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Non-alcoholic fatty liver disease (NAFLD) is emerging
as the most common liver disease in industrialized count-
ries. Recently, natural compounds that may be beneficial
for improving NAFLD have received increasing attention.
Artemisia annua L. is the source of antimalarial phyto-
molecule, artemisinin, which has been reported to prevent
obesity. However, the effect of 4. annua extract on hepatic
lipid metabolism remains unclear. This study was per-
formed to determine the protective effect of Artemisia
annua extract (AAE) on high-fat diet (HFD)-induced
hepatic lipid accumulation, and elucidate the molecular
mechanisms behind its effects in vivo and in vitro. We
found that HFD-fed mice with AAE administration (50
mg/kg/day) for 8 weeks dramatically reduced hepatic lipid
accumulation compared to the control mice taken with
HFD alone. The body and liver weights of AAE group
were significantly lower than those of HFD group, and
oral administration of AAE remarkably suppressed the
serum levels of triglyceride (TG), total cholesterol (TC),
fasting glucose, alanine transaminase (ALT) and aspartate
transaminase (AST) in HFD-fed mice. AAE significantly
increased the phosphorylation of AMP-activated protein
kinase (AMPK) and acetyl-CoA carboxylase (ACC) in
the liver of HFD-fed mice and HepG2 hepatocytes.
Moreover, AAE downregulated the hepatic expression of
sterol regulatory element-binding protein-1c¢ (SREBP-1c¢)
and fatty acid synthase (FAS) in HFD-fed mice and high
glucose-treated HepG2 cells. In addition, the inhibitory
effects of AAE on the overexpression of SREBP-1¢ and
FAS were attenuated by compound C, which is the spe-
cific AMPK inhibitor, in high glucose-treated HepG2
cells. These results indicated that AAE may represent a
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promising approach for the prevention and treatment of
obesity-related NAFLD via the activation of AMPK and
the regulation of AMPK-dependent lipogenic genes.

Key word: Artemisia annua extract (AAE), high-fat diet
(HFD), fatty liver, AMP-activated protein kinase (AMPK),
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4 TH3, 4]. 9] BT AP A% M 19
S IEQIAE HRRlEY, HAFEA XX (non-
alcoholic steatohepatitis, NASH)S| W 7154 YA] H]
o] 5ol Bl F716H] wiZel BlgEES/d Al
W AR FRES AAA717] HsliAE Aol
TR 5T T2 T2 3 FA H|gE E o]
=2 TS A 5 = A7
59 "AFE &7t #=7F Basith

Z| vRto] ofgk ARt i 2 ko] x|F thAr
A AFolA 7P S5 v®AE AR 59 shurt
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ESGA7IAY A7 dES AATeEZH 1 Y9
AP Aeks S7HA71AL, SAAE S S22 FAaAA
Zke] AAAL w7 o] F23%
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ZFZ 59 hydroxycinnamoyl quinic acids @ flavonoids &+
T YHsHA A=l Arhe ATE Hirshle27].
I8y MESRFEEC] Al D A WolA AR A
W3 2 85 ojutt AEE A=A, 1 A
71340 #fM= FSES A7 FFE o] gl

ojo] & ATtoAl= AAHA]o](high-fat diet, HFD)Z
A 7S 8L upAo) INELEEEE(4Artemisia annua
extract, AAEyS 857t AFFg &, 1+ A9 At
54 9 o]& 2Hst= FHAEN AMPKE}L 37 ACC,
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Materials and Methods
Ao}

Al HjFo] = Q35 Dulbecco’s modified Eagle’s me-
dium(DMEM), fetal bovine serum(FBS)Z}; penicillin-
streptomycin< Gibco-BRL(Grand Island, NY, USA) A&
S ARSSMRA, AME AIZo] ARESE methyl thiazolyl
tetrazolium(MTT), AMPK inhibitor(AMPKI)?l compound
C+ Sigma Chemical(St. Louis, MO, USA) A& +¢
ol¥tt. 18]31 Western blot analysis§ ¢|$t phospho-
rylated-AMP-activated protein kinase(p-AMPK), phospho-
rylated-acetyl-CoA carboxylase(p-ACC), total AMPK,
total ACC2} SREBP-1c, FAS, B-actino] High Uz} FA
= Z+ZF Cell Signaling Technologies(Beverly, MA, USA)
@} Santa Cruz Biotechnology(Santa Cruz, CA, USA)°]|
A, 2Z FA|Q anti-rabbit IgG conjugated horseradish
peroxidase antibody+— Cell Signaling Technologies(Beverly,
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MA, USAYIA 7<lste] A-83tsic.

NE&FEB(Artemisia annua extract, AAE)Q| HZ
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9] &RI(IUK-M-1301/01)= o} 55 AFS ZPsHe]
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A7)0l Research Diets(New Brunswick, NJ, USA)
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At A Aot 242 AAE HAl 5dgH ¢ A
AA-E Fooiqitt. A A7 AX EF Aol=
At glo] FFoIAL, AR 2= 22 £ 2CE {A5}
gon, 2L 12417 27](08:00-20:00)2 ZFA35}FITh.
E, 859 A7 5% Wi 134 AlSH ARHHT
< oo, 57499 SES AAF AlA BHS A
Hota 7+ 232 9 AgRAS Besio] RAE 574

S 4

=
= o
ESILES

o

i)

(R

)
Mo

ARgo] B¢ A EEEREH AFT A2 FHEY
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AHE Bl BT BHS 2AL YEI( 800)
o A o] AHgsieict. 98 U
9] ZFAA|uk(triglycerides), & E&|AH|E(total cholesterol,
TC) ‘&X=+ Asan Pharma(Seoul, Korea)2] assay kit= F-4]
51937, ALT, AST 9 glucosex= Sigma-Aldrich (St. Louis,
MO, USA)9] assay kitE AR&5to] =75

Hematoxylin & Eosin(H&E) g2 0|28t XTX|5HA
M
M

HI

NYEZRRY A4S 7+ 2% A2E 4%9] parafor-
maldehydeo] 4 24417F ERF AT THE, SAl-EE
gt ds-nve] 2YRge AH 5 ume
A AW &dlol=2 A5t F H&E(Sigma-Aldrich, St.
Louis, MO, USA)Z FAs}1l o]& FsHe u|F(Axiovert
200M microscope, magnification x200; Carl Zeiss, Jena,
Germany)C & st Av|F o= aE IF 229
Mot 229 A9 2 93 =] wet e 2ol
43} SFATHO = no steatosis; 1 = minimal steatosis; 2 =
slight steatosis; 3 = moderate steatosis; 4 = marked stea-

tosis; 5 = severe steatosis).

MZE Y 2 MESHAIA

o17t ZFIAIZSl HepG2 A|EFE= American Type
Culture Collection(Manassas, VA, USA)ZF-¥ FoFg 1wt
o} AE35F3 T HepG2 A|E: 10% FBSI} 1% penicil-
lin-streptomycin} 2 7}8 DMEM HjX|& o]-&3}o] 37T,
$9% CO, 27014 Wratsic). oln) Unkel Hjorz
ofA]&= 5.5 mM D-glucose(Sigma Chemical, USA)E Hl
o A7}elRl, XWrS(steatosis)S 57| YTt high
glucose HIYZRZAAE 30 mM D-glucoseE AME-5HS
TF. HepG2 Af|3zojA] HjzZo] wE AAEQ] A=A
= B7F5l7] IS MTT assayE AlB5HATH HepG2 Al
EZ 96-well plateo]] 1 x 10* cells/well?] WEE EZF35}
3, 24A17F B9t eFHSE A7l 2, 5.5 mM EE 30
mM9] D-glucoseE $H3-5t serum free media®| AAES
o3 7}A] =%(0, 10, 100, 250, 500 xg/mL)E 3] 3}o]
ARt F, Al 24A1%F BRF HigSERAT) Higo] £
S ZF wellof] MTT 500 pg/mLE 4A|17F B9t A5t ot
, A|ZEo0| ATt formazan crystalS DMSOE AR5}
&ofistar, 1 A F=E RSt 98] 570 nmof|A]
S}t (absorbance)E &4 513t

oot 2 oo

High glucoseZ X|4ES {8t HepG2 ME Al
A o] AWl (steatosis)S FE517] Y3 Kuo 59
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o] wel HpeG2 AEZE 24 well plateo] 1 x 10°
cells/well®] e BEF5101, 24A17F F9F QFASKSE o
<, 5.5 mM %+ 30 mM D-glucoseS -3t serum free
media®]] AAEE 0, 10, 30, 100 ug/mL =2 35]45}o]
g & 24A7F F A|ZE wiFsblch28]. g,
AAES] 280] AMPK 0] JEAIA|E elst] 9
stol HepG2 A2 9o BAT WOz Haslol 2
A3gE o2, AMPKIQl compound C(10 #M)E 1A|7F
Bt AHEd & AAEE 30 mM D-glucose”} TH-E
serum free media®] 3]43}o] 100 pg/mLZE A T|5}1l, 24
AZF B WSk olF ztzte] Aol HET
HepG2 A ZE o]-&5to] AAEZ} 7P| 29] A|95of 1]
= TS TSl

Nile red binding assay

Uul = high glucose HFRZANA AAES 0, 10,
30, 100 pg/mLZ 24A17F 5 AE]$t HepG2 NEE 4
204 4% paraformaldehyde® 1587 37143 o2,
PBSZ A|&5}al, 1 pg/mL2 Nile red solution(Sigma-
Aldrich, St. Louis, MO, USA)S 37CoA 90&7F ¥HS
AA A U S48 AS dAsHTh dAaE A2
stdu|4 o2 &L 51991, Nile Red fluorescenced] 7}
== microplate fluorescence reader(Varioskan, Thermo
Electron, Vantaa, Finland)& ©]-&5to] AFHog =75}

A Hemission = 530 nm, excitation = 485 nm).

ZHIE W S4XY & & SYAHE 54

A7) Aslof A AojA HepG2 A|EO] protease inhibitor
@} phosphatase inhibitorE X35} RIPA buffer(Abcam,
Cambridge, UK)E Yol #43} 3t b3, o|& d4l&d
(12,000 x g, 10 min, 4C)35}] AF&N-S 5}l bicincho-
ninic acid(BCA) HO.Z cell lysate?] & TiAZFS =4
St 24 gdHAFS 7|Z0 2 cell lysate?] L2
B YU5HA 9 &, Asan Pharm(Seoul, Korea)Q] assay kit
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Western blot analysis
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A B RS TES ERlsh] A =Y ¢t
%2 9 AZE RIPA buffer2 #2351 A47]9F 5L
3t MO R cell lysateS FEoIrh gl 52 5
A3}A gh& cell lysateo] sample bufferS Egt5to] 100C
oA 783t 7tEstaL, ofgA EHld i AlRE 10%

SDS-PAGEZ Z7]953St &, polyvinylidene difluoride
(PVDF) membrane©] 7|3 5% bovine serum albumin
£ GR35l tris-buffered saline(TBS)E ARE5lY] 1A17F &
QF blockingd}itt. o] p-AMPK, total AMPK, p-ACC,
total ACC, FAS, SREBP-1c ¥ p-actin T2 o] A-3-35}
= 449 12 9 22 PAE <AH R THGAIR] T,
membraneS A5}, ECL 902 X-ray Yo 74
S A7 oS, 2AE HI=9] =& Chemidoc(Bio-rad,
USA)o.2 BAsqh

=g
EI% A FH4 33] ol WHE HAISHRlN, A¥E
I+= mean £ SD.E HA|SIECM, one-way ANOVA
test?} Student’s T-test& A A5} pgko] 0.05 o]s}el 7
Sollgk BABA Sojgol Ik How Bt
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£ ]

IR0l E BREAoA 87 Folste] AW A
TAA Ol 2 H(HFD) ] -, LHt2]o]

St HAFE(ND) i8] OF 41% HE FoJsHA A%
o] &7}=o] 44.04 = 3.7 g& 7|E3t HFH(p<005), AAE
£ 50 mg/kgO 2 FoiSt ZH(HFD + AAE)°| A= <F 20%
o] FoJjt AlS HAE EUTHFig. 1A, p<0.05). &, 85
7] Fo7t TRE F 143 APRAE HESto] 74
= JAGA ot RO A HAEET oF
60%2} 170% o4} bk A gz2] BAZ H2l5H] &
H AZ AT = ASUTHp<0.05). 12U, o7t 1A
WAlo|tj 2o Bl AAE Fojto] A& 1 FA= <F
22%, A|HZZA BEA= oF 28% FZ7t F9s5HA A H
p<0.05) AAE7} T A¥F4lolo] ot A5 57}

2 ofuet, bt Az o) Hig) 4] o] gl SEL

7

=

0.

3
H7b @3 W 44, & SH2HE € 2T 5%
¥l mx|= 3k sHolsly] 9js AYAsletA HAF
2 AA8F A3}, Fig. 1D A9} o] T A|HA] o]t 239]
A SHAGL g thEl oF 222% F7HE 119.8
8.37 mg/dLZ =79 WHH(p<0.05), AAE Foj7#2 11X
HrAolti 2 oiu] oF 33% TaH SIS e
(p<0.05). ZAYT 3 AW AL =A< F83F A
B F sl & SUAHEY A9, LA LA ol 2
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A AT oF 245% ol w2 & SYIAHIEC] & H&ER GASH, 9" A dvPom wEdt 4
AF A2 U(p<0.05), o]t F FHXENES] F7h= AAE I, FAw] 7 2E2 A F3oH o= <l Ly
AFel Qs oF 54% F= FoASHA AAFACH(Fig.  S°l A9 HEHA ektou, XA otz 3t
1E, p<0.05), AT 9 & S LE S0 A3t AAES] Aol FHsHA vetd A2 &0 5 A ol<k
A4 ade 35 @9 vk SHNAE SdsHA ®E 27 AAE Fo29 B¢ AT wARE £ 24

T Qlth(Fig. 1F, p<0.05). SHA AFES HYPS B oYz, steatosis score|AE I
Aol |2 o] 43% 77tol #AE ZaAA B
AAEO]| oIt 2t EX|o| X|UE(steatosis) TH shHog [olgh AS A 5IHE UERTHFig. 2A,

87719 Fol R F upeao] 7k 2HS At p<0.05).
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Fig. 1. AAE attenuates high-fat diet (HFD)-induced obesity and its related biochemical markers in mice. HFD-fed ICR mice were
orally administrated with 50 mg/kg/day of AAE for 8 weeks (HFD + AAE). As a control, mice fed with ND or HFD were
administered with an equal volume of saline. Eight weeks later, changes in body (A), liver (B) and fat pad weight (C) and the
serum levels of triglyceride (D), total cholesterol (E) and glucose (F) were measured in mice. Data are expressed as mean + S.D.
(n = 5/group). *Significantly different from the ND group (p<0.05). “Significantly different from the HFD group (p<0.05). ND,
normal diet; HFD, high-fat diet; AAE, Artemisia annua extract.
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ot

H, 719 AF U 9 o2 Qg A &40 A
HEHXN EH W AST € ALT =32 EA43F Z23= Fig.
2B9} ot nAHAl ot 2] @A oA AST+= At
Hr} 28] oA AF5H 69.9 + 8.7 IULE Ueh} A5
&9 712 Bt} v, AAE Fojo] A4S 541
57 IULZ S9ol5HA 74stath(p<0.05). 7+ 27 9l
Aol S E BAkEl= ASTeE 9] 7t Eol& el
AR ALTY] A, A2t =2] EH o4 48.6
+ 6.6 IU/LE YeR AAdatol B8] 170% oY 7ot
RO (p<0.05), AAEE 877 Foi gt upe-A0] FAofA
L 0k 30% Z0]E 33.8 + 2.0 IULE &X=Eo] Lo3t
20 714 AHE HYoh(p<0.05).

Zto| X|ECHAL Z=HF QIXI0 CHSt AAES] He

DA 0|2 AEE FES R4 7o) XA
A 28] Folst= F8 ARt it AAEQ] J3FE
Hrtel7] Yol 7+ 202 HE cell lysates I o2,
Western blot analysisS AA|olo] A9 /45t E=
U BASHAT AT G A4 olof Qs 7

o] WAt mpeAoAE tHEAQD AW T
A}l SREBP-lc 4 o|& QI3+ FAS whiz o]
OJ5A Z7FE1 o (p<0.05), AAE Fojo]
FARe] Wdo] BASHHoR ou] SIA
°2 YePTHFig. 3A, p<0.05).

AAE| 9J3t SREBP-lc ¥ FASS| W& JA|9] 28
714 gRlst7] flsfl ol FAAS A9 °A 24 <
A2 42zl AMPKS} 34 AMPKOY| o8] 2EEE= E
OE 2 g4 B a4 ACCY A} £ FHl
Stk AMPKZL QIATSHE]o] Z/JSHE]R acetyl-CoAS
malonyl-CoAZ TTEE G491 ACCE HIR QlAMS|E
A BB =T[9, 11], Fig. 3BA et Zo] A+
of Hls] ILAFA o] 2T p-AMPKE} p-ACCE -2
S 74AE HHA(p<0.05), AAE £ p-AMPKS}
p-ACC @2 B&F ou] Ql= $F07 F7HH 208
UEPATHp<0.05). o]= AAE7} Q4SS B3 AMPKE
LSAZICEN ACCE EE/I3H A1FlT BAlo] AMPK
o] 98] %4 SREBP-lc, FAS 59 §42 #dS
ZAFoEN 9] AAUAE 2ES AR

[¢] o My
[t Jo i& j{zs
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o

|

B2kl X
i e rgh [ ok

HFD + AAE

Steatosis score (a.u.)
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80 # [ JAST
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60 - # .
S 40 ¥
20 -
0
ND HFD HFD+AAE

Fig. 2. AAE alleviates hepatic steatosis in HFD-fed mice. After 8 weeks, histological images of H&E-stained sections obtained from
liver and scores for hepatic steatosis and inflammation (A) were analyzed and the serum levels of ALT and AST (B) were detected
in ND or HFD-fed mice. Data are expressed as mean + S.D. (n = 5/group). *Significantly different from the ND group (p<0.05).
*Significantly different from the HFD group (p<0.05). ND, normal diet; HFD, high-fat diet; AAE, Artemisia annua extract; ALT,

alanine aminotransferase; AST, aspartate aminotransferase.
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Fig. 3. AAE reduces the expression of FAS and SREBP-1¢ and promotes the phosphorylation of AMPK and ACC in HFD-fed mice.
The expression of FAS and SREBP-1c (A) and the phosphorylation of AMPK and ACC (B) were analyzed in the lysates of liver
tissues from ND or HFD-fed mice using Western blotting. A-actin was used as a loading control. Densitometry ratios of FAS,
SREBP-Ic, p-AMPKa, and p-ACC were normalized to the corresponding B-actin band. *Significantly different from the ND group
(p<0.05). “Significantly different from the HFD group (p<0.05). ND, normal diet; HFD, high-fat diet; AAE, Artemisia annua extract;
FAS, fatty acid synthase; SREBP, sterol regulatory element-binding protein; AMPK, AMP-activated protein kinase; ACC, acetyl-

CoA carboxylase.
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Fig. 4. AAE decreases high glucose-induced lipid accumulation in HepG2 cells via the activation of AMPK and the regulation of
lipogenic genes. HepG2 cells were incubated in serum-free media containing normal (5.5 mM) or high (30 mM) glucose

concentrations in the absence or presence of AAE (10, 30, and

100 pg/mL) for 24 hours. Intracellular lipids were stained with Nile

red solution and assessed by fluorescence intensity (A). The levels of hepatic triglycerides and total cholesterol (B) were measured
using commercial assay kits, and the expression of FAS and SREBP-1c (C) and the phosphorylation of AMPK and ACC (D) were
detected in the cell lysates by Western blot analysis. Densitometry ratios of FAS, SREBP-lc, p-AMPKa, and p-ACC were

normalized to the corresponding B-actin band. *Significantly

different from normal glucose-treated cells (p<0.05). “Significantly

different from high glucose-treated cells (p<0.05). AAE, Artemisia annua extract; FAS, fatty acid synthase; SREBP, sterol regulatory
element-binding protein; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA carboxylase.
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Fig. 5. AAE downregulates the lipid contents of hepatocytes and the cellular expression of FAS and SREBP-1c induced by high
glucose in an AMPK-dependent manner. HepG2 cells were treated with the AMPK inhibitor (AMPKI), compound C (10 #M), in
serum-free media for 1 hour, followed by incubation with or without 100 xg/mL AAE for an additional 24 hours. Lipid-bound Nile
red fluorescence (A) was measured using a microplate fluorescence reader. The concentrations of hepatic triglyceride and total
cholesterols were measured by commercial assay kits. Western blot analysis of FAS and SREBP-1c¢ (C) was performed and S-actin
was used as a loading control. Densitometry ratios of FAS and SREBP-1c were normalized to the corresponding A-actin band.
*Significantly different from normal glucose-treated cells (p<0.05). “Significantly different from high glucose-treated cells (p<0.05).
"Significantly different from high glucose plus AAE-treated cells (p<0.01). AAE, Artemisia annua extract; FAS, fatty acid synthase;

SREBP, sterol regulatory element-binding protein.
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), TR (simple steatosis), A%} (steatohepatitis),
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AAQ]l compound CE A5}l WA AAEE A 2|5l
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