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Abstract

Background: Skeletal muscle is the most important tissue contributing to insulin resistance. Several studies
have shown that accumulation of intramyocellular lipid is associated with the development of insulin
resistance. Thus, proteins involved in lipid transport, storage and metabolism might also be involved in
insulin action in skeletal muscle. Adipose differentiation-related protein (ADRP), which is localized at the
surface of lipid droplets, is known to be regulated by peroxisome proliferator activated receptor v (PPARY).
However, it is not known whether ADRP plays a role in regulating glucose uptake and insulin action in
skeletal muscle.

Methods: ADRP expression in skeletal muscle was measured by RT-PCR and western blot in db/db mice with
and without PPARY agonist. The effect of PPARY agonist or high lipid concentration (0.4% intralipos) on
ADRP expression was also obtained in cultured human skeletal muscle cells. Glucose uptake was measured
when ADRP was down-regulated with siRNA or when ADRP was overexpressed with adenovirus.
Results: ADRP expression increased in the skeletal muscle of db/db mice in comparison with normal controls
and tended to increase with the treatment of PPARY agonist. In cultured human skeletal muscle cells, the
treatment of PPARY agonist or high lipid concentration increased ADRP expression. siADRP treatment
decreased both basal and insulin-stimulated glucose uptake whereas ADRP overexpression increased glucose
uptake in cultured human skeletal muscle cells.

Conclusion: ADRP expression in skeletal muscle is increased by PPARY agonist or exposure to high lipid
concentration. In these conditions, increased ADRP contributed to increase glucose uptake. These results
suggest that insulin-sensitizing effects of PPARY are at least partially achieved by the increase of ADRP
expression, and ADRP has a protective effect against intramyocellular lipid-induced insulin resistance.
(Korean Diabetes J 33:206-214, 2009)
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(perilipin/ adipose differentiation-related protein, ADRP/
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droplet®] EHoll EafislHA], AA Fall 0] Al kol|
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1. A2k &

Troglitazone, rosiglitazone, pioglitazone (Cayman, Ann
Arbor, MI), wyl14,643 (Calbiochem, La Jolla, CA)< 7+
10 M| =2 4847k 51F skl THAlEel A 2leisd
t}. Intralipos (Fresenius Kabi, Bad Homburg, Germany)+<
400 mg/dLe] EEF 48417F Aelslgick

2. MzisE

ALEE2 7549l A C57BL/6J2} C57BLKS/T
db-db vH-2=55 AEBIAIUSLC, Japan), A3 717 51t
Az}t B ARl AFSHA st dbdb vhE
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rosiglitazone (Avandia®, GlaxoSmithKline, Brentford,
Middlesex, UK)= 30 mg/kg 552 Foll o] Fof 3131
o OlEPES AKBHE Foloich % ARAL L5
22 £ 1T, 4I5S 50 + 5%, 12 hr dark-light cycleZ %
A5k, AF WY 9 Ao] HAZS ok Fol Aga ¥
of F3,7, 14, 21, 280l Sgeloleh. BRUY Y WE
ZA AMK(Triacylglycerol, TG)< 25+ o1 % 6X|7F 24
F 2R 4709 B ot B F 6417 5
FAAIT A TS olEste] Wi A7 F Aol
cold PBS (pH 7.4)& I7F A|A hE]Z5Z%(quadriceps
muscle) FFrk 2252 Hxl| Adol] SA] 54 AIA -70T
22 PEael] Haksdc.

w
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R

=] 24 100~200 mgS Ham’s F-10 #iRlelA] &
BE gt AAE ¥ AA AE=3L spinner flaskollA]
0.05% trypsin/EDTAZR Aelslo], THolAEE Eelslsd
t} Bel®l ZSoREE SKkGM (Lonza, Walker Sville,
MD)oll 2% FBSE #1713k viAjollA] wiekslglon, E3h=
80% A= AIE7} %hS wll, 2% FBS2} penicillin-streptomycin
o] 3+ ¢-MEM HAIZ Zolgal 59 A widsiich
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=
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pAdTrackCMV AE WlE{ol] HA7} N-terminalol] 22
ADRP%- cloning 34 %2 t}3; AdEasy "JE]el] homologous
recombination WHOZ AFJslSic) o]%F AgkE 4 Pacl
o7 ZAE vh& HEK293 Aol transfection A7 &,
cytopathic effect (CPE)7} UER}H X2 0@ ZAIX[A A
CsCl-ultracentrifugation B2 5355 vlo|g A5 &
slo] B3bwl Z8AEel| 15 moi (multiplicity of infection)
2 36A17F 53t Helsisick
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12 well plateol] vioksl AEE F&E4 wiRE 23] AlH
gk ok 200 ng/mLe] &7 1A17F ERF vt F 10
uL®] 7122 mM L-glucose, 2 mM [’H]-deoxyglucose of
20 uCi)= 0.1%°] BSA7} %4714 hepes buffer (130 mM
NaCl, 4.7 mM KCl, 1.25 mM CaCl,, 1.2 mM MgSO,, 2.5
mM NaH,PO,, and 10 mM Hepes)°ll d7}3F 3 155871 vt
A7l % PBSE 5¥ HojFede}. thae® 0.5 mLe] 0.5
Ne| NaOHS 93 3087 TEo] £ & 04 mLE
scintillation tube® =74 1 N HCI 200 uL¥} 2 mL9
ULTIMA GOLD™ scintillation fluid (Perkin-elmer, Boston,
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MA)E 71 & pcounter2 Z73ch
6. siRNA

ADRP siRNA SMRT pool (Dharmacon, Lafayette, CO)
£ Lipofectamine 2000 (Invitrogen, Carlsbad, CA)< AR
o] troglitazone B! intralipos *]2] 12417k Zell 75 nM 2]
FEE A HE AEs}3L northern blot 3 western
blot &3l WA A ZIE EIsigick

7. Northern Blot Analysis 2 RT-PCR

Total RNA+ RNeasy kit (Qigen, Hilden, Germany)&
ARgsto] F2E3lod, 10 pgel RNAS MOPS-formaldehyde-
agarose geloll loadingsto] E2|3F t}S, nylon membrane
(Whatman, Dassel, Germany)2.2 o|FA|Zctl UVZE
crosslinkZ 2171 th2, QuickHyb” solution (Stratagene, La
Jolla, CA)2.Z 68°Coll4 3]ZA|7]™, blockings ATk
DECAPrime II probe labeling kit (Ambion, Austin, TX)E
o]g3lo] ADRP 4 GAPDHE [PP]-dATP (perkin-elmer)
2 FAsled, 95°CollA] 587 71dslal, hybridization -84
o]l ©%1 membraneol] 471slo] 68°CollA] 12417 A= Hh-g-
A7kl Washing 9% (2X SSC, 0.1% SDS) o2 31 o]
Z th2, autoradiography & AJsls}3ict

Reverse Transcriptase-PCR- total RNAE- F-2ls}o] AJs]
312ick 1 pgel RNAS M-MLV (Invitrogen)ol| buffer, oligo
(dT), 0.1 MDTT, dNTP mix, RNase inhibitor®} =¢}s}o]
37°CollA] 1A1ZL, 72°CollA] 10 81 HEGAIZ] 3 ADRP 2
GAPDH specific primer= PCR v2-8 213k}t Primer
21932~ ADRP forward 5-CCAATACCTATGCCTGCAAGG-3",
reverse 5’- TTGACCAGGACAGTCTGGCAT-3’, GAPDH
forward 5’-ATCACCATCTTCCAGGAGCGA-3’, reverse
5-CATACTTGGCAGGTTTCTCCAGG-3’ 0|t} 95°CollA]
582 27) Aide AT F, 95°C 30, 58°C 30, 72°C
Z7 02 25W WHI(ADRP) 22 17H HHE(GAPDH)S A
ek 72°Cell 537 25 A TS el ZE
%l PCR AHE-2 1.2% agarose geloll4] ethidium bromide &
sk

8. Western Blot Analysis

Aol AE3E w20 ZH24 50 mge FI3H lysis
buffer (Tris pH7.4 20 mM, EDTA: 5 mM, Na,P,O; 10
mM, NaF 100 mM, Na;VO, 2 mM, NP-40 1%, PMSF 1
mM, Aprotinin 5 mg/mL, leupeptin 5 mg/mL)ol|l ol

o
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BCA "oz childs ek 3 3 10 pgo] TiEds 8%
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) gelll loading}o{ nitrocellulose membrane
(Whatman, Dassel, Germany)oll o541 5% skim milk
(in TBS-T: 0.1% Tween-20 in Tris buffer saline, pH7.5)
Z blockingdt v ADRP (Fitzgerald, Concord, MA)
primary antibodyE TBS-Toll 3Zl4slo] 3417+ F<F
incubationA]Z1t}. Membrane& TBS-TE th¥l ¥ A3t
Z¥zke] 12} gAlell el o XFAIE 1417 &3k vt
Al7]aL ECL (Pierce, Rockford IL)S el 7hdsio]
2giek. 7 So] wlee

= gud

o
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o1§elo] Bgsigleh. 2 wusl WA 5
(Santa Cruz Biotechnology, Santa Cruz,

EESFsIAe

autoradiography =
TINA 2.10e &
< GAPDH
CA)ell uko]

BE F4 XE BT + EFXE FARIICh

3+ SPSS EA|ZZ12(SPSS 11.0 for
windows version)& A 85}0] Mann-Whitney U Ao}
Kruskal-Wallis t}F& B8 H|ESF 7488 A83io] vl
319321, Kruskal-Wallis 73734 EAIEH o & 2Jol7l Q)
© 7% Mann-Whitney U ZAoZ 2Islgick pylol
0.05 w7kl 55 Felgk Zog BAsict
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1. Rosiglitazone §0{ &

U Ajo| MO HE}

db/db WH§-2=°]| rosiglitazoneg FoI3lE wll, Fof 3
ARE I Aet A3E B, 79 olfEe A di=
T FARE A9 dg X5 Hoick w3k 79A15E
H|go] S7kste] A vzttt ofuyzl, rosiglitazones
HelslA] & db/dp nh-2eol] HIIAE BAH oz fo|
A =& 8 H3lrk Rosiglitazones X2I3F diydb v}
F2oE 47 W A ozl vlsll 4 A Ee] weke
™, 289lell= HelstA] ek diydb vhg-2=ol] vlsliA= F
sl AL ke Hrh w3 & AFEE 39A1EE
7] ARle] 149ARE S tlzra) vt s
vepcl 359 B 9% SAANLY izl vzl
diydb w2l feletAl STlslaiem, olef] HlsfiA
rosiglitazones X2t whe-2ollA] FoJelA FhAsiedrt

(Fig. 1).
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Fig. 1. Effect of rosiglitazone treatment on blood glucose, body weight and triglyceride (TG) in db/db mice. A. Blood
glucose level. B. Body weight. C. Food intake. D. Water intake. E. Fasting plasma glucose. F. Fasting TG level at 14
days after rosiglitazone treatment. db/db + tosi: db/db + rosiglitazone treatment, * P < 0.01 vs. C57BL6J, ¥ P < 0.01 vs.

db/db mice.
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Fig. 2. Effect of rosiglitazone on skeletal muscle ADRP expression in db/db mice. A. RT-PCR. B. Western blotting. db/db
+ rosi: db/db + rosiglitazone treatment. * P < 0.01 vs. C57BL6.
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2. Z=S0IM ADRP W +F

+52] ADRP mRNA §2 C57BL/6J nh$-2~ol] B3]
db/db v-2=ollA foletAl F7EEI At db/db whg-2=o]
rosiglitazoneS X 2l61-2 wlolls Z7lElE Zee Hyloe
U SAR o2 FoslAl= gSithFig. 2A). ADRP thiA

I GA] C57BL/6T m-2oll B3l dby/db w2l A 2
A Z71=E9l o, rosiglitazones X EI8199S wllell o] &
7kl 7S Blont BAEQ oA E1% ¢l
tHFig. 2B).

uljokel ARl THA|EollAE PPARY agonistell 2]34]
ADRP mRNA¢] HFlo] §-oJalA] Z7bsldckFig. 3).

32

A

ADRP

GAPDH

Relative expression

Fig. 3. Effect of PPARY agonists on ADRP expression in cultured human skeletal muscle cells. Human skeletal muscle

cells were differentiated and treated with 10 pM of troglitazone, rosiglitazone, pioglitazone, or wy14,643 for 48 h. * P

< 0.01 vs. vehicle only.
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Fig. 4. Effect of ADRP knockdown on glucose uptake. Human skeletal muscle cells (HSKMC) were transfected with
siRNAs of negative control (siNS) or ADRP (siADRP) for 12 h and treated with troglitazone for an additional 48 h. Prior
to perform glucose uptake assay, cells were incubated with or without insulin (100 nM) for 30 min. (A) siADRP decreased
both mRNA and protein expression of ADRP in HSKMC (B) glucose uptake in HSKMC. * P < 0.05: vs. basal value of
control cells not treated with troglitazone; ¥ P < 0.05: vs. corresponding value of control cells not treated with

troglitazone, ¥ P < 0.05 vs. corresponding value of cells treated with troglitazone and siNS.
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Fig. 5. Effect of ADRP overexpression on glucose
uptake. A. Human skeletal muscle cells were transfected
with adenovirus which expresses ADRP for 36 h. The
increase in ADRP protein was determined by western
blot. B. Glucose uptake in HSKMC. * P < 0.05 vs. the
basal value of GFP adenovirus treated cells. ¥ P < 0.05
vs. the corresponding value of GFP adenovirus transfected
cells.
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00k

ekl At TRAIEAA Qlawl ASell o8l 2
F<ko] frelslAl Z7FEI9AL troglitazone ] 2loll 2l&f] T} S
7= YekFig. 4).

SiIADRPE #2501 ADRP mRNA 3 thilld o5 Zhas
A71H 7)1A] = Qe T 93t IE) <io)

frolst
Al ZH2=3190=H troglitazoneol] 28l S7FEAW 2

% w9 Sl BaIgickFig. 9).

HR ofelmmlolel g ol §3le], ADRPE T A
AE ul, THAF] Fr} So] FAAOE flel
%7} S0k Fig. ).

4. TRIYAEIIM ADRPS| w8l 9 EEg $20)
Ojxi= ofgt

Intralipos & T5AZol X8| 3190 ul, ADRPS] &l
o] felelAl =716l a(Fig. 6A), Intraliposel] 2]gF ADRP
Z7}E siRNAE 94| 3l9JchFig. 6B). T Za} A4k
oA ADRPE Wals A 3lis W 5 5] <]
A A= AckFig. 6C).

SiADRP
+ - + intralipos
e === | ADRP

e>apepes | cAP0H

-+ -+ - + - + |nsulin
. + + - = + + intralipos 400 mg/dL

SiNS SIADRP
Fig. 6. Role of ADRP on glucose uptake in cultured human skeletal muscle cells exposed to high lipid concentration
A. High lipid (intralipos 400 mg/dL) induces ADRP mRNA expression in HSkMC. B. Human skeletal muscle cells were
transfected with siNS or siADRP for 12 h and treated with high lipid for 48 h. siADRP inhibited high lipid-induced ADRP
protein expression. C. Glucose uptake in siADRP transfected HSKMC with or without high lipid. * P < 0.05: vs. basal
value of siNS treated cells. T P < 0.05: vs. corresponding value of siNS transfected cells not treated with high lipid, ¥ P
< 0.05: vs. corresponding value of cells treated with siNS and high lipid.
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Lipid droplet & A WellA] FAXLe] A

b E==1
3tk ADRPE lipid droplet®] E9ol] Exllsl= whulo 24,
lipid droplet®] oFo] W LollA] WHo] Frlxle] glom

{

A, lipid droplet®] FZ& PE3AIF13L, FAAES] Al
Wl o] Fol okt

A7 3 ARre] AzkellA] A/d7kell vzl ADRP Wkl
o] Z7lElo] Qlgol dedA P, & 2T AFelAE
THAIZolA] PPAR V2] WHo] F7kE|o] gl Zlo] Aizte]
A9} Aol e Aoz FAFYH?. Motomura T
ZHA|ZE| A PPARY agonist?l troglitazoneoll £]3l] ADRP
mRNAS} thiliAe] oo Z7=|31, o]& troglitazones #|
23k ok} A7l vlElgkela e, PPARY agonisti
ul olu]2}, PPARa agonist®} ADRPE] W&o tigt A&
E Fei=l9lom, ule~ ZRA|Eoll4 PPARa agonistSl
Wy14,64301] 2]3ll ADRPS] mRNA & protein®] ¥Flo] =
7hEehRs Bzl 99eHe!”. PPAR el 2l ADRPE] Bl
o] Tkl 71 AXS W Al ADRP 374
PPAR response element (PPRE)7} ERIE|o] o|& Eafj4]
ZzAo] o]FoAE Zlor A7 vk AX]FollA=
ADRP 3417le] ZZRE] FHol| PPARa v 62| 374 o}
Y BEERE 2gEe 248 e o] wAR Y.
o] HES Mx]Fe] ADRP ZZYFE]|e]| ZAll6l= PPREZ
A, 20040114 -1992 bp F-Eoll $X|3hcK5’-AGGTGA A
AGGGCA-3")"". Agol|A = Agte] ADRP 4419 &
RE] FRoA] Ax)Rel AR 30 2] <3717 Afe)7t
9+ PPRE (5’-AGGTGA A AGGGCG-3’)7} eI+
tll, Aeke] 7+ frel] AEFolA ADRP PPREL 53] PPAR
a ¥ 6 agonistel] 23l FAskE]o] HAL Folsl=E Zlo] &
ols|9ek?. ADRPE] wrdo] mAMF Aehelld] Z7KFig.
6A, By HEd), Gao J 5" Al A"4Klong-chain
fatty acids)oll ]3] ADRP2] WHo] AAE FFollA] 7}
=5 Huslgirl o] ADRP Wdo] Al AlelolA] =
7= QW Arkel dXeh, ol A4S TGE Wk
THelA] lipid droplets BA3H7] S8l S7k=lRe ZoE
237kt

