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The effects of Allomyrina dichotoma
larval extract on palmitate-induced

insulin resistance in skeletal muscle
cells
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ABSTRACT

Purpose: Allomyrina dichotoma larvae are one of the approved edible insects with nutritional
value and various functional and medicinal properties. Previously we have demonstrated that
the Allomyrina dichotoma larval extract (ADLE) ameliorates hepatic insulin resistance in high-
fat diet (HFD)-induced diabetic mice through the activation of adenosine monophosphate-
activated protein kinase (AMPK). This study investigated the effects of ADLE on insulin
resistance in the skeletal muscle and explored mechanisms for enhancing the glucose uptake
in palmitate (PAL)-treated C2C12 myotubes.

Methods: To induce insulin resistance, the differentiated C2C12 myotubes were treated with
PAL (0.5 mM) for 24 hours, and then treated with a 0.5 mg/ml concentration of ADLE, and
the resultant effects were measured. The expression levels of glucose transporter-4 (GLUT4),
AMPK, and the mitochondrial metabolism-related proteins were analyzed by western
blotting. The mRNA expression levels of lipogenesis- related genes were determined by
quantitative reverse-transcriptase PCR.

Results: The exposure of C2C12 myotubes to 0.5 mg/ml of ADLE increased cell viability
significantly compared to PAL-treated cells. ADLE upregulated the protein expression

of GLUT4 and enhanced glucose uptake in the PAL-treated cells. ADLE increased the
phosphorylated AMPK in both the PAL-treated C2C12 myotubes and HFD-treated skeletal
muscle. The reduced expression levels of peroxisome-proliferator-activated receptor

gamma co-activator-1 alpha (PGCla) and uncoupling protein 3 (UCP3) due to the PAL and
HFD treatment were reversed by the ADLE treatment. The citrate synthase activity was also
significantly increased with the PAL and ADLE co-treatment. Moreover, the mRNA and
protein expressions of fatty acid synthesis-related factors were reduced in the PAL and HFD-
treated muscle cells, and this effect was significantly attenuated by the ADLE treatment.
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Conclusion: ADLE activates AMPK, which in turn induces mitochondrial metabolism
and reduces fatty acid synthesis in C2C12 myotubes. Therefore, ADLE could be useful for
preventing or treating insulin resistance of skeletal muscles in diabetes.

Keywords: edible insects; skeletal muscle cell, muscles; insulin resistance;
adenosine monophosphate-activated protein kinase
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=429 thggh Aol | 2] 24 W=A1AL F ol | 2| /d 24 TS Sh= 5'adenosine
monophosphate-activated protein kinase (AMPK)+<= E‘%/\‘HE oAl Qledle] 2r-gxt

dglol cLuT4e] @O 20| o] FE F St Al Z PO R E o] 45 FRIAIZI
[3,4]. 3 AIZ U} ol Ui x|7} R 5o 2 4E E4A P—g— Eofsto] Arate AAshE,
o] ARAt Fgoll M vl F23 oA ez 2-g35tt. ojuff n]EFEg o}
ofuiz] A4t 3ge fEsh, B45HE aMprE EETT A|Pte] F45

ol5a AFAA oURIE Aitehs Aol TRt [5,6]. WEHA FHolA AMPK=
DAA hate] Fot 2AARRA H T vl G 5o thaby Adkat BAste] 1
F Qo] FxE At [7,9].

e T

20134 -F-M A 25 A 7] (Food and Agriculture Organization of the United Nations)+= 915-2]

AL AALABLO A 4§ 258 Balalrh A8 2L HART (o
friendly) 598 ofLJe} 945 JFS1A] 7131 2 Q1 RIgko.n], FUjol Al = 5} 91 Aol
YZE BRI, ol HIEL), W2, AR 55, A Eetl, 3E o) 3,
DA FA §F, ot 7IAA g S £ F 850 AF L= 5|7HE T [9].

(A. dichotoma larvae extract, ADLE)O] J_X]HJ' M-.JE EQ "“H«] 7t ?l%% A
NS 7 HEtM oA 5 2 AESA oY anE A5 44
7157 ol iAo E a7t J2S UZSAT) [15,16]. =5 ADLEZR R E FA 22 AF13
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o151t} [17,18]. 1L} B2 Q1 ZA o)A Q&d #4do| tist ADLES] & tol]
oigh A= Xy E vt glok webA 2 A4e —1:9]'5] C2C12 A N EZ 0] &3}o
Q13 &Aol| thst ADLES] EIHE AN, 1 7|ME0] st} E AMPK AR E 53t
H| EZEgfo} thatel 21 ¥RHd - AF S -2 ZARSHATH
by
M=
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Sodium palmitate (PAL)%} bovine serum albumin (fatty acid free)+= Sigma (St. Louis, MO, USA)
Ol A 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)+<= Duchefa (Haarlem,
Netherlands)oll 4] -5} T, 2-[N-(7-nitrobenz-2-oxa 1,3-diazol-4yl) amino]-2-deoxyglucose
(2-NBDG)< Invitrogen (Carlsbad, CA, USA)S &5l +USFAT}. Fetal bovine serum (FBS)<
Gibco (Paisley, UK)O A =3+ 2L, Dulbecco Modified Eagle Medium (DMEM), horse serum
(HS), penicillin/streptomycin, trypsin-EDTA?} Dulbecco’s phosphate-buffered saline (DPBS)+=
WELGENE (Daegu, Korea)©llA] 7-1 5} T},

12t FAH 2 AFEE anti-AMPKa, anti-pAMPKa (Thr'”), anti-uncoupling protein 3 (UCP3),
anti-peroxisome proliferator-activated receptor-gamma coactivator (PGC)la, anti-acetyl-CoA
carboxylase (ACC), anti-fatty acid synthase (FAS), anti-o-tubulin<= Cell Signaling Technology
(Beverly, MA, USA)OllA] anti-sterol regulatory element-binding protein (SREBP)-1= Abcam
(Cambridge, UK)°llA] anti-GLUT4+= Santa Cruz Biotechnology (Santa Cruz, CA, USA)°llA]
TFU 5t 0 22} A Q1 horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-
rabbit, anti-mouse)+<= PeproTech (Seoul, Korea)°l| 4] 435}t

S, F&2 (ADLE)

2 Ago] AFgH HeEdlo]l 5 (A. dichotoma larvae)S 734EE ool ¢
oL FuebolA skt HERHE AlE= 2aiste] EE3letelon Alzxe 2
70% ©1] ‘T:_]'% (vW)E2 60°COll A 8AIZHA] 35] &0t REAFES —?—%du_ 23] Of]J—]‘ Advantec

No. 2) ¥ o a2 3| A Zets5 7| 2 74t

11.84% % 2™ ADLE= ¥4 A3S 9Js SF4°ll 100 mg/mL2) % E ﬁoH o}01 P
Aol AH-g-5HRA T

MIZEHHF S XA A2

A& o] AFE-H M= 0k 0] ZA A ZZ (mouse skeletal muscle cell line) 2 128 € 2
LOFA 3 (myoblast) @1 C2C12 M| 2-E- American Type Culture Collection (CRL-1772; Manassas, VA,
USA)Ol| A 2 grol AL8-5131 9.1 10% FBS 2! 1% penicillin streptomycing $H-7-¢F L5 =
E = DMEMOI|A] 80% confluence™ wj7}A] BHFSFRATE. 1 th-3 2% HS L 1% penicillin/
streptomycing &3-St 15 = 3 = DMEM Bl X| 2 24 A| 7Haftch W @FSHH A 4 7F A L 2
T35 FEAIZ & Ao o] &5t
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BSA-conjugated PAL (5 mM)2] A| £+=20 mM sodium PALE DPBSO| 70°CE 5 &5l HA] &35t
% 1M NaOHE 1% (vv) 2ol &3] 8-3SE & 5% BSA solution 2} 1:3 H|-& &2 Z3t5}¢lT}.
&3 A& Fr5t7] Ysto] E5HAIZ] €2C12 myotube S serum-free DMEM B Z| O] 0.5
mM PALE 24A|7F 2| 2] 5} o m | Al d 7 ADLEQ] & 3= PALY} §HA| 2] 2] 5Fo] ZAlsHSTh

A" :_IEEM o 7|—

c2c120]] thet Al go] NZAYE-5 H7H= MTTS ©|-&510] 4353} c2c12 M ZEE 1% 105
cells/mL 52 96-well plate©]] #£55}3L PAL (0.11.0 mM), ADLE (0.1-2.0 mg/mL)E thSst &
T2 A g]sto] 24417t FRF vl gogitt. 1 & v llg B 5 B2 3l DPBSOl| <! 1.0 mg/mL
MTTE 100 pL# 2} welloll 2|3t £ 2A|7F &QF 282 270l A v ot vl & 25
A| At & 2-propanol 100 uLE Y ! Microplate reader (TECAN Group Ltd., Shanghai, China)
£ 0]-&5t9] 540 nmol|A] FFEE SHSIATH NEYEEL 2ol thet WHEE (% of
control) = LUEFH A TH

el MEd R W BT M ¥ £H

ADLE 2] 2]o]] b2 c2c12 Al o] Tt A% Wsts L= 33T &AM probe?! 2-NBDGS
0|85t 4335k T}. 96 well black plate®ll Al &8 C2C12 myotubest= 0.5 mM PALE=
ADLES} 97| 2443t SRt 28] & HijA| = T 5= S5 sl +75HL HE= 28]
DPBSZE A|Z] & 2-NBDG (50 uM)S 21! G of|A] 65 HF2 & ChA] DPBSE 33 A% 51
3% EA7] (TECAN Group Ltd.) S B Z& §4 A2 BAGQITH AH|st G
B R E T F (glucose consumption)< glucose assay kit (Asan Pharmaceutical Co., Seoul,
Korea) S AH-8-5t] 57531 tt.

Citrate synthase (CS) 248k £3

o] EZE 2o} cs &/ =42 citrate synthase assay kit (Sigma-Aldrich) S ©]-8-5}0] A=A
A ol wet S4silon cs S s Tl o2 mEdfeto] ozt tigh
H]-&- (fold of control) 2 LFEFLH AT},

SEMY
Ao] AMgE AEEEL SAdsta Ad-ge]9ls]el &Qlg whol Xsysqict
(4591 S EUIACUC187). 453 9] Zﬂ C57BL/G (1418 g) TF-AE =AY astd+

< (KRIBB, Daejeon, Korea)ollA] U3t 0 A 32l 0]F (normal fat diet, NFD) A
Aol (high fat diet, HFD)2. 2 Wril 653 28 FF5H3Ith NFDT9] AFSE Envigo
A} (Alconbury Huntingdon, UK)2] 20188 AtES AF23}% A, HFD2] AlEE 60%2] A|
"S- 3}3-31= Research DietsAl (New Brunswick, NJ, USA)2] D12492 At&S Foi5}tSiTh.
65 T /Al o] (NED, n=6), HEDS H QI 0} A5 G v {1 O 2 (HED, n=8), ADLE
100 mg/kg/body weight S 43t A §l 4 (HFD + ADLE, n = 8) 0.2 L}—ri 657 154

J AZtoll B+ Foiskitt [15]. A S5 & S|P AIA Fote] &5 (skeletal muscle) £ 4] &
a5t
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Western blot 24

Mt T8 ZZ|o]| 1x protease inhibitor cocktail®}, 1x phenylmethanesulfonyl fluoride<r
2 7}SF mammalian protein extraction buffer (organic buffer + 10 mM NaCl + detergent, pH 7.5;
Sigma)©ll o] 723} (cordless pellet pestle; Kimble, DWK Life Sciences, Millville, NJ, USA)
oF & AR 2] (2,500 x g, 4°C, 10 minutes) 5t FEH-S S|45IATE FEoF Tz o]
"5 %= Bradford method 2 5743 & 55F2] W8l A-Z sodium dodecyl sulfate polyacrylamide
gel electrophoresis gelollA] 7|5 5ko] H7HAIZ] & 0.45 uM nitrocellulose membrane
(Amersham; GE Healthcare Life Sciences, Solingen, Germany)©l| ©]-5A|Zith. x| et A
7ko] vjEo|& ol AgE AHst7| Y5Fe] membrane A-20]|A] 5% skim milk (in TBST)
2 blocking A1 &, 12} FAH|E blocking buffer (5% skim milk)®l| 1:1,000-1:2,500 H]-&Z
8] 45}0] 4°CoN A overnight BH-A|FH T} 12} A HF-3-0] Bt membrane= TBS-T £H O 2
38] Mgt T3 2%} &S blocking buffero]l 1:2,500-1:10,000 H|- &2 3] A5}o] A L0 A
2A17F HHS-A] 7] 3L TBS-T £ © 2 335] A2 S th2- Immunobilon Western chemiluminescent
HRP substrate (Millipore Corp., Billerca, MA, USA)S AF8-51%] KODAK X-ray film®l] ZHg A1 A
Uehts e 2 oelz) Wb J 2 EQl5kint, e H Tl A2 Quantity One software
(Bio-Rad, Hercules, CA, USA)S AF-8-5F0] a3l

Reverse transcriptase polymerase chain reaction

RNA<= Trizol (Invitrogen, Grand Island, NY, USA) ®5 ©. 2 Z=Z 2 NanoDrop 1000 (Thermo Fisher
Scientific Inc., Waltham, MA, USA)E ©]-85}0] &5} 9™ Primescript™ 1'st strand cDNA
3}/d 7] E (Takara Bio Inc., Shiga, Japan) 2 T}/d 5} Tt SYBR Premix Ex Taq II, ROX plus (Takara
Bio Inc.)2} o}2} oligonucleotide primer@} 90°COl A 104 §H-8- &, denaturations 95l 95°Col| 4]
152, annealing< 9] 3l 60°COl| A 1422 1 cycle= 3l 4] 40 cycle 271 O 2 ABI (Applied Biosystem
Inc., Forster City, CA, USA)E AR&oto] AAZE Ftad A2 HHS (real-time polymerase
chain reaction)= 4>} t}. Oligonucleotide primer sequencer TH2-¥} ZT} SREBPIce
5'-CTTCTGGAGACATCGCAAAC-3' (forward)Q]' 5'-GGTAGACAACAGCCGCATC-3' (reverse);
ACC+ 5'-AGGAAGATGGCGTCCCGCTCTG-3' (forward)ﬁ} 5'-GGTGGAGATGTGCTGGGTCAT-3'
(reverse); FAST=5'-CTTGGGTGCTGACTACAACC-3' (forward)-‘?—]‘ 5'-GCCCTCCCGTACACTCACTC-
3' (reverse); Cyclophilin 5" TGGAGAGCACCAAGACAGACA-3' (forward)2} 5" TGCCGGAGTCG
ACAATGAT -3' (reverse)©| T}.

EAIMzE

M7l BE A% ABE 38 ol wE AYstEon RE AP men + SDE
)

Co., Armonk, NY, USA)E A+-&5+0] 3 =] Qi Tt 8-2]d 7372 one-way analysis of variance 2!
Student’s t-testS ©]-8-5}] p < 0.05 ol A S5
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221 Z2FMEFAM ’“UI £t3} ADLEO] 2f%t M| & S4 M3}

U EARE 16719 Bar e E Ul §2 AMA FolM 7Y B HlE
Aok ZEFA| AR C 2 °‘Eﬂl A ATt [19,20]. H|THEERP Al A H-2 F 2Tk e 7l
o EARS Qledlo) o Eaoh= MR A A, FE A E W ZSA| 2ol FFHHS, AFst
2EHA Q& AP, MEAIE 52 =5t [21]. B3 c2c12 Z8-A| Eof| A paLe]]
o3t 5A& A A3} thRF (control, CON)@} B] 5107 0.25 mM PAL 50l A4 26% (p
< 0.05), 0.5 mM & X0l A]+= 37% (p < 0.001), 1.0 mM &FEO A= 71% (p < 0.001)2] A|Z7}
=42 LERES 201519 th (Fig. 14). ADLES] 52 EAJHRS-S 2 ALSH AT} 244] 7F S0t
0.1-2.0 mg/mL2] ‘= oA MESHL ¢3S & 4 AT} (Fig. 1B).

231 ZFMEFAM HO|EMOR REE NS0 Cist ADLES| ME B 33}

Fig. 1A9] A2 HE "u|EALS] A% 5T 0.5 mM (PAL)Z 519 ADLEE 0.1-2.0 mg/mL
ol A ZAYE S0l v|x]= Y= AT 1 A3} paLo] 23t 48% (p < 0.001)
7 &) | EAFH-2 0.5 mg/mL ADLE 5= 5B -§-2]0] 3t (p < 0.01) A & 2H2 2t} (Fig. 1€).

SIE 2KMEFHM LO|EM RF EEE S5 2240 ADLE?L 0jX|= S
S LS A E ol A Fu| Eqbo) o5l f = H Qled A FH/dZ ADLEZH IS 4= =X
HE2Ab6 7] QJoto] 2= G S+ THJIAES SHSIATH A Z W HA GLUT4 S A=
H] 05k A3} (Fig. 2A) TR 8] PAL %] 2] Al o A 2] GLUT4 AL Ro|H o2 Zha
(p < 0.001)3t91 3L, ADLES PALY} &7 2] 2] A] GLUT4 HHHFS 32 H 02 Z7} (p < 0.05)
ShAct. GLUT4 o] HE7t M X F40f P v =A] Lot 7] $isto
2-NBDG AW S o] &3to] =431 ct ADLES %18 Al ti2Z} H|wslo] Ty
F47F 128 (p < 0.001) S7F5F 20, PALS A E5IRlS Al 22T F47t dadE o
4= AUt T3 paLol of s A H X = T4 ADLE A 2of] oJ5) R H 02 F7} (p <
0.001)5}A T} (Fig. 2B). PALZF ADLE®]| O] 3} 48| H Z = =& Q1517] $foto] Al = A 2
A v z|o] FolRle X FS SASHATE 1 A PAL A 2] 7ol A th 21} H] a5} o]

Q2 Mz Ho

PAL (MM)

B c
150 120 -
T 120 S
> >
% 901 % 60 4 o # ## ## ##
.8 60 A 8
Kkk > >
= = 30-
8 30 4 8
0 0
1.00 0 010 0.25 0.50 1.00 2.00 PAL(MM) - + + o+ o+ o+ o+
ADLE (mg/mL) ADLE (mg/mL) - - 010 0.25 0.50 1.00 2.00

Fig. 1. Effect of ADLE on cell viability in PAL-treated C2C12 myotubes.

(A) Differentiated C2C12 cells were treated with various concentration of PAL for 24 hours. (B) Cells were treated with various concentration of ADLE for 24 hours.
(C) Cells were treated with 0.5 mM PAL with or without ADLE for 24 hours and cell viability was determined by MTT assay. Each value indicates mean + SD from
three independent experiments and normalized to percentage of untreated control.

ADLE, Allomyrina dichotoma larvae extract; PAL, palmitate; MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide.

“p < 0.05,

https://e-jnh.org

“'p < 0.001 vs. untreated control; *p < 0.05, **p < 0.01 vs. 0.5 mM PAL only.
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A CON PAL B c
CON +ADLE PAL +ADLE

swr [ 8 £ &=
il

= 2.0 1.8 .5 20 -
> = o = 2
(] 7 Q.
= g 1.5 4 i) g 1.5+ IS 15 4
3 g g_ g Kk 3 ,Z.\ .
= c
2 1.0 o O 1.2 ### o i .
&% : 25 . 8 E 10
T © . =
E = z = @
5 e 0.5 =) 0.9 4 3 5
=}
(O] =
0 0.6 o 0
CON CON PAL PAL CON CON PAL PAL CON CON PAL PAL
+ADLE +ADLE +ADLE +ADLE +ADLE +ADLE

Fig. 2. Effects of ADLE on GLUT4 expression and glucose uptake in palmitate-treated C2C12 myotubes.

Differentiated C2C12 myotubes were incubated with 0.5 mM PAL with or without ADLE (0.5 mg/mL) for 24 hours. (A) The protein expression of GLUT4 was
detected with western blot analysis and normalized to a-tubulin. (B) Glucose uptake was performed by reaction with 2-NBDG (50 uM) for 1 hour. (C) The
remaining amount of glucose in the medium was analyzed by glucose assay kit. All experiments were independently repeated at 3 times. Data are presented as
the mean = SD.

ADLE, Allomyrina dichotoma larvae extract; GLUT4, glucose transporter-4; PAL, palmitate; 2-NBDG, 2-[N-(7-nitrobenz-2-oxa 1,3-diazol-4yl) amino]-2-
deoxyglucose; CON, control.

“p <0.01, ““p < 0.001 vs. CON; *p < 0.05, ***p < 0.001 vs. PAL.

Tt AH|Zo] §o]5HA] ZHA (p < 0.001)5+%1 2™, ADLEC] o]l AH|Zo] ThA] 2715
A}t

i} l-l:l

TO|EAMS K28t ZSMEF0|A ADLEZt O|E2CS2|0f CHAR} X% BHd =H-
7|1H0]l OjX|= S
Az o] Tt ol A ol 2] AR A| EA43HE AMPK= A| A3t = TjALe] ZAQIAE
£5] Gz 2bH|Thof] QLo A w2 S A A Q1 k-5 Skt [22]. AMPK= Z = A T =
3 ﬂ°‘ Bukotye} Qled AT Mg Fret HWIE Z8AIZY GLUT4 = S7HIA
FHAS 771 5 A=Y oldA] diaL 28 Fatt g dhohal dE A Aot
[23, 24]. =35+ c2c12 ZE-A| 220l A pALYF ADLEC] 2] $F AMPK 14t H = & &9l5t Tt
11 A3} ADLE &% *| 2] A| p-AMPK/+-AMPK= CON tH] ¢k 1.48 §-2]2 Z7} (p < 0.001)E
H 331 pALo] 9] 3l T4 (p < 0.05)%H AMPK Q14FsH= ADLE 2 2]of] 2J3f -5-2] 2 0 2 (p < 0.01)
37kttt (Fig. 3A). &5 W AMPKS] E/33H= PGClol] EH S Tl n|EZ=gjof T
FH= *94 S S7H7I= Ao 2 defA Qlo] [25], PGClad} FIEZE |0} Ats} 2l
Q1 &ha sk ucp3e] Tl HAgS ZAFSHL n| EF Egote] & nt
a4Ql cs_J sﬂ*éE%% Jateich 1 23} pAL-S 23HE c2C12 Al 2Zoj| A uce3 2 PGClal]
Tl A A S tf 223} B alsko] ZH2) 57.8% (p < 0.001), 54.9% (p < 0.01) AA|5HR 2.0,
ADLEQ] *J2lo]| oJ&f 3|55 Ao YET (Fig. 38). P EZE 2o} 4Hat a4l ¢S
S5 =H3SE A3} pAL A 2ol &5l 22% (p < 0.001) HAE HQI s &/d-2 ADLES)
22]of 93l 13.5% (p < 0.05) §-2]F 02 Z7}5+ Tt (Fig. 3¢). AMPK= A|HHAte] gHAd i}
ol E N =M A eiALe] 2o = S o3I S st Ao dHAglong
[26,27], A T Q1 ACC, FAS, SREBP-12] gy S-S RAFSHRI T, 1 A3, pAL 2 2o
©J3} ACC (p < 0.01), FAS (p < 0.05), SREBP (p < 0.01) 2F 7-2|& Z7}5 H % O™ ADLE
=] o]l 2]8ll ACC (p < 0.05), SREBPA (p < 0.05)° A 7214 Zr4E B th (Fig. 3D).
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Fig. 3. Effects of ADLE on AMPK activation and its downstream signaling in PAL-treated C2C12 myotubes.

(A) The cells were treated as described in Fig. 2 and the cells were analyzed by western blotting. The band intensity of p-AMPK was normalized to that of AMPK.
(B) The band intensity of UCP3 and PGCla were normalized to that of a-tubulin. (C) CS activity was quantified using an enzymatic method and represented as a
fold of CON. (D) The band intensity of ACC, FAS, and SREBP-1 were normalized to that of a-tubulin. All experiments were independently repeated at 3 times. Data
are presented as the mean + SD.

ADLE, Allomyrina dichotoma larvae extract; AMPK, adenosine monophosphate-activated protein kinase; PAL, palmitate; UCP3, uncoupling protein 3; PGCla,
peroxisome proliferator-activated receptor-gamma coactivator-1 alpha; CS, citrate synthase; CON, control; ACC, acetyl-CoA carboxylase; FAS, fatty acid
synthase; SREBP, sterol regulatory element-binding protein.

“p <0.05, "p < 0.01, ""p < 0.001 vs. CON; *p < 0.05, **p < 0.01vs. PAL.

NX|A0|E A2l 0rRA 2] X0 ADLEZL oL X] CHAF = 7| Hof| 0] x|= FE
ADLEZ} ZSZAoME G35 Yep=A] ERlst7] fste] 1x|RHalols A 2%t
nhe-Aof ADLEE A 2let & [15] 25242 285t AMPK 243}, GLuT4 LT
| EZTgjo} tjal 9 AAboiAL MBS ZARSEITEH A GLUT4 ¥ AMPK 2/43HE
western blot 2 &2 215t A1} (Fig. 4A), HED 159] 0l A GLUT4 ¥ =F2 NFD 15
H| W 5o] §-2] 2 0 2 (p < 0.001) WA YEFG AL, HED + ADLE 1&-2 HED L&} B 1.5}0]
GolA Z7} (p < 0.01)2 RACh (Fig. 4B). =3 pAMPK/+-AMPKS] H|E-2 NFD &3}
H| w5to] HED T1EOl Al 5-9] 4 ZH4A (p < 0.01)E E 1 2™ HFD + ADLE 152 HFD 153

-
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NFD

H

FD

H]wsko] §-914 (p < 0.01)%) T F7HE BT (Fig. 4¢). AMPK 2/ 3tol| oo 24 ==
o] E2 & 2o} AY3Hd T RS &I SHZ T HED 152 UCP3 (p < 0.001), PGCla (p < 0.01)
O HAY =7} NFD 151} H] W 5ko] §-2]51A] 22Tl BIsH, HED + ADLE L&l A= HFD2t
H] 25}0] PGCla=297% (p < 0.01), UCP3=196% (p < 0.01) H& 0] 2712 2 It} (Fig. 4D and
E). CSEA =S 282 Ao A =45+ A} Fig. 4F0l| A H o] x| = Ble} Z+o] HFD 18- NFD
&) vl s =7t 9F 20% H & GolA JARA2H (p < 0.05) HFD+ADLELE2 HFD
ot Hjuste] 204 = F7HE BT (p < 0.05). AMPK E/ds}ol] oJ sk 2| vhAt AJgt/d at
st 28U A W 8491 ACC, FAS, SREBP-1c2] mRNA A &S AT
NED 1&©]| H]3}] ACC, FAC, SREBP-lc mRNA level 5 3-2]2 7} (p < 0.001)E 2 o0
HFD + ADLE 152 HFD L&} H| W 5}o] Z7}5 ACC, FAS, SREBP-1c2] mRNA level S Z}2;
50% (p < 0.001), 27% (p < 0.05), 45% (p < 0.001) = ZFAA| H T} (Fig. 4G).

w
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Fig. 4. Effect of ADLE on the expression levels of GLUT4 and AMPK activation in skeletal muscle from HFD-fed mice.

(A) Protein expression levels of UCP3, PGCla, p-AMPK, t-AMPK, and GLUT4 were measured by western blot analysis. Quantification of proteins expression was
calculated by quantity one software and the band intensity of GLUT4 (B), UCP3 (D) and PGCla. (E) were normalized to that of a-tubulin. (C) The band intensity

of p-AMPK was normalized to that of AMPK. (F) CS activity was quantified using an enzymatic method and expressed as a fold of control. (G) mRNA expression
level of ACC, FAS, and SREBP-1c were measured by qRT-PCR analysis. Gene expression was normalized to that of cyclophilin. All experiments were independently
repeated at 3 times. Data are presented as the mean = SD.

ADLE, Allomyrina dichotoma larvae extract; GLUT4, glucose transporter-4; AMPK, adenosine monophosphate-activated protein kinase; HFD, high fat diet; NFD,
normal fat diet; UCP3, uncoupling protein 3; PGCla, peroxisome proliferator-activated receptor-gamma coactivator-1 alpha; CS, citrate synthase; ACC, acetyl-CoA
carboxylase; FAS, fatty acid synthase; SREBP, sterol regulatory element-binding protein; qRT-PCR, quantitative reverse transcriptase polymerase chain reaction.

“p < 0.01, “'p < 0.001 vs. NFD group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. HFD group.
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it

2 &9 oF 40-50%S Ak =422 € W ZxdE 900 duxde=
AFB3HE 22 7ot g, Q1T AFH 2 ZRo] EETo] AYZ WTE A ko
52 oHAIE W7 QI8 A2 'roksolA B A= Z8Fo] 1 Z5ol ARl
aho] Al EH A tAbg kS FEehA ok [29]. ZHONM Y G S5 A T A o2

o=, 7l dedd os B #EAQ GLUT49] o5 FXIAA Z5 U=
U= S7H17]+= Z 0] AL (insulin dependent pathway), &= = 5ol &g L4 o|Lt
AICAR (AMPK activator), metformin@} Z-2 oF20f| 2] $F AMPK &/J 87} GLUT4 -2 Z7HAA
T80 2 A o5& F7HA7]+= " o]t} (insulin independent pathway) [30].

rﬂ

H|Th 7225 S 59 tiAbd Bgato|A] AMPK B3t =4 FollA 2= A3 9
S7h 2 ARG AA 52 &l BF 2T 55 ALaATIE 712 Gt
2 SAZ o] &5 ot 31]. Wt AMPK /4SS =T 4 glon Rxlgo] A
AAEH | gt o G2 T2 F A 2 Lo AR thE A %4 AF 2 2= resveratrol,
capsaicin, genistein, catechin, berberine, quercetin, hispidulin, curcumin, Juniperus chinensis,
ginsenoside 5-°] &&= t}[32].

=
JAjolof 2] DP%i —E%OHH AMPK 9“43}7} 71-/\5]0-] %ouq o] 7]Z0
1H AqrAet gARE At (33]. =8 ADLEC] 2J5te] &= 2|04 AMPK7}
o/dstE 2 &Qlsho 2 4], AMPK 14FS}7F GLUTA4 translocations 5 7HA| 7 BTiAF 24 o
) 2 34 & = A3l

filo
TN
4>
30

oA REZELo} 7|5 o] 4o 2 ARl X %4 A9t AR 2 5E
g4 o] EHag st of 7] A 1) % g]o}o] ofj i %
ATt [35,36]. AR, A2 Gy E= JdedAHT =

