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Berberine is an isoquinoline alkaloid used in traditional Chinese medicine and has been isolated
from a variety of plants, such as Coptis chinensis and Phellodendron amurense. It has a wide spec-
trum of clinical applications such as in anti-tumor, anti-microbial, and anti-inflammatory activities.
However, it is still unknown that berberine related with reactive oxygen species (ROS)-mediated
apoptosis pathway in human hepatoma HepG2 cells. In the present study, we are examined the
molecular mechanism of ROS- and p38 MAP Kkinase-mediated apoptosis by berberine in HepG2
cells. Berberine increased cytotoxicity effects by time- and does-dependent manner. LDs;, was
detected 50 pM at 48h of exposure to berberine. Nuclei cleavage and apoptotic DNA fragmentation
were observed in cells treated with 50 uM of berberine for 48h. Moreover, berberine induced the
activating of caspase-3, p53, p38 and Bax expression, whereas the expression of anti-apoptotic sig-
naling pathways, Bcl-2, was decreased. Additionally, berberine-treated cells had an increased level
of generation of ROS and nitric oxide (NO). These results indicated that berberine induces apop-
tosis of HepG2 cells may be mediated oxidative injury acts as an early and upstream change, trig-

gers mitochondrial dysfunction, Bcl-2 and Bax modulation, p38 and p53 activation, caspase-3
activation, and consequent leading to apoptosis.
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Fig. 1. Chemical structure of berberine.

Mitochondria®ll 4]  pro-apoptotic Bcl-2 family= MEZZ
cytochrom-c& WEA|A caspaseE E4J3}5IAL reactive oxygen
species(ROSYS AAtste] A3 O Z apoptosis’t Fr=dTh? 2
AL} ROSS| #d A5 HYH apoptosis’} L=+ Al o A]
anti-apoptotic 35 UERAL Jom'tD s o 7 $15kg o]
U AR X8 A] A apoptosisE e QIAIRE &
A Ytk ROSY TEo] AEAH AEFAZ Nitric
OxideNO)= | FoljA eFEo)u} WA X8 A &Fre] v
2 A3 APES JAlk= 37 Ao} x&Hoz Fy)
S AlZS] APES fEshe o2 4EA U4

p532 AR FUYAAINEZ DNA 34 ps3 @A
of BAIET MEF7|= GIEAlNA HF-E1 DNAS 4
a7l ==dl, o] wW DNAS] F4le] dF& oAl &E H$ ps3
FAAe] A9lo 2 wild type p53Ere] WEo] FEEW A|E
joll apoptosistt Al EA37de] AAET) p53S Atsh-Shelo] &
AE AN @486, ol FdAESRH THEoA
AREEC] whgAdo] st AAE e A= AkslaA o
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Berberine> oL} &l Soifle F8 AAEoE Fo|35}
o] 2 JALE 7R AR ol &HIAL glow ) A, T
2G-Z sk AL gy gEA JUthFig 1) T A7 HY
Aol 2oA|, Frlshakgo] glow, ofz] YA ETFolA Al
EZA A} AlE=A E3E FIARITRE B} e
A 57kX)€] berberine®] FPE IOl ASH B2 A7 AP
=ul, 53] Algrel Al 2eh oAl e ste) 7)
A MEF 28-S HAAF]AL caspase-32} mitochondria®)
Bel-2 familyell 532 o DNAS} W)z thAle)] $&A4k8 F
o] 3FHOE QMRS F2L AAAZITLY? HZ B9
)3}  berberine®] ZFI A E oA  mitochondriaZ 7383
caspase-32/dll &8} apoptosis 70| BIESICH!D o]2fdl A
TAHNE E35}] berberine® o8] EFHE0] Bo| &EA UL
L} berberineoll 93] FX= = apoptosis®] 7174 ROS<}H
p38 MAP kinase®| #&d/dol| thaljir= of4] LA UA] L.
ofef] & AFAME AFES] I EZFRI HepG2 AIZE )%
&tod berberineo] 23F A2 AFE7|Zo|A ROSF p38
MAPKS] A& F9siaa siick. £ A7dse] ojsm
berberine®| ]St A ZAVE I A4 p38 MAPKIF Al EU 9

