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ABSTRACT

AMP-activated protein kinase (AMPK) maintains energy homeostasis in skeletal muscle. Nonetheless, its functional role on

protein synthesis with different nutrient availability has not been elucidated. Therefore, the purpose of this study is to examine the
effect of AMPK activity on protein content in C2C12 myotubes incubated with low (5 mM; LG) or high (25 mM; HG) glucose
media. LG stimulated (p<0.05) AMPK and acetyl CoA carboxylase (ACC) activity compare to those in HG group. Total protein
content was higher in myotubes cultured with HG than in those cultured with LG and further increased by AICAR (5-amino-1-[3-
D-ribofuranosyl-imidazole-4-carboxamide). Myotubes cultured with HG showed 7.5% lower UbFL (Ubiquitin Firefly Luciferase)-
to-SV40 (Simian virus40) ratio compared to those in LG. Glucose level did not change the phosphorylation level of mammalian
target of rapamycin (mTOR). Interestingly, administration of AICAR significantly increased phosphorylation level of mTOR in
myotubes cultured with LG but not in those with HG. Overall, this data indicate that AMPK activity and protein turnover are

finely regulated in response to different glucose concentration.
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carboxamide-1-B3-D-ribonucleoside (AICAR)l 23| 7150
A ¢ vk (Merrill et al., 1997). AMPKE Y& ATP:AMP H|

% = EH/\],ZJ /‘\Egﬂ)\ ] Q]SH fﬂ—/ﬂ E]Efi oﬂL;]X]Q] Eﬂ—/\]—/ﬂ OX]
=L MX]E Aeke A5E A4St A71aL ouATE 4|
HE 42E S0 (Hardie, 2007). @94 turnover? A%
= Al Ao opj} dhle] g4 Bl wEafu]Eo] wet ot

A Wehdth (McKinnell and Rudnicki, 2004). Mammalian
target of rapamycin (mMTOR)S d|U#] 23 44 245 A9
GomA, 2% AP 2AN: Fed AT 489
(Sarbassov et al., 2005 Wullschleger et al., 2006). < dFE
ol A7olx AMPKE mTOR®] 49124 Siaje] ojaks o

i AICAR® ©Jg AMPK®] €4& mTORE <Alste] whild
e AAIgr 4R (Bolster et al., 2002 Williamson
et al., 2006). o|z{3 A5 AMPKS} mTORE Az Ao
Edhe s ovlska, AMPKTE diAA] ~E# 2 AejeA] of
YA oA AMRA IS FAREAE BT Aol &
“Ti FAL 95 vke il vheie] A2 #efshe, ATP

ol 3 9E&S W ubiquitin-proteasome A Al oJF] 24
EJ‘:‘r (Glickman and Ciechanover, 2002). AMP2| ¢3S 3=
AICARO] 93] 23kl AMPKE &6 AlZ U] 259150 2
% atrophy-related ubiquitin ligases®] &d L3t F7FA7]&= A
©2 Yeldth (Nakashima. and Yakabe., 2007). S}A|W, 4]
% Aol wE AMPKY 242 mTOR AadES Fajrel
A ubiquitin-proteasome HAQNA] o}A ¥ ka1 9tk o
A= C2C12 myotubes HjFA TF2 559 glucose A9}
AICAR 9|3t AMPK9| &4°] mTOR {I4tsh 51 b g4
of WA= e et FHE A

* Corresponding author : Sung-Kwon Park, National Institute of Animal Science, R.D.A, Suwon 441-350, Korea. Tel: 82-31-290-1657,

E-mail: maiky@korea.kr

-369—-



Park et al. ; AMPK Regulates Protein Turnover Based on Energy Status

ARG

1. Cell culture

k-2 C2C12 ZHAIEE 247 40,000 cell/22 mm well 2 &
F8l31. DMEM (Dulbecco’s modified Eagle’s medium)e] 10%
FBS (fetal bovine serum)®} Y4 (1% antibiotic antimycotic
solution [Sigma, St. Louis, MO, USA] and 0.1% getamycin
[Gibco, Grand Island, NY, USA)E #z|3 & 37C, 5% CO,
stollAl HlgBISiTE C2C127} 80% Aks W wEsriE 99
2% horse serum¥ FWAES H7FE DMEMOZ  uAskic
(differentiation media; DM). w3% 5¢ ¥ (23 IEAF)
myotube®] % (5 mM; low glucose, LG)¥ =2 F- (25
mM; high glucose, HG)2| glucoseE # 2|8}, 2 mM AICAR
£ At

2. Protein assay

Glucose A 24417t ¥ RIPA buffer (50 mM Tris-HCL, 150
mM NaCl, 1mM EDTA, 1 mM PMSF, 0.25% sodium
deoxycholate, 1% NP-40, 1 mM Na;VOs;, 1mM NaF, and
phosphatase inhibitor cocktail 1 and 2 [Sigma])E ©]-&3}4
C2C12 myotubeE H38}x, 5%7F sonicate A3 F 47T,
10,000 x gol Al 1027F AR stt. ©¥de] F&E BCA
Protein Assay kit (Thermo Fisher Scientific, Rockford, IL,
USA)S of8sto] SA46t3it

3. Proteasome activity measurement using luciferase
reporter

C2C12 AIE7} 80% AE Asks wl 26S firefly luciferase}
Renilla luciferase (pRL-SV40)E ¥ 33t proteasome activity
reporter plasmid (UbFL-luc)E Lipopectamine2000 (Invitrogen,
Carlsbad, CA, USA)S ©]-83}4 co-transfect 319t} pRL-SV40
93 controlZ o|g3dlgith 7
plasmid (1 ug)E 100 uL optiMEM®l| 413, Lipopectamine2000
4uLE 100 uL optiMEM®l &§et & Aheollx] 5E3F AA] 8},
Plasmid®} Lipopectamine2000s 338l A|3ol 2|5k}
Tranfection 24417t ¥ DM B¢ S o]8sfo] 2318 =319
th 2SA2Y g} o] FoAH AICARS glucoses A3l
A3 W luciferase A& luciferase  assay kit (Promega,
Madison, WI, USA)S ©]g3fe] #4513iTk

& transfection JTEZHS

4. Western blotting

Z}zke] vl AR 30 ugO® SDS-PAGEES AAslo] whild

& B #eE @A nitrocellulose membrane 0% &
2138}3 blockings}l, primary antiboty (acetyl CoA-carboxylase;
ACC, phospho-ACC, AMP-activated protein kinase; AMPK,
phospho-AMPK, mammalian target of rapamycin; mTOR,
phospho-mTOR, % a-tubulin)ell 12417k wldat). o] %
membrane> PBSol| 3 A ojWl F horseradish peroxidased] %
%5 secondary antibody (1:1000)° 1A]7F wjA]7]3 ThA] PBS
o Aotk oA WwHFAHE S A3 chemiluminescence
(BECL; GE Healthcare Bioscience, Pittsburgh, PA, USA)S ©]
g8kl A7k} abglar, W= NIHO Image J2 S8 vlwshgich

