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ABSTRACT

Background: Non-alcoholic fatty liver disease is common in patients with insulin resistance. Sterol
regulatory element binding protein-1c (SREBP-1c) is a member of a family of transcription factors that have
been recognized as key regulators for lipid accumulation in the liver that activate enzymes involved in the
fatty acid biosynthetic pathway. This study was designed to evaluate whether alpha-lipoic acid (ALA) inhibits
insulin-stimulated SREBP-1c expression.

Methods: We investigated the effects of ALA on insulin-stimulated SREBP-1c expression in a human
hepatoma cell line (HepG2 cells) using Northern and Western blot analysis. We also examined the effect of
ALA on the promoter activity of the SREBP-lc gene to examine whether ALA can affect SREBP-1c
expression at the transcriptional level. To discern the mechanism by which ALA inhibits SREBP-1c expression,
we examined the role of AMP-activated protein kinase (AMPK).

Results: Insulin increased the expression of SREBP-lc mRNA and protein in HepG2 cells in a dose
depended manner. Co-treatment with ALA inhibited the insulin increased SREBP-1c expression in a
dose-dependent manner. ALA also inhibited insulin-stimulated activation of the SREBP-1c promoter activity,
indicating that ALA inhibited SREBP-1c expression at the transcriptional level. ALA increased phosphorylation
of AMPK in HepG2 cells. Inhibition of the AMPK activity by compound C markedly reversed the inhibitory
effects of ALA for insulin-stimulated SREBP-1c expression. These results suggest that ALA-induced
suppression of SREBP-1c expression is at least in part mediated via AMPK activation.

Conclusion: The present study suggests that ALA has an inhibitory effect on insulin-stimulated SREBP-1c
expression. Therefore, further studies on the effects of ALA on hepatic steatosis in an animal model need to
be performed. (J Kor Endocr Soc 23:27~34, 2008)
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W71 Ajler AZEw vgEA ARk
TrllA] Golvke tiAE72] 3 ez e a7 A
34,51, vIgEA AAstke] WAk SAA 9
Aol T &l Al ) SAAe] sk Aol 54
o7 QgEEl 7] A Al o3t 3=E Fo 3
vk alERIgF e QI3E 7] AR At A
A H Zoll F23F F49l, acetyl-CoA carboxylase (ACC)
9} fatty acid synthase (FAS) F-21A1e] AARZEA] o] S)st
o] dofupA[6] o] ZHGell sterol regulatory element binding
protein (SREBPs)7} QI&719] <3 miviisl= o3t A4
ARkE dHA QUeH7,8].

SREBPs+ A4kt Zall2=dlE-2] A3 7 2ell Py
T B4E G4kl ZhllA] At FeElzdlE S
2= F93k AAAIeIRlo|t). SREBPOIlE 1a, 1c H
29] Al 7K F57}F 9o, SREBP-1a$} SREBP-lc& 5
2 A4t gl SR el ofslal SREBP-2+ F&
2EE tiAtel] foehes Zlo® deiA eH9). ZkzAellA
= SREBP-1c9] Wlo] $-AslH[10] ZHA|EellAe] F4A]
1l 3hA3) A%l FAS, ACC, stearoyl-CaP desaturase, ATP
citrate lyase, malic enzyme¥} 7+ f-Az}e] WF-S- =43k
th11]. QlERARA o8 QIjh aqla=IES 7] SREBP-1c
WEls Z7RIF N Aate] S ST A
Hog kAol FAANY 45 fFikicH12,13]. o]
gk sl AT Zlld] FAAEe] Aol digh
SREBP-1c®] A3 5A8S 53l SH=ct 1%
vk} Qladl A3l 5421 objob miceollA AZE
Ho] ¥4=|31[14] objob mice®] Srebp-1 -FAAE HIZA
3} AlFe Wl ThzFel] AR FHo] < 50% BE 7
&9k& Harjk d775{15] 53l SREBP-1¢7} Q17 A4
5% Seoll Ael A 3 J3E PRe
+ qleh

<} 2] F4Kalpha-lipoic acid, ALA)- metal chelating,
AL AA, HIA SAESEAl AAY, AR &8 59
7155 7 Ye AEE A 2ARA(16] vEEE
glo} HollA oF &40 Bz QI(EA 28 geH17].
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Tokushima Fatty (OLETF) 2] Z7ol|4] AMP-activated
protein kinase (AMPK)E #4g3lslo] <&l rils 5
TR FAA H4E ARk Harsllel 18], v
2hA], B AT dok-elEAlo] Thzlelk]E AMPK S &
A1), a2l dot-elEAto] AMMAZel|A SREBP-1c¢
o] izt Aol o3t wX|=A] ke A E iz B
Q178 el

SREBP-1¢ &4l= BD Bioscience (San Jose, CA)ollA] <+
{13933 phospho-AMPK &A= Cell signaling Technology
(Danvers, MA), actin &A= Sigma (Saint Louis, MD)°llA]
Tl [¢PP]dCTPYE Amersham Biosciences  (Little
Chalfont, UK)ollAl F4aigicl. Aol AAgd Qlarl
Novo nordisk (Bagsvrd, Denmark)ZFE], L3}-2|FAR
Viatris GmbH & Co. KG (Frankfurt, Germany) Z7€] 7%

Highel.
2. M= H Y

A 719F A|EF(human hepatoma cell line)l HepG2
AEE minimum essential medium (MEM) ®Z|ol] 8}38A]
(antibiotics)®} fetal bovine serum (FBS)< “d7}slo] ok
siadek AlEE IR S5 s 37C 27104
F71(95%)9F CO, (5%)°] ER7IAE FFalHAl wieksla,
3~4% wit} Al vieksldct. HepG2 AlE= Q&7 Xels)t
7] A 0.5% FBS7} 2371 MEM siA]ollA] 24417 53k vl
Fslol AEEE FAIN Sl sigick aelx Qdswl
< 6A1ZF Bt T ME Aol QlEwls Al 18
AZE Aol k-2 EAE F ME Alsla 7 Ad &
Q3 271 Fo] SREBP-1c9] WS #lsigich dul-g
Eb 23k p-AMPK ] W31 5 M= 291sly] $lsiA
A=l-g|ZARS 0.5, 1, 2 mmol/LE 24417F Z9F Xelslgick

3. =8 EZ(Northern Blot) £

6 BFof] A& SREBP-1col| gk vbAbA 4] 44
A= [&32P]2’—deoxycytidine 5’-triphosphate (dCTP)E ©]-&
3t qlo] Zalo]w ZhuHPH(random primer DNA labelling kit
system, Amersham, Arlington Heights, IL) 2.2 A2},
WA 4] &2 2= NAP-5 Column (Pharmacia, Uppsala,
Sweden) o2 AABITE ©1F, 20 g RNAE 1% E&F
otfslo] E-oprtE A Al A7]4ES AdE 3 AR o)
°o2 o]% AZth RNA7} ojExl UAE uke yv
cross-linkerE AF83l0] RNAE LUE ol 43s)9)
ol UAE =& WA FA &AReE 7l Express
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Hyb™-gHoll] 24217 £}k 65 CollA] 2328k hybridization)
A7 Fod] A BalRl 2ol weEl APdg Alegelgic.
Ao Tt UUE 2 70 CollA 24~48417F F3F X-ray
2ol =3 A)7] 3 mRNA WS U T A1Z7](densitometer)
5 ol g3l Al

4. YIAE ER(Western Blot) 244

Hep G2 AlZEol| IPH 950(50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 5 mM EDTA, 1% NP-40, 100 uM PMSF),
1 pug/mL b Bag4 JA|Al(Luepetin, Aprotinin), 1
mm DTTE Helsle] thildE 5 slqick 2 A8 5 A8
Sola} 4o 5EZF 3R F I3 oA A3k Sodium
dodecyl sulfate-polyacrylamide 7of|4] Z7]d5 sfo] ol
Ao z7] W& Helgk 3 Immobilon-P transfermembrane
(Milipore, Billerica) 2.2 o] 5A1Z )k X%t g=H(blocking
buffer) > 2 x}ek3}32 SREBP-1c k4 2 phospho-AMPK
A= 4 CollA] 16A]7F HESA]Z] & horseradish peroxidase
7F FAE olx} FAHE FLelA] 2417 RESAIHEE ECL
plus (Amersham Biosciences)S ARgslo] vl uldS
Folslirt. Membrane-g actin aF4|2} thA] HESA]AH AA

3k oFe] whilA-S ALl =A Felsiaich
5. Luciferase &M &H

o1&l ods}-g|EAko] SREBP-1c AL EAdo 1|x)&
od¢ks Yol 1A} Lipofectamin (Invitrogen, Carlsbad,
CA)S o]8slo] HepG2 AllFoll SREBP-lc promoter
construct (300 ng/well)E IPIAAZ 3 HAE]]e] §8-8
BAsE7| $ste] pCMV-Bgal plasmid (200 ng/well)E
co-transfection &}FAtlk.  Human SREBP-Ic promoter
(-780-+62)= Dr. Tarling - 2HE] Alg wlo} AR8s1cH19].
HAEY 547k Fol] 0.5% FBS7}F Eol9E WA Z AIS
B F &, 24A17F T wliokslgick o] & AEE PBSE 7+ W
ARk 100 pLe] reporter lysis buffer (Promega, WI,
USA)E o]gslo] Hallslsiel 4T, 1200 rpmellA 10E &

A Insulin(nM) 0 50 100 200

s W
mRNA

Qb AEE * 20 uLe AEHE WsFHEAYI(SIRUS
Luminometer; Berthold, Pforzheim, Germany)S A}&3}o]
A 248 24190}, galactosidase T2 A5 Y 20
uLE ELISA reader o|-83}o] F455 420 nMollA] 374
B3l o] Fhe luciferase B4 A5 HAgshetl] AR&slsivt

5. SHEHEC AMa|

ANEL HTF + FFAE FAla, W] BAEL
Duncan’s tests A-83199t). Pzre] 0.05 m|ukel 7390
Aoz §9) sheke DAL Slglon], BE Age 7]
o2 33] ol AJsle] FA| Xl E slich

-
1. QI=EI0| SREBP-1c W&o O|X|= A&k
9l<lo] SREBP-lc mRNA HHlo]] m]2]& odgks- oo}
2] 918 HepG2 AlZell Qw1 &3 WE Helslar =

W 525 Al#slick. SREBP-1c mRNAS] HH&l Q&
©] 825 50 nmol/LellAl 200 nmol/LE Z7} AZlel] wa}
3] F7FslSickFig. 1A). Q17 Foi7} SREBP-1c &+
W ket 24409 SREBP-1c 2 H3lol] vixl= avks &
of ®7| 9l &RlS &2k HE xulsla SREBP A7¥
7} 2] ks ARl ERS ol 83l FAsIN) AdE
22 HepG2Al|3EollA] A7 9l 4% SREBP-1c 5hid
S gekelE o g ZUPAZIrkFig. 1B).

ry

2. 2m}-2|ZA0| SREBP-1c Z8i0f 0|X|l= &2t

U2l 3EAbo] QlERloll o3l F7kEl SREBP-1c9] Wl
of] H|X|&= B35 doli 7] 918l HepG2 Aol Usil-2|E
Ahs w5 HE 18A17F XX £ 100 oM JETE A Els)
31 SREBP-1c¢ thiA whsd wisls glaul B35 3l gl
slgick YokelEARS 05, 1, 2 9 4 mmol/Le] EEE X
2Bl 75 el ol S7H A58 SREBP-1¢9]
child uldo] gekolEx o 7ha=slgl s 2H4J%] SREBP-1c

B Insulin (nM) 0 50 100

200

Precusor
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(68 KD) “ ..-
actin . ———

Fig. 1. Effects of insulin on SREBP-1c mRNA and protein expressions in HepG2 cells. A. Northern blot analysis of the effect

of insulin on SREBP-1c mRNA expression in HepG2 cell. B. Western blot analysis of the effect of insulin on SREBP-1c protein

expression in HepG2 cells. Cells were treated for 24 hours with 50, 100, 200 nmol/L of insulin. The protein levels were

normalized by f-actin levels.
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Fig. 2. Effect of ALA on insulin-stimulated SREBP-1c protein expression in HepG2 cells. A. Western blot analysis of the effect
of ALA on insulin-stimulated SREBP-1c protein expression. HepG2 cells were treated with 100 nmol/L insulin for 6 h, with or
without pretreatment with the indicated dosages of ALA for 24 h. The protein levels were normalized by f-actin levels. B.

[B-actin

Quantification of data expressed as mean + SEM of three separate measurements. Statistical significance was determined as *P <
0.01, and **P < 0.001 compared with insulin alone.

.0 1 *ok

Luciferase activity
(fold increase)
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Fig. 3. Effect of ALA on insulin-stimulated SREBP-lc promotor activity. HepG2 cells were transfected with a
SREBP-1c-promoter-luciferase construct (300 ng/well) and then stimulated with 100 nmol/L insulin for 6 h, with or without
pretreatment with the indicated dosages of ALA for 24 h. Data are presented as the mean * SEM of three separate
measurements. Statistical significance was determined as *P < 0.001 compared with control, **P < 0.05, #P < 0.01, ##P < 0.001

compared with insulin alone.

el vkl owl-g| 2ol ofel] gfelERow Fha 4, 2O-2|ZA0] AMPK EM0f| 0|X[= &2t

theo g dulg|Eile] ZHAIEolA AMPKE E4J35} A
71EAE gobir] $18te] HepG2 Aol go}-2lEAke &
2 WZ Xelsla AMPKS] XS Egsisicl. Io)-g
24 Aelol] o8l Ax] AMPK W& w3} glglon),
AMPK 9] ikl el ER o 7 ZI18ISIchFig. 4).
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3. &u}j-2|ZA0] SREBP-1c ©AL EA0f

Ys}-g]ZAte] SREBP-1c9] Wals At axp A
A FEollA GoubeAlE obir] 91810 Tuciferase assay

£ X3 HepG2A|Eo| human SREBP-lc HAZAE
(promoter) & W&AAZIIL QlEd w5 &2 Quwld 49}
2| Z4ke] 54 H2]7} SREBP-1cZ414He] FA ol w|x|E=
a9E 24 slglek 91€=I(100 nmol/L)S SREBP-1c 3
Azpe] A A8 TR, dekelEAE 05, 1, 2,
9 4 mmol/LE Hd A qElel o] FohE
SREBP-1c A4} o] gekelEd o2 A= 9lckFig. 3).

5. AMPK NIH|7} &xt-2|zAtof ofst
SREBP-1c MEn0| O|Xl= &1

npAete & Qlglel] sl F7HE SREBP-1c Thid
& AR ekl E el it 237k AMPK S 53 o
FolAl= A& Lolir] S8 AMPK AAIQ] compound C
£ Aelslo] SREBP-1c whid Wigle] wists Ql=ed £5%
o7 ZAset gukeleabe el o Fk
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Fig. 4. Effect of ALA on phosphorylation of AMPK in HepG2 cells. A. Western blot analysis of the effect of ALA on AMPK
phosphorylation. HepG2 cells were treated with 0.5, 1, 2 mmol/L ALA. The levels of AMPK phosphorylation were normalized

by total AMPK protein levels. B. Quantification of data expressed as mean * SEM of three separate measurements. Statistical

significance was determined as *P < 0.05, **P < 0.01 and #P < 0.001 compared with basal expression.

A Insulin (100 nM)

ALA (2 mM) - - + + +
Comp-C (uM) - - - 5 10

e weem
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Fig 5. Effect of Compound C on ALA inhibition of insulin-stimulated SREBP-1c protein expression. A. Western blot analysis

of the effect of compound C on ALA inhibition of insulin-stimulated SREBP-1c protein expression. HepG2 cells were treated

with 100 nmol/L insulin for 6 h, without or with 5, 10 uM of compound C. B. Quantification of data expressed as mean +

SEM of three separate measurements. Statistical significance was determined as *P < 0.001 compared with control, **P < 0.001,

#P < 0.01 compared with insulin alone.
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2 FAS, ACC ¥ SCD 59| wllg 2717 Ak 4.8
e 11, 2 ofe] Aol AE W oA $aae
Ak AMPK7} Zhedollxle] Aubdlel] Fo3t g

< 3) Fho] Hax|grH20]. AMPKE AES] ovA] 4
T ARE g sl olHolRAHE AlE U AMP7E
7k AdskElo] AAte] pARskE ASslkar AAA
< JARIH21]. AMPK7} QIAESlE AlgHA] 74l 3

ofsli= ACCS} 22 BA-Eol n] A3hxlo] 7ke] A4kt
o] ZraslAl Hvk B3k QliIskEl AMPKE SREBP-1c9]
W3S AAlsle] SREBP-1c9] 34 FAAE 421X FAS,
L-type pyruvate kinase (LPK) 52 W88 74A171d) 7
T8 Fd7bslA|9) metformin®} thiazolidinedione A2 ] <k
=91 pioglitazone®} rosigitazone®| ZHA|EelA AMPKE- 2+
ASHAA SREBP-l1c Wals A 9k opel
SREBP-1¢9] ¥7% FHAE H4eAA 7hollAe] AughAl-S
AAgto] Harw|9leh22~25]. whbA 2 A S ZHIE
of|A] Usil-g]EA4te] AMPKE EAAI7IEA19F AMPK 24
+ 53l SREBP-1c9] WS AARIIEAIE Lot Bk

Uw}g|TARS: zledF| o7 ubAsH= short-chain AMHAE
°oF F e sulfur ¥ARE 7HAAL 9lom] gt gakst
arph ok w3l JduhelEARE wEZEeole] TF &
49| T3t HzQalz 2hgeto 24 n|EFreole] 715
< 31N 16,17). 22 Lee 52 vt # o] d3t ]
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A4 AMPK 243€] 7Hrt d3he] AlEe] 715 o
& M IE Fast ot ol ek el Ake Aelel
92 ol F3hlz] AEe] AMPKE 371023 3t
71 olds MMAAIZR = Slekar Haslgleh2e6]. seik 25
AlZellA sl E4te] AMPKE SA43AA a3l e
g AR, FHAY F5E AR Wt
tH18]. & <A77 ARre] ZIPAIEFQ] HepG2 Aol
Uot-elihe Aeld A5 %kfﬂf o2 AMPKE| 14k
s} 2R deltond o
AMPKE BHAD S A8E % + 99k =
compound CE AMPK 2] #A-g AdARIG-S 735 vtz
2l oJafl S AIE SREBP-1c2] Whalo] 2Ju] A 3|55
o] ols}-elEAte] Ql4zlell Sl 271l SREBP I g
o}l 7ol AMPK®] 2337} Hholthe & & 99
=4

SREBP family+ %% 2. basic helix-loop-helix (bHLH)
HejE 710 A Esloll Bofohs WARAZA, o5 %
SREBP-1c 5HHA-2 4 X|(endoplasmic reticulum)$] =hol|
uladals] Al AgtEol el Zelsdigel Aol
Ql<relol] oJ3l] SREBP cleavage-activation protein (SCAP)
o] As}E]H SREBP-l1c ZA|XE o] E3lA] ¥, o3
o] Site 1 Protease (SI1P)%} Site 2 Protease (S2P)ell 2Jal]
efslo] H4Yo] WOz ofEslo] SREBP-1c8] 4 41
Z]'/} wEs 6{1“;]‘[11] ZEE Z & X(steroptozotocin)
% Edlof|A SREBP-1c mRNA7| 7+
gwar QlEsls FYsle o SRk B 9lan27)
olefgt Aeleh] wish= Ax}; wigsl F o] ZHAIZellA] Qs
Zlo] SREBP-1c8] §27e] 214} B4le] 2712 ool
olde] FHEIRUTH13,28,29]. & A= HepG2 Al
o142lS x]2jst = SREBP-1c9] HFlS Hdsloi=y), 9
“7lol] 9J8ll SREBP-1c FAkz449]9] 2497} SREBP-1c
mRNA, 73 9 248 e wio] B 21

baloiek. wedh dshe|Eie dudlel o3 Sk
SREBP-1c2] ¥F-S Alslgl A3 SREBP-1c ThiA
ol|4] #AJ& SREBP-1c wHiAZ o] A3S JAIBLS 4
Shi). Yokl EARE Qlgrelol ]3] Z71El SREBP-lc 4]
AzARslel B oAl oleld Ashe oo
2Fe] SREBP-1c ¥l 4| 3= SREBP-1c2] A4
& elalkea oluhe Hol ok

oldel s acopshH, Qe HepGAlEellA

SREBP-1c2] mRNAS} A7 vkl gl shAted oz uk

e TR, BBl dERlel Sl Sk

SREBP-1c AA} 2212} &A1} & oA 1] 2413 ohalal
-

o] urg AAlsiIct otu)-2] EAlo] SREBP-1c9] ks o
A 71AellE AMPK ] B3} HHH o7 Hofdt Aow
Azt whehd], ods)-elEAto] SREBP-19] 1kl of)7]

Aol AMPK 24 o181l e 714le] Sk Ao vt A3

ol ey Jow Prule] BY FEAUS T3 Ushe

Fafo] A7) WA AP F YEAS ok Lo}

7 A5 AZHE AR AR DS o Ushel

Eafol A7Ke] X ol 88 AF Yohit 91 A7}
ey Qow Yt

FO

TN vIUEA A Qe A o] e Ak
oAl &3] vk = 7HE3tolc}. SREBP-1ce AMAke] A
Aol Tofsts TS SAMIAA T W Xl W EAE
dol= Fa3k AAzARIA eIk B Ay &
o] ZHAEoNA Qls=loll 23] Z71¥ SREBP-1c W&ol 1]

A= GeFe dol B} sjick

Hid: ZHAIEZ human hepatoma cell lineQl HepG2 Al
ZZ5 AL3I9ek QIs7F d3)-g]E4to] SREBP-1c Wl
o| D];‘(]“ oJES wul BEy) 9xE]l BEo g dollgic)
SREBP-1c AALZAR Y (promoter) A A4S B3l ds)-
2| Z44o] SREBP-1c2] HAzAol| Fofsli=x| otopiigle}.
Us}-2l24te] AMPK 4ol v|X= Axh= AMPKE] ¢l
AR H7pslelom AMPK 2JAIAI]] compound CE ©]&-
slo] gut-elxite] AAlETTE AMPKE &3l o] FolAl=
2| golHggrt.

ik QdEwe SRoEHOR HepG2 AlEA
SREBP-1c mRNA 3 thild wislS Z7pA 7). dsl-e|Z
ARe- olgwlol| 28l Z71El SREBP-1c2] WS- Al
o} Lo}l FAL Qg o8l Z71% SREBP-1c A%
AALe] e ARk Lokl £ HepG2 AllEel|A]
AMPK] QLA}E Z7MAZch AMPK 24 elAlAle]
compound C+ ¢3}-2]EA4to]] &]3k SREBP-1c W3 A&
s ou| JA 3| EA

A2 Aok TAL HepG2 A|Tol|A] gzl ol =
7hel SREBP-1c9] Wl #apd o oAlehe & + 93
th. g sl FEAbo] 3QlEFIEZT ol ok Azke] uk
Aol tigh mapr} deAlel ik F& 9 Alge] St
Hog Hod Zlog Agxrh
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