ROSSF NO9 AAL =772 AAE ROS7} mitochondria
o] BaxZ¥S %3] cytochorm c¢c& cytosolZ WEA|A
caspase-39] AL Fske dHY Y2 $31¢ berberinedl]
oI5 HepG2 AlES] AMESE =82 FRIsIth

SR

Al R APAE. APl 3 RPMI 1640, A,
trypsin 2 fetal bovine serum(FBS)<> Gibco-BRL(Grand
Island, NY, USA)IA T3, vl g87](96-well plate,
24-well plate, 10cm dish)~ Falcon(Becton Dickinson, San
Jose, CA) AFS A3ttt Agol] A8 2FA berberine
(2,3-methylenedioxyprotoberberine ~ chloride), ~ MTT(methyl-
thiazol-2-yl-2,5-diphenyl, tetrazolium bromide)~=  Sigma(St.
Louis, MO, USAPIX T743I592™, Bel-2, Bax 2 caspase-3,
p53, p38 59 &A= Santa Cruz(San Diego, CA), anti-rabbit
IgG conjugated horse-radish peroxidase®} enhanced chemilu-
minescence  kit(ECL  kit)jx=  Amersham(Buckinghamshine,
England)ollA] F+38k] ARE-313T}. Genomic DNA F=0f A}
23t Wizard Genomic DNA purification kit~ Promega
(Medison, WI) A& 27 Fdstd ARS8t

HepG2 M¥¥%. Berberine®| AlE54E A¥s7] S8l A
& 7k} M EF9] HepG2AKCLB 58065) AlXE g AXFL
DAL elFishel) B wol ALgsidch ATHle
2 $3 10% fetal bovine serum®| $HrE RPMI1640 HHFY
o2 ANE w7 5% CO, 37°C ZASE wjdsle] B
9] apoptosisBF ool AHE AYslEt @ EAAYETE
A2 FssH.

AE PEL. AT =SS AlE wiUdE-7](24-well plate)d]
HepG2 ME@2x10* cellswel)E 1 m#y EF30 24X |7+ &,
berberines Z7}e] TR A2lslsivt. Zhzte] iAol ul
UL AAS- 1/10 MTT £ (5 mg/m/yS FA7Fd vl Z 22A|
313tk 317 & HikNS A A DMSO(1 mHE 3718}
AEE L3271 ¥ ELISA reader(Molecular Devices Co.,
CA)E |83l 570 nm PN FFE=E SA SIS

DAPI 94. HepG2 AlZ(2x10%ells/well)E 6 well W87
off B3kl wjgrlelA 37°C, 5% CO, &A= 1877k o4
woFeted MEZE F2A7] 5, berberineE X Elaled 48417 )
Fatdrt AEE wA 7Y PBSE 23] AlFH X 4%
paraformaldehyde -4 02 308 & A20x skl PBS
2 33] AFsitt. Az 82 FFHEE] DAPIQ ugm)HE
3087 FAska. PBSE 33 AMlAste] 33 dAn|7d(Olympus X
70, Japan)© 2 I3 33T},

Annexin-V FITC @48 9% AE. HepG2 Al E(2x10°
cells/well)®l] berberine(50 uM)E A &|3Fe] thza3t 244|743}
48117V X ZFz} apoptosisZt - Eo1Z HIE Annexin-V-
FITC/PI @M oz goslgdth AEE PRSE AAsia
trypsin® = wWlojd ¥ PBSE 13} A3t} Binding buffer
(10mM HEPES/NaOH, pH 74, 140mM NaCl, 2.5mM
CaCly) 85 ukll AIZE F-HAIZ] % 10 W] Annexin V-FITCS}
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S5wel PIZ 1587 ¢49HE AlZTE Binding buffers 300 we
2718k flow cytometer(Beckman FC500, CA)E #1813t