5. Statistical Analysis

HlolElE mean+SE.CE FA| H%1, SAS T (Cary,
NC, USA)9| analysis of variance (ANOVA)$} Tukey CTHzH|al
2 o]g3lo] B4 3tk P<0.05 € uwl frelel Ao|z 7+ 3}
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ubiquitin-proteasome /gl WA= &S A AT AMPK
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Fig. 1. Effect of 24 h incubation with AICAR (2 mM) on
phosphorylation of AMPK in C2C12 myotubes
incubated with low (5mM) or high (25 mM)
glucose media. Blots were first probed with
antibodies specific for phospho-AMPK and then
stripped and reprobed with AMPK antibodies.
Data are means + S.E. of 3 samples per group.
Means with different letters are statistically
different (p<0.05).
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247 AMPKE 848 Al7lts A3l dA|gt (Fulco et al.,
2008). C2C12 myotubeselA] AICARS] A2l glucose G52
WAglel AMPK QIMHslE $7F A2k SolstAk, AICAR:
=2 779 glucose HETFNAE AMPK QiHsE S7HAI#HTH
(Fig. 1). AICART AX U] §55o ZMP (AMP analog)Z b
A7} S3, AMP, ADP 2 ATP ¥k H3p7} QlE AelolA
AMPK ] 45 F7F A7t (Merrill et al., 1997). o|A-& ZMP
7t AMPK ¥ subunito] 4] A|Z~ERX| S HE 34 EwRle] dis)
ATPET ¥ £& A9HES 7 Y, S74d ZMP =7}
AMPK 9| 9] kinase5& EA3AA AMPKE] QIsHE S71HA]
7= AL 9|3t} (Hardie et al., 1998). =& ZMPo| <3+ &
WA phosphatase 2 AstZ AMPKS Ao s 2 FA
g 7= wiAE = Qlvk dAT, AICARO] 93 54 wld
phosphatase®] &4 Aol ¥ J&gt 714 A7F Hasjrh

AMPK | €42 319 2139l ACC Qitsi= Al S8t
(Fig. 2). Low glucosellA] %% myotube= HG A9} H]ul
SHE W, FoHoR H& FEO ACC AHsE YWERSITH
AICARYE glucose 2 #AIgle] ACC htsks 57 Az
(p<0.05; Fig. 2). "% ol AgollA At Abshg2 A A
AR LG Az ) Ae] dag 2Hske Akl ACC
7P A daE A
3= ‘reverse Randle cycle’@ UX|8k= o]t} (Sidossis et
al, 1996). <= o Aggt A3 255 A3l 24 glucoset A%
Ao F4 9 Abshe] #ek BE Aol gt

wobe 25 AEe] & wld Fhe HG Al o8] fol4
(p<0.05)0.2 Z7F Ak (Fig. 3). ©] ZF, glucose”} Q&
Al 5 WA 48 in vivo (Garlick et al., 1983)9} in
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g. 2. Effect of 24 h incubation with AICAR (2 mM) on
phosphorylation of ACC in C2C12 myotubes
incubated with low (5mM) or high (25 mM)
glucose media. Blots were first probed with
antibodies specific for phospho-ACC and then
stripped and reprobed with ACC antibodies.
Data are means + S.E. of 3 samples per group.
Means with different letters are statistically
different (p<0.05).
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Fig. 3. Effect of 24 h AICAR treatment (2 mM) on total
protein concentration from cell extracts of
myotubes incubated with low (5 mM) or high
glucose (25 mM) media. Data are means + S.E.
of 3 samples per group. Means with different
letters are statistically different (p<0.05).
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S7MNH T (Fig. 3; p<0.05). 3FAWH AICARZ 913+ thald
o] 7k A AFd AMPKE 3 ©id 3 JAV)%
W= Aatolr}, o] 21 o] 9] dAellA AICAR® 93 AMPK
g4 C2C12 myotubesdl| A AFAE Tild BalE 70819
T} (Nakashima. and Yakabe., 2007). ©]&{3+ AMPK<| ©Hild &
d 7Ie s Hall, el firefly luciferase®}t plasmid
expressing Renilla luciferase (SV40)°] 7} reporter plasmid
(UbFL)9] AH&-22 AME U ubiquitin proteasome®] &44S 91
&} th. UbFL-to-SV40 H]&Z =% % ubiquitin-proteasome 2H
120
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Fig. 4. C2C12 myotubes were co-transfected with 26S
ubiquitin proteasome activity reporter plasmid
(UbFL-luc) containing firefly luciferase and
plasmid expressing Renilla luciferase (pRL-SV40)
to assess ftransfection efficiency. A reduction in
the UbFL-to-SV40 ratio represents an increase
in proteasome activity. *<0.05 vs. other
groups (n=6 per group).
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Fig. 5. Effect of 24 h incubation with AICAR (2 mM) on
phosphorylation of mTOR in C2C12 myotubes
incubated with low (5mM) or high (25 mM)
glucose media. Blots were first probed with
antibodies specific for phospho-mTOR and then
stripped and reprobed with mTOR antibodies.
Data are means + S.E. of 6 samples per group.
Means with different letters are statistically

different (p<0.05).

2 HG Az7olA 7.5% #4890 (Fig. 4). AICARE HGS}
LG AHz|FolA EF ubiquitin-proteasome 4L 50% ol 7
2 AFHEH(p<0.05). ©] 23 HG A2|7} ubiquitin-proteasome

YL gaAgomH B FalE Adsta $HH0E v
FES BAtE A ong

AICARE LG AgTol4 mTORY| MIsE fejHow i
AFAE (p<0.05), HG A2]7+llA o]k 23k {1t (Fig. 5).
Glucose’} ATP: AMP H|&& $7H]AH AMPKS mTOR #4&
SUEE A4S AdAste] Aktdt mTORE FAARITE 7]& A+
A9} AXs= Zo|t}h (Hahn-Windgassen et al., 2005). THEFA,
glucose®] ©Jgt @A Ao F7h= glucose”t WA HallE
AAaA7IAY, glucose”t AMPKS] @ald 344 Al 7]5& W

“
Z9 glucosedlX 3} AMPK #4S & ditte Ayks oA
a

ook Ay S

AE]z] ket AE2AHoR o o Ayks dulde] gy
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AMP-activated protein kinase (AMPK)E= A oly#] =&
WAt G Ao gig 2dse AR deAh ol
oz AMAEA AMPKE] - AEaA 2 vt B 5o
At Astel] RS AA7 3

G BRI AMPKE Awel 4 2 RlE Bl Qo
A AR 28 FeE 43S ¥ 59 289 49

kol gk Ao 712 oA SRt Bd Y
& zbolo] utE AMPK9| /o] w4 WX Qg of
2 Jag up giok web 2 Ao HAE C2CI12 myotube]
A AMPK Z4E2 %27 5-aminoimidazole-4-carbozamide-1-
B-D-ribonucleoside (AICAR)7} glucose &40l w2 AMPK
g3} stk nxe Gk dolEy] fgolt.

HjFE C2C12 T5AFA AICARE glucose?] o] )
flo] AMPKE 43 AZth dild shs v FF(LG)
H3] =& 49| glucose (HG)7} #E]% myotubeol X Z71E %
i, AICARO] 93] 1 Fde d% Fd =tk C2C12
myotubelX] HG Al= AMPK$} acetyl CoA carboxylase
(ACO)S| Qitglol ks F4 AT, LGel A= <l
AMPK 9} ACC] QI4Hsb7h 27k 31T} (p<0.05). %3 AICAR (2
mM)°] A= glucose®] FEhs ARl AMPKS} ACCY]
MkstE 7MY & did FES HG Al &g 571 &
L, AICAR®] Aglel osjx o =4 S7hEch
Proteasome &4-& HG A TFollA LGl 3] 7.5% A et
531, AICAR A& proteasome &S LGS HG A g]FollA
247} 63%t 54% 74 AIFTE Glucose®] 2 mTOR9] <14t
o} o FFE A Tk sARE AICARE LG Aol
7 mTORY| s} 5 FoA 0w S7MF L, HG A7l
= mTORO &S 2 &9l WA, glucose Azl Tz

o]%

S proteasome ©.25E H3E a7, glucose’} AMPK S| vl
& Al 71ss Walete] Ay deld s U A7IE A
oF Aln Hrh AEA o, JUA gl oJd AMPK €4 3
o A a7t 24t s v

a2 <
(FA0]: AMPK, Glucose, mTOR, T4 3}4)
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