
INFORMATION TO USERS

This manuscript has been reproduced from  the microfilm master. U M I 

films the text directly from the original o r copy submitted. Thus, some 

thesis and dissertation copies are in  typewriter face, while others may be 

from  any type o f  computer printer.

The qua lity  o f th is  reproduction is dependent upon the qua lity  o f  the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction.

In  the unlikely event that the author did not send U M I a complete 

manuscript and there are missing pages, these w ill be noted. Also, i f  

unauthorized copyright material had to  be removed, a note w ill indicate 

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections w ith small overlaps. Each 

original is also photographed in one exposure and is included in  reduced 

form  at the back o f  the book.

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. H igher quality 6”  x  9”  black and white 

photographic prints are available fo r  any photographs or illustrations 

appearing in this copy for an additional charge. Contact U M I directly to  

order.

UMI
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C y to c h r o m e  P4502E1 o r  M en a d io n e  -In d u c ed  

O x id a tiv e  S tr e s s , C y t o t o x ic it y , an d  A p o p to s is  

t o  H ep G 2 C e l l s

by

Q i C h e n
;

A  d isserta tion  subm itted  to  the  G raduate F acu lty  in  B iom edica l Sciences in  

pa rtia l fu lf i l lm e n t o f the requirem ents fo r  the  degree o f  D o c to r  o f  

P h ilosophy, The C ity  U n iv e rs ity  o f  N e w  Y o rk

1997

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9807913

UMI Microform 9807913 
Copyright 1997, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized 
copying under Title 17, United States Code.

UMI
300 North Zeeb Road 
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



II

Th is  m an usc rip t has been read and accepted fo r  the  Graduate F a cu lty  in  
B io m ed ica l Sciences in  sa tis fac tion  o f  the  d isse rta tio n  requ irem ent fo r  the 
degree o f  D o c to r  o f  P h ilosophy.

h97_____  (j>VW- C*JLuJmu/i
D ate  A r th u r  I.  C ederbaum , P h .D .

C ha ir o f  E xa m in in g  C om m ittee

s ju I f r
s .D ate T e rry  A r- iL ru lw ic h , P h .D .

E xecu tive  O f f ic e r

H eng-C hun L i,  P h .D .

W illia m  Laws, P h .D .

G era ld  C ohen, P h .D .

G ary  W in s to n , P h .D . 

S uperv iso ry C om m ittee

The City University of New York

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ill

ABSTRACT

Cytochrome P4502E1 Or Menadione-Induced Oxidative Stress, 
Cytotoxicity, And Apoptosis To Hep G2 Ceils

by 

Q i C hen

A d v ise r: P ro fessor A r th u r  I.  Cederbaum

M enadione generates reactive  oxygen in te rm ed ia tes and causes o x id a tive  

in ju ry . P re incuba tion  o f  H ep  G2 cells w ith  low , n o n -to x ic  concen tra tions  o f  

m enadione increased the  v ia b il ity  o f  the  cells against to x ic  doses o f  

m enadione o r  H 20 2. M enadione activa ted N F —k B, and th is  a c tiva tio n  was 

p revented  by an tiox idan ts  o r  salicylate. T ra n s fe c tio n  w ith  an expression 

ve c to r co n ta in ing  c D N A  encod ing mouse I k B(3 resulted in  increased to x ic ity  

by m enadione. A n  increased leve l o f  g lu ta th io n e  (GSH) was observed a fte r 

m enadione p re trea tm en t; th is  increase was b locked by salicylate, the reby  

lin k in g  the G S H  increase to  ac tiva tion  o f  N F -k B by menadione. Th is  s tudy  

suggests th a t menadione p re trea tm en t p ro te c ts  H ep G2 cells fro m  o x ida tive  

in ju ry  th ro u gh  an N F —k B re la ted m echanism , w h ich  may invo lve , in  pa rt, 

increased p ro d u c tio n  o f  G SH .