=72 ADRPE] wialof] thsliAe 2 deiA
-2, Phillips 570 H]9RE ARY Jud 9 v
THle]l Z7Tolldl ADRP W¥ke] ol
rosiglitazoneo L} WEE=H]-S Agslo
ADRP #&lo] Z7} ghviar Bl diy/db w929

g
o
N
o
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7 ADRPO| WAL dhydb whg-2=o] AAPVEL Azt
A ZlEo] glrkar gEA QEu], B ATl
db/dp W22 FATZoA ADRP WHdo| Zvlrlo] 9l

AR

7% WSk ADRP M-S AT AL A
2 Ahee B Pdda deiA gk w9 in

vitro I7olld] Aol A] ADRP ¥3lo] F71gh A,
2|3 diydb v-2=ollA EF T4 Ao] o] FksE A
55 v|Fo] & o, olul= AMke] ZU1E lipid dropletS
Adsl= BHo] ADRP %319l a3tk QIxlelar A7,
FATAE H]S=E o] F-2 ADRP Wlo| I7IES A
o & A7) gk, ADRP W] wiario] WhH diy/db
vl ZATF Phillips 59 AellA] BmwRkAle
ADRP o] 33t EUx)A] Hol=d], o|23t Xjol& vl
ek gkt gl wnkst vl nlell A AR e] %}
o7} gheell 7113keka A7), B @t ADRP @}
o] A= FF A7t Zesicla A7k

ADRP7} Qlr21 80| u|X|= gkl dlelid= 2 U
2 JA| AL ADRP7F AIE W] AHFARS- lipid droplet
Qholl FE=IA] A=l 71o33l7] wliifell ADRPS] 2
o] Z7I= Adte] JIERIAGAE & et AEo 2R
B H¥shs 339} 98 Zolekar o AR A P, B ol
TollAE siADRP ¥ ADRP & ofdlic vlolg|=F o] &
3o ADRP7} EAEe] £ o]l mx &= 23tE H7t
3] H9k=tl, ADRPE ZFHS A7 <F 20%9] L=
Tl TR e WEE 5 sk =3 PPARY
agonistt} IAAlel] 93] ADRP o] ZF7lslo] 9l
43ollA] siADRPE o]&3lod ADRP &e FHAA7IH
Ex} FEso] oAl 7Hamsle] o] 7 7HA] Z71ellA 9
E5 G550l ADRP o] Hofalar ola-5 RIS
A3t 53] AR E oA e SFAT Ao 2
3k 7R 2R Eeel 23l Tt ke A

HeJthFig. 6C). Aite] Eiewd GeFol] w|X|= gkl o
A= =x7to] et AgAtell leEmE ARte|ut FE el

whel o Adks B ke B s glept,
Aol 7I7F o2 A QERIASe) o3 G B 2=
G L esle] ksl 2R o] S7HE 5 9l
1 sP=PY, B el AL o2 A] ADRP7} HAPH

o8 Ik A% off dell 71oi8 Ao wichEt
2opspd, ADRPE Aol kezd 7% 52 PPARY

agonistel] 2Jsl] ZAZellA Wdo] F7kEw, S71 ADRP
© AR 2Ed EsE SVHIIE s B3
t}. o]= =7Zelld] PPARY A3} AxiF oz QlusIzt
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e WMAIE & 7 7o s A, Bk AlE
WA 2 Al JERIAEE Fieshetl, oful ADRP

7HAE W Ao zRE Nashs dUg ke o 4

b5},
(=] oF

s =

OiTH|AH. ZALS oo g 9]

=44 o A
3k zZo|t}. FHe| AFAYES
ofl whh QlErIAEAe] Srlshe 2l HolFar vk o]
of] wha} A AAGE, A 2 thAtel] tofsh= thil
AEo] JEFlArEol v|X& dgol] izt IE F7kE
9Jt}. Adipose differentiation-related protein (ADRP)+=
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