FORT I C12:0) D H B ED MCFA WEKGHIOI har KU 7%
BMESEHEEE LTEALTW OOV THEELZ, & 52, MCFA
OHENRBENTH L7 b ARITEEHMEOI hay N 7 28NS
LHBEELTHEH LTV DN HOWT S RRGEE L7z,

[WF7ERREE 3] PPARs (2495 MCFA 3 X OV b UKD FEAFEM  (SEERII)
FBR T, T Tl MCFA &7 M UARICE 2B I h=ar RY 7 on%E
BEEL7z, L LD, ZROEEICLEI hay R 7 OBIFICo
WTIEABTHY . MCFA &7 b K728 PPARs 125 L THREA T 2 DDMNTD
WTIEBA B E Ao Tnvigly, # 2 CTHEBRIITIE PPARs (23 2 MCFA 35
FOB-t R e UEERORE S OAFEIZ OV THEE L7,

I ik JONER

[282 1] MCFAFRERIZL DT > MBI hav R 7 BEEESR OB

FEHRTIX MCFA %% 90% & e MCFA % 4 W IZH72 0 EBIRSE T, &7 Af, Lk
AR L OVBERE AR ES - RIEHICB TSI b= K 7R EEEETE M X OURI IS
HE NI EEBRH L, 510 4 BEOMN AR, BIEZAEFHERE, mhL7FrB8LO
TT 4 RRT F DR ET T, TORR, MCFA JRERICL > T 7 A/, Ehi=H



i . WERE AR VR FE T 4 L OWERE A = /802 381 5 CS
(citrate synthase) 1EPEATLHE L7z, S HIZ, BEIE
BBV T MCFA JRE /D CS {EPEE,
LCFA JRE /& &t L CHin+ a2@ma s L7
(Figure 1), F7=. 3-HAD (3-hydroxyacyl-CoA
dehydrogenase) JEMEDTLHEIL MCFA JEERIZE W
THDbNT, THHORRIT, MCFA JEE&IZ &
> TR T I O #AER G ICBWTI b=
YRUTHEBREFET DL ERBELTND,
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Figure I. Citrate synthase (CS) activity in skeletal muscles of rats

fed with the SC ([J), MCFA-rich (7) and LCFA-rich
(M) diets. Data represent mean + SE (n=5-7). " p <
0.05 vs. SC group. gasD, deep portion of
gastrocnemius; gasS, surface portion of gastrocnemius;
MCFA, medium-chain fatty acid; LCFA, long-chain
fatty acid; SC, standard chow.

[5282 1] MCFA IZ X A B hay R 7TE#ES 7 o4l

FBR 1 CTiE, 3 FEFHD MCFA &, MCFA O]
RFEDTH D7 b ARD 5 B EOIE N
MO by RYTEEY N7 HaiinsE
D DIV THRGE LTz, ~ 7 A BT
(C2C12 #HfE) 2 50, 250, 500, 1000 uM DA 27
ZUWE, THUBE, RTAVBBLOB-E Fe ¥
VEERE TN 24 FFRTINL, = hr—LiZ
I3 2% BSA DA EIRM LTz, #Ii%. Western blot
HE O THMEAN O COX-IV (complex-1V) |
VDAC (voltage-dependent anion channels) ¥ X
UCP3 (uncoupling protein3) D5 737 'H % fH
L=, ZOfEFR. T8 (Figure 1) BI O B-
b R w S RN R AR O COX-IV, VDAC
BNy EEREENSE, ZhookRIXT
AU LD B-b Raf U BEBITEHRHO ha
YRUTHEBRREFHET DI LERBELTND,

[decanoic acid], (uM)

0 50 100 250 500 1000

— S —— . COX-V
a-actinin
r—" e— e S—
3 VDAC
K> T — R ———
(=] — . t .
§ - - E o-actinin
-— UCP3
— a-actinin
6 1 *
O0COX-1V
5 B
= VDAC
£ 4 BUCP3
EER
2
£
2
A A
0 4
0 50 100 250 500 1000
[decanoic acid], (LM)
Figure II. COX-IV, VDAC and UCP3 proteins of C2C12 cell

treated with decanoic acid. Data represent mean +
SD (n=6). ": p <0.05 vs. 0 uM. COX-1V,
complex-1V; UCP3, uncoupling protein3; VDAC,
voltage-dependent anion channels.

[52B% 11I] PPARs |25 % MCFA 5 X OV b AR f A 7
INETOMENOTRLIIT I BB LY B-t Fue X UEBAGMENOI ha R
THEBREFRSED L E2RR LN, ZON5FHEMEITH A TIERY, £ 2 THEER I
TIE T I BB L O B-t Fu ¥ UEERAS PPARa 3 L OV PPARS ~ A9 5 2 L1k - T,
a7 7 F_—HF—7 PPARs |[ZEIB SN D DENITHOWTHGE L 72, FIEBB LN B-& K



% K% 2 IV C Lantha Screen TR-FRET PPARs Coactivator Assay %#47->7-, 0.5 nM
GST-PPAR LBD, 0.5 nM Fluorescein % ¥ > 7 /WEIE I 2 72, & 512 0.5 nM Terbium-GST
HUIK, 0.5 nM PPAR Coactivotor Z i1 2. T, 1 Rl A v F 2X— | L7z, 2Dk, KR 495
nm 35 KOV 520 nm (23 1F D8 NERE 2R E LTz, ZOREE., MCFAs D5 b4 7 Z U lidD I
28 PPARa ([ZKT a7 7 F_N—F =B &R Z L 2R LI, 47 % RO PPARa
2317 % EC50 fH1E 5.6 mM TH Y, y U / L (EC50: 4.1 uM) & Heled % & FERITE W
EZ7R LT, & HIHEHMIZIS W T Y & Ui i L7z & Z A PPARa ¥ J U PPARS
BRI BRI SE R oT, Fo. THUEEC B-B R o UEEER IV T PPARa B L
OY PPARS (2T 2 #OEIREE L OMINTI R Se o7z, THUH OFERIT. RIEBRORGIC
LT MCFA B8 X O b UARIZ PPARs IZxF L TREA LW 2 L 2B LTV 5,

V. #dm

AWFFETIE MCFA ICL 2B I b2y RUTAGHROIERZRGE LTz, Z Of55,
LCFA IEE & L AR MCFA JEERICE > THEMETH I ha s N U 7 AR FHR S,
LI Fary FUTEAKRERTREELE LTT I UmRE B-B Fuaf UBBRRE S,
F7o, LCFA L3720, TNOHOREICL 2 EKH I bar R Y 7AA/KIC PPARs 13
HL7RWZ &R LT, L7 -> T, MCFA IX LCFA & [ARRICHE IR T RBL 2 KT 5 v
TIN5 E LTERTAIEEZRBLTWS, EHIIZI Fay FU 7 BB B O
EFR—THEMBERE OBV L > TEEFRIO Y 7 T RKRICENA b TEb NS 2
ENEZ BN, AFFROERNSIZ, EO XS REFTTH U p-b Fa U EEEE)
FHBOI hary RUTARKEFEEIETCHDIONHLNITLEZ LT TE R o7,
LSBT, TH U B e X UERRIC LD X Ry R U TSR LT, PPARs B
A DEL TR T & DB ZMET 2 LERH D,
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