A ra ch id o n ic  acid p roduced  a concen tra tion - and tim e-dependent to x ic ity  to  

p re v io u s ly  established E9 cells, w h ic h  express cytochrom e P4502E1 

(C YP2E1), b u t l i t t le  o r no to x ic ity  was fo u n d  w ith  co n tro l M V 5 cells, w h ich
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were in fec te d  w ith  re tro v iru s  lacking C YP2E1 c D N A . In  contrast to  

arachidonic acid, o le ic  acid was n o t to x ic  to  b o th  subclones. The 

c y to to x ic ity  o f  a rach idon ic  acid appeared to  in v o lv e  l ip id  pe rox ida tion , the 

to x ic ity  was enhanced a fte r deple tion  o f  ce llu la r g lu ta th io n e , and to x ic ity  

was prevented by the  an tiox idan ts . The C Y P 2E 1-dependent arach idon ic acid 

to x ic ity  appeared to  invo lve  apoptosis. T ro lo x  (6 -hyd ro xy-2 ,5,7,8- 

te tram e thy lch rom an-2 -ca rboxy lic  acid), w h ich  p reven ted  to x ic ity  o f 

arachidonic acid, also prevented the apoptosis, suggesting a ro le  fo r  lip id  

pe rox ida tion  to  apop tos is . T ransfection  w ith  a p la sm id  con ta in ing  bcl-2 

cD N A  resulted in  com ple te  p ro te c tion  against the  CYP2E1-dependent 

arachidonic acid to x ic ity .  T h is  study reproduced several o f  the  key features 

associated w ith  e th a n o l h e pa to tox ic ity  in  the in tra g a s tr ic  in fu s io n  model o f 

ethanol trea tm ent.

New Hep G2 subclones were established by tra n s fe c tin g  H ep  G2 cells w ith  

various vectors and lim ite d  d ilu tio n  screening. E xpe rim e n ts  dem onstrated a 

grow th  in h ib it io n  e ffe c t and a cy to tox ic  e ffe c t o f  C YP2E1 in  E47 and E43 

cells, w h ich  express CYP2E1 at levels 4-10 tim es h ig h e r com pared to  the 

p rev ious ly  estab lished E9 ceils. These e ffects o ccu r in  the  absence o f  

exte rna lly  added to x in  o r  agent and there fo re  are d ire c t ly  due to  high levels 

o f expression o f  C YP2E1 itse lf. The s low  g ro w th  m ay be a result o f 

m ito ch ond ria l damage, th e  need to  m a in ta in  ce llu la r G S H  leve l, and low er 

level o f  in tra c e llu la r  A T P  con ten t. The c y to to x ic ity  is a p o p to tic  in  nature, 

and is in it ia te d  by the  d e p le tion  o f  GSH by C YP2E1 -re la ted  ox ida tive  stress 

and elevated l ip id  pe rox id a tion . The d ire c t to x ic ity  o f  overexpressed
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CYP2E1 is p ro b a b ly  a re fle c tio n  o f  the  a b ility  o f  th is  is o fo rm  to  produce 

reactive oxygen species (R O I) even in  the  absence o f  substrate. I t  w ou ld  be 

an tic ipa ted  th a t substrates w h ich  are ox id ized  b y  C YP2E1 to  reactive 

m etabolites, e.g. e thano l, acetam inophen, and CC14, o r  PU FA  w h ich  

produces e levated l ip id  p e ro x id a tion  in  the presence o f  CYP2E1, w ou ld  

show  strong to x ic ity  in  the  E47 and E43 ceils. P re lim in a ry  studies showed 

th a t these agents are indeed s tro n g ly  to x ic  in  the E47 cells even w ith o u t the 

necessity o f  dep le ting  ce llu la r GSH.
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transduced H ep G2 subclones expressing C YP2E1 by 
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transduced H ep  G2 subclone expressing CYP2E1 by 
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fluo resce in  isoth iocyanate
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g lu co h e p to p y ra n o s y l[ l-> 4 ]-0 -3 -d e o x y -4 C -m e th y l-3 - 

[m e th y l-a m ino ]-P -L -a rab inopyran osy l-A -s trep tam ine , 

d isu lfa te  salt

G SH g lu ta th ione , reduced fo rm
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GSSG g lu ta th ione , ox id ized  fo rm

tN O S  ind u c ib le  n it r ic  oxide synthetase

L D H  lactate dehydrogenase

M e2SO (C H ,)2SO

M D A  m alond ia ldehyde

M E M  m in im u m  essential m edium

M N  menadione

M T T  3 -[4 ,5 -d im e th y lth ia zo l-2 -y l]-2 ,5 -d ip h e n y lte tra zo liu m

brom ide

M V 5  Hep G2 subclones in fected  by re tro v iru s  lack ing

CYP2E1 c D N A

N A C  iV -acetylcysteine

neo neom ycin  resistance gene

NaSal Sodium  Salicylate

P A G E  po lyacry lam ide  gel e lectrophoresis

PBS phospha te -bu ffe red  saline

P D T C  p y rro lid in e  d ith iocarbam ate

P K C  p ro te in  kinase C

P M A (T P A ) p h o rb o l 12-m yris ta te  13-acetate

PMSF phen y lm e th y lsu lfo n y l fluo rid e

PN P p -n itro p h e n o l
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P U F A