Western blotting. HepG2 4| Zol berberineS #2]sty dA
A7t § A, PBSE 23] AlAgE F- Zhze] Al AlE
£8) ¢=8A(50mM HEPES pH 74, 150mM NaCl, 1%
deoxy-cholate, 1 mM EDTA, 1mM PMSF, 1 ug/m/ aprotinin)
= F7kslA, 4°CollA 3087 HESA1Z]AL 13,000 pmellA] 208
7+ 9a EYst A& AE 838 Bradford WHE ©l8-3)
of GAARE ST T AT LA d 200 pg)
2xsample buffers} E3}e] 98°CollA] 5E7ZF 32 Fol SDS-
PAGEE ANt AT B geld] @REL
Nitrocellulose membrane’del] ©|FAZ T Nitrocellulose
membrane blocking buffer(5% skim milk)e} “d=A] 1A|7F
H-EAIA HISold AAEE AAAZ T Bel-2, Bax, p3s,
p537L2]3L caspase-3° Wit A= PBSO 1:1,0002.2 3]4
St A2olA 90% WEE- 3 0.05%(v/v)2] Tween-20°0] X3+
PBS(PBST)E 33] 4|3 % o|x}3}A| anti-rabbit IgG conjugated
horse-radish peroxidase®} 1A]7F ¥HS-A|Z o} Nitrocellulose
membrane= PBSTZ 33| A& % ECL kit(amersham,
England)S ARE-3ted ECL "ol 7H-3A17ch

Nitric oxide(NO) &4. HepG2 A|EE 24 well A Za|SE
710 A berberineS EEEE X @)dted 24x)7b3} 484]7) u)
Wt F HjFAS S Gress reagentH-S ©]8-3k] il
ol NOo| & SA3ATE 96 well A Zug7]ol ufof
100 W/t Gress reagent(1% sulphanilamide®} 0.1% naphthyle-
thylethylendiamide S X3$H$t 5%(v/v) phosphoric acid) 100 p!
2 Esle] A2elM 1087 ¥heAZl F 550 nmell M F-3%
& S5t 35318 sodium nitrite(sigma-Aldrich, USA)
& Y8t A3sidnt.

Reactive oxygen species(ROS) 4. Ao A/d¥ ROS
= AEHR FaE= ¥ YB3 carboxy-H,DCFDA(6-
carboxy-2',7'-dichloro-dihydrofluoresceine  diacetate, dicarboxy-
methylester)S ©]8-3to] S45FAT HepG2 M EZ(2x10" cells/
well)°ll berberine(50 uM)S- 2] 8tal ZH2F 24, 48A17F vl kgt
AZo 5puMe] carboxy-H,DCFDAZ 37°Col|A] 30%7F wE-A]
71 & M|Z£E PBSE 23] AHH Trypsin®E A& w|of
o] Opti-MEM Hi=|of| ZF-5 AIZATH Abstol] fde @3]
B]5-2 flow cytometer(Beckman FC500, CA)E 480-530 nmol
A S8

A B4 Y. & 439 319 Zie 3 e
on, EAEYL meantS.DE FABINIL, ANOVAS| osf &
ARt BAA F242 p<0.05E A3
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Berberinedl] 2J§t apoptosis . AFEe] 7HIA|E2] HepG2
A A7 2 FETHE berberineS X T|skd MTTHRE O R
AEEHE FE3AT. L A berberinedl] 93] M E=/Jo]
T dEFor FTIINCH, LD 50 uMAE] 7 484]
7kl A2 CH(Fig. 2). Berberined] 23+ AlZAFE-S Annexin
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Fig. 2. Effect of berberine on the cell viability of HepG2 cells.
HepG2 cells were treated with 0.1% medium (as control) or berberine
(10-300 uM) at 37°C for 24 and 48 h. The proportion of survival cells
was measured by MTT assay. The experiments were petformed in
triplicate. Data presented as means+S.D. of three independent
experiments.

V-FITC/PI 9M< o]8-3k] Berberine 50 uM F%22 2417k}
48X)7F HeFS & apoptosis®] WE-s& S SITE Annexin-
Vel ¢dalg HBo) %7) apoptosis?h Annexin-V&} POl FA%
HHol Z10H apoptosis®] G 24A|7HH 48AI17F ZH2E 29.3%
9} 883%= JERHSITHFig. 3A). T3 DAPI GXo 2 3¢
HefE Fels] 2 A berberine2 *I2|¢F FolA apoptosis®]
ExQl o] =3 Fdo] RIEATH(Fig. 3B).

Berberined]] €]3 Bel-2 family$} capase-3¢] @&, Caspase
= theksl Aol 213t apoptosis ol F83F 92 dle=
d], casepase-32] &/d3= DNA fragmentation®] YER-= A
Ao dojdt). B3F Bel-2 family protein M EZ9] 5
HgE FEsiAY AAlshe 982 o= apoptosiss 4
b0 B A g o)A berberine A2 F A ALk wE
caspase-3%] &4} mitochondria A1E¢] Bel-2 familyellX] Bel-
29} Bax®] 23S #1319}y 2 A3} caspase-3%] E4Jo] A
7F o)A o2 GUEA O™, anti-apoptosis protein?] Bel-29]
AH L perberine X8 & AlZko] Agoll w}t AAE] ZhAn
A3, AhFo g Baxdl W2 AlZE )R ow FULEIiY
(Fig. 4).

Berberined]] 2§ Ats}E AEd 2o 2§ AHEEA.
Berberineol| 2J3t M| £9] &5 4lshy SE# I By o
£ 3RIGITA} berberines T3 L2 A7|dte] 48A[7F Wi
oF & ujorol o] AAE NOo Y2 sk 1 A%
berberine®] E%ol vlEEl] NO2 %o] Z71819thHFig. 5A).
ESF ROSE berberine 50 uM FE2 0, 24 T18]5L 4877} uf
kgl & H,DFF-DAE 333 A3, flow cytometry assay=.
2319t A3, berberineS * 2|3 Rtz B]EHA
berberine2 2]t FolA 247 FA3] F7HE HIAL
487174 ROSS AB/do] 2F7k ZHAs3itH(Fig. SB).

Berberined] 2§ p533} p38 MAPKS] ®A. ps3e %4
A FARZ RAF 2] DNA &3¢ Azl 735, &
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Fig. 3. Berberine induces apoptosis in HepG2 cells. (A) Assessment
of cell death by flow cytometry. Cell were treated of berberine for
48 h then harvested for analysis of apoptosis using the Annexin V-
FITC/PI apoptosis cells detection kit. Total percentage of apoptotic
cells in each treatment group is summarized with data represented as
the mean+S.D. from two separate experiments. (B) Changes in nuclei
by DAPI staining. HepG2 cells were treated with 0.1% medium (as
control) or berberine (S0 uM) for 48 h, and stained with DAPIL
Apoptotic  cells were measured under fluorescence microscopy.
Apoptotic cells indicate condensed and fragmented nuclei (arrowhead).
Magnification x200. Pepresentative photographs are shown from three
repeated experiments.

48  time (h)

Fig. 4. The expression level of caspase-3 and Bcl-2 family protein
by berberine. Western immunoblot analysis of pro-caspase-3, clevage-
caspase-3, Bcl-2 and Bax expression in HepG2 cells. To define
regulation of Bcl-2 and Bax expression in berberine induced HepG2
cell death, cells were treated with berberine (50 uM) for 0, 12, 24 and
48 h, The cells were harvested and analyzed by SDS-PAGE and
subsequently immunoblotted with antisera against caspase-3, Bax, and
Bcl-2. Actin was used as the loading control.
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Fig. 5. Berberine induced oxidation stress in HepG2 cells. (A)
Generation of nitric oxide following berberine treatment of HepG2
cells. HepG2 cells were treated with berberine for 48 h, and then the
culture media were collected. Nitrite was measured by Qriess reagent.
(B) Induction of ROS production following berberine treatment of
HepG2 cells. After treatment the cells were load with DCFH-DA and
fluorescence was measured at 490 nm excitation and 530 nm emission
using flow cytometry.

o] Z7}ela, Z71E p53 cell cycle arreste} apoptosis®] T+
7K Az #sA ok B AEe] A3}, p532 berberine
g & 308 3438 7Rk KZWIA] FAEHATKFig. 6).
MAPK= ME9] 52, £33}, 283 AX9 A& AEAPES
I3l opket AESH 75e 2T 9HA doh &
234 berberine X2 Al MAPKS] &4 413 ZH=d| High
BEHE glsly] ¢35k MAP fanily?]l p38 MAPKE: Western
blote 2 31313t 2 A3, p38 MAPKS| /-2 berberine
2] & 3080 F43%] Skl 22 fAEATHFig. 6).
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Fig. 6. Berberine activated p38 and p53. (A) The cells were treated
with 50 pM berberine an interval each 30 minutes during 2 hours.
Aliquots of the total lysate containing an equivalent amount of protein
were used. (B) Densitometric analyses of the levels of pS53 and p38
MAPK phosphorylations represented in A.

ApoptosisE FHAI7I= AlzdE 71d 5 a8k /1A
caspase®] E/g3lo|m'M2] caspase= M| EZHANA pro-formO .
EA3tL 54 #1X19] proteolytic A0l <3l EAdsldATiy &
HA Aok 2 AolM Abge] TR EFR] HepG2 Al EollA
berberine®| FABAE FAFEE FF} 50 uMS| berberines 48A]
ZF Al Al AR AZIAPL FEEAeH, ojuf ] A=
AL necrosis’t P apoptosis?] &5 == AS Annexin
v i) do] FEANE AATFo N Was| & 4 AT

Bel2® HAAEA, e dfdReke g2 Alxsaodle
AASER] R Mo AEZAE, & apoptosiss AA|E= 7%
o] lom, Bel-2&= Al Adeied, Al o9 Fxx

A, caspase cysteine protease €4, mitochondria =+ 9,

o
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DNA 223} 2E# 20 23 apoptosis ASHEA(INK 2
p38)e) BAxE F9 715e B3 MEE SRENH BL
sty A4 et WHHE Bel2 family®| &3k Bax O
2 apoptosiss FZA7]= ©Zo| Bel-2949] hetero- T

homodimerS FATHOZM apoptosis®] Ao Zo] Hoqs}
Ut B A AN = berberine] &3 Bel-2e] 2
A Ao E Baxd] @¥lo] SUHHE S 3R
= At TS caspase-39] EAJSE FAHSITE o] A
E314, berberinel] 213+ apoptosisc= Bel-29} Bax/| #q s}
o, nEZsgols Afsle fdEe AdS &+ 3
th. Apoptosistll $1o] Aksld ZEF L] ofF ROSS| 9 T
3 Fa3k a0z dTA Urh? AlEle] ROS TV A
o] A3y 2EFHAE FTVMA AR &8 I
berberine®] HL-604|Eo)A 23t4 ~EH2E §UAIAH ROS
2 Z7W 7t B ok B Ao Algre] 71
Tl berberined] 3l ROS7I @A A F7H=& Aol A&
o] Ay 2EHA7 JAYES & IUTh 4EE AE
gl 2 A NO2l 23 x vehsd, NO2 232 A 29
AEld AEF 2 gk Wo7| 3 MR E5E fhde
= W 71%E 7R ek B ATolA berberineS: X2’
FAME T2 EHOE NO9 F7PF FaH ol& F3i
X berberinedll 2J3F NOS| L2 A|3Eo) FAE FEde 2
AE & F AT

p53S 2o A Thldz A B Alxe] S A
st AZYA o8] AZE B3 2EAREAMS] §EL 3t
T Y)Y ofwl zl=oll oFf M2 DNAZF 448 735 ps3
o] @A3s}lE]=t DNAS &4fo] 22 7% p53e p21 3zt
Z A3 A7) AEF7IE ZAAH DNAS 50| dojd
PR 3P, Azt DNASAe] A7 2o ps3e] HA}
ZHAZ A apoptosisE EFE= Bel2 AlE ©EQ] Bax
9] WS FIUMAFIAL Bel2d] BEE A EH A E
APES fx S B AtelA berberineol] 93 p53¢] U
IS ZAR| B Ad}, ps3e berberine A F 308 w4
8] ZY¥eld INZA FAIEA. 0] AE S3HA berberine

p53S AL ©o]F F3 Bel2o] ZAE fEsie] Al
IF7E AAAFHOZA Ao AZSNE Fdshe AS &
F AAT-

MAPK®S] Az Ag AR djste] B A77F HAlEgle
™, p38 MAPKE INK, ERK$} &7 MAP kinase familyZ
o]F = FAEAM AEZLHZRE A=l tiE whEShE Als
Aol 8% G2 ity p38 MAPK: stress, heat
shock, radiation 3 7+ U] 2= 93l EAJslE o] &
ZHHS apoptosis, Al B3 5 ohFs AEEHE kS R
sy aeA duhP0 webad B dAFo|A] MAPKS] family
o 43 p38e] FAAEE western blot 42 T3t AR
o} 2L A3} berberineol] 93] MZo] =4 {8 Al p3ge A
37} Z71E= Ao BAEQow olE %3 berberineol] 2|gH
apoptosisss MAPKS| AEE Zf3sld F2ES ¢ <
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Berberine> H54Q] FefA|7 o] &F o= isoquinoline
alkaloid® 8, ST 742 A ZX FE F2HE, g2la
A2+ 3, FY, g 2 Uk 295 Jeplie Ao

Z u9EA Yok 2 7RIN FolA berberined] AbEA AE
gl2of] &g MZEAPE7 ] el = oFF] wWe%l bl glok. v}
2 B A= AlRe] A ELQ] HepG2 Al3EoA berberien
o] M EAFE 7] reactive oxygen species(ROS)SF MAP
kinase®| IS ZAFBIATE. Berberine> HepG2 A|3EolA A
;_q ;\]7].314. b:.l:oﬂ 945":.24% ,{1]_\—3_'5}\-11‘5;374_2 ioﬁ Ouﬂ LD50

< berberine(50 pM) A 2] 3 48A17HAA A HAAL, AlED
7‘}4 4 @Y 35 3 24, DNAY ®Zo] ERIFHA.

T3 berberineol) -JEH caspase-3, p53, p38 1|2 Bax®] &

o] dA|3}Al 57k WP, anti-apoptotic 2137172121 Bel-29] &
A2 dAaEAY olet HEo] AEZ U nitric oxideNO)<}
R084 e S7HEATE & A7 A3 HepG2 Al LolA]
berberine> AHsH AE#H2Q1 ROSS NO2| AAIS A HLO]’._L.
p38 MAP kinase®} p532e] AibslE FEsdlon mEZEE=
ololl A Bel-29] 749} baxe] 7}, caspase-39] A4S 7R3}
o] DNAS] &35 B8 AZIAPL elfofx = 2e &l 8
pei=

Key words: Apoptosis, Berberine, Hepatoma, p38 MAPK,
ROS
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