0] & 2 2Jo}2] c5o] &5 4~50]20-40% 7 & St & A Q1T [37-39]. 1| E Z = 2] o}of 4]
Hol| 2] & HAksh= o] F 2.5 12k &#f % uCP3+= Choi 5 [40]2] & 7-ofl w2 H ucps7}
T E npAof| A A HFA o] 2 H|Rh} Qlad A2 25k w o] 2l 4ol
WA EL BT} pGClos N EZE ol F3Hd Tt Abs tiato] Bojstn], E5] 2%
A ZA 1219l MER22} A, B Z EAQ1x EA 52 B I 44 GLUT4)«] LA}
AS FeAA G AHAHE S7H71= A o= BT It} [41,42]. Lagouge 5 [43]<]
Aol A= 2| AHIEFE Eo] A YA o] 2 F = H] ”JU}%iA oA &H]E F7HA7] 2L
28 Z A oA NRF1, Tfam, PGCla2} 22 §Az}e] €S Z7IX A AE7Aa T}

n

<l

C

rU

FEFE 52 LHESH v} ). 2 Ao E ADLE= OJ?’:__?EJ Ag/do] = TSAEe}
T2 Ao A ucP3t PGClal] HHZ7HE doFlom o] 2FZH o2 nEFZEz o]
g G40 csEAS SIS & 4 UM
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AMPK /st SAAYCR 3o "4 491 Accet FASE HAsHH, o]E9]
HARQIALZ ZH8-51= SREBP-1c2] HalS Z1tka R 15| QIT) [44,45]. B Ao A&
paLe| U HEDO] o8l f- = A gHd 5= QA5 0] ADLEC] o] 3l ZHAH S TEstg o,
o]Afo] AWHE 28-0] G 440f ol sl AMPK ] Al T 7142 B2 g 5k Alefo] ] Tt
ADLE®]| o]t AMPK 2] &/d3}7} n| EZ & glote] o 2] thAte] £21& Fafl F/A L tiALS:
2o BZMN THUH G RFUS SXAZS 7ol U2 [46] Ym] st

|t

o

12

E
2 b

=]

OE ol

Alg 230 2kl k2 ot 45— GO%E EI QS At 9 Z4E 27 E gego)
FH3Ith 53] FeFEdo] 32 Tl 54.20%, AR 20.2%, 74 4.0%, 3]E 3.88%
< Fote A2 BEEQr} [9]. & AFolA= ADLES] Fl&d AP S YEtH=
BE54ES delA B3 AS AHez & 4 Aot 13U, %%% ZFSE 4bolol=
F7NAE2 23 7|7F st AR ol 48517 Ho}°1 ok dAtst Wo] 245
ST 9lom [47,48], BA] B ALV EE ADLEQ] G5y}t Helsto] gujd B35tz
ggdwol tigt 24 2 9 ASE Xdsta ot L 7 1’“94 22 EolA =2 Fatst
B Y A AERA ZAGIE Ho|1 Jlo] led M A MAYSE F stz
2 S AR o4ttt

oj’$o] A}2Z ADLEE PALO| 25 =¥ QA& A/ e TS ZoA I thAt
Fdol F st A& sHe AMPKO] QIANSHS Ed3tsto] 28 nEEE

tARS S6ka AAk S Aoz AZU & §Y9 FS7HE FAske A&
A Mol =& & 4 Ae Zloz wkdnh

2 Ade GuEAte 2 Qlad AF/dE =T cac12 T{AIEZFoA ADLES] QI

A&/ 70 g 2AFSEAL ool gt 2 717 & &l st aat&kel Tt cac12 %*ﬂi—,—oﬂ
ADLEE A 2] A], AMPK 2] 233} &3l =54 (glucose uptake) 7} S7HE 2™, o] =
nEZcgjobuj7f oz A3t ARl pGCla, UCP3, CS BAS 27X 71}
SAlol A4t /g 21 AFR] ACC, FAS, SREBP-12] P-@—g— A &S & 4= QT M E 0] A]
SelE AoES LA WA o] f & FiakeA0] FF A oA ARG Auh A A|HFA o] 9}
ADLEZ SAlo]| x]2]3t 1804 AMPK E413}, GLUT4 W27}l n| EZ E 2o} ofjif#]
tiAE 7Y, A 3 AR s Bl olde] AiEE, ADLEZF 2§ Ul olyA|
Al T F 29| LRl AMPKE 2/33}sto] GLUT4S] NEH} o] 52 SXIAIA
A 2-of| Tojshe AS T 0T, AMPKE] A4S F7H= PGClal] S}l
3la1, o] 2 E3)| & whak chAbel T H ucpz] S cs B4 S SHA17) AL, A At

HofsiaL,

o B AR TS AAA S & 4 AT 2 AHZ T E ADLEE HARS SOl A]
TeACR UEhe ded AJAFES HdAZ 4 2o, o] ZFA 204 2] AMPK
o] &/detE e oAU A 713 o] 9lg& & 4 ASIH. ADLEE H|WH Y 59
TSt 72182 7H ofAlobe thE IS BAE - le olde 7WJ— ol Aed
A3/ Bl A2 B A EE AT 7 AE AR 8 7= S8 7L
A=A 4 At
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