R O I

SO D

T M P D

T N F -a

T ro lo x

TU N EL

po lyunsa tu ra ted  fa t ty  acid 

reactive oxygen in te rm ed ia te  

superoxide d ism utase 

te tram e thy l-p -ph eny le ned i amine 

tu m o r necrosis fac to r-a lph a
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INTRODUCTION

The o ve ra ll goal o f  the  c u rre n t p ro je c t is to  s tudy the  c y to to x ic ity  o f 

cy tochrom e P4502E1 (C Y P 2E 1, CYP is the  standard a b b re v ia tio n  fo r  

cy tochrom e P450) and m enadione on  hepa toce llu la r ca rc inom a H ep G 2 ce ll 

lines. B o th  C YP2E1 and m enadione induce ox id a tive  stress to  H ep  G 2 ceils 

and cause c y to to x ic ity ; H ep G 2 cells respond to  the  o x id a tive  stress by 

up regu la ting  one o f th e ir  se lf-defense systems, increas ing  g lu ta th ione  

p ro d u c tio n . CYP2E1 to x ic ity  was stud ied w ith  the  H ep  G2 subclones 

transduced to  express hum an CYP2E1 (D a i et al., 1993; review ed by Chen 

and Cederbaum , 1997a). A ra ch id o n ic  acid, as a representa tive  

po lyunsa tu ra ted  fa tty  acid (P U F A ), was added to  the system to  p rom ote  

l ip id  p e ro x id a tio n  w h ich  induces apoptosis (Chen et al., 1997; C hen and 

Cederbaum, 1997c). N ew  H ep  G2 subclones expressing h ig h e r leve l o f  

CYP2E1 w ere also estab lished to  exp lo re  the  d ire c t to x ic ity  o f  CYP2E1 

its e lf  to  H ep  G2 cells (m anuscrip t in  p repara tion ). T o  s tudy  to  the  e ffe c t o f  

ox ida tive  stress on N F -k B  a c tiva tio n  and up reg u la tio n  o f  se lf-defense 

mechanism, m enadione, as w e ll as H 20 2, c y to to x ic ity  to  H ep  G2 was stud ied 

and served as a m odel fo r  fu r th e r  e xp lo rin g  the  co m p le x ity  o f  c y to to x ic ity  

in v o lv in g  C YP2E1. M enadione is to x ic  by a m echanism  in v o lv in g  redox 

cyc ling  and is independent o f  C YP2E1. M enadione to x ic ity  was s tud ied  w ith  

regular H ep  G2 cells, w h ich  are lack ing  CYP2E1 (Chen and Cederbaum,
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1997b). In  th is  m odel, the  ro le  o f  N F -k B a c tiv a tio n  by  ox ida tive  stress in  

p ro te c tin g  cells fro m  fu r th e r  ox ida tive  damage and increased g lu ta th ione  

p ro d u c tio n  were stud ied.

P a rtia lly  reduced in te rm ed ia tes fo rm ed  fro m  the  in it ia l un iva len t reduction  

o f  O , are reactive  and to x ic  in  b io lo g ica l systems. These interm ediates 

inc lude  superoxide an ion, hydrogen p e rox id e , and h yd roxy l radical 

(Buechter, 1988). G enera lly , enzymes such as cy toch rom e  oxidase do no t 

a llo w  these in te rm ed ia tes to  d issocia te fro m  them  to  become free radicals in  

the  liv in g  system. H ow ever, some o f  these in te rm ed ia tes dissociate fro m  

enzymes o r au toox id izab le  chem icals and cause extensive ce llu la r damage 

(F rid o v ich , 1982; Ingraham , 1985; Paine, 1978). The  re d u c tio n  o f m olecu lar 

oxygen includes fo u r  e lec tron  tra n s fe r steps. Superoxide rad ica l is generated 

by accepting one e le c tron  fro m  a donor; hyd roge n  pe rox ide  is generated by 

accepting a second e lec tron ; h yd ro xy l rad ica l is generated by  accepting the 

th ird  e lectron; and w ate r is the  f in a l p ro d u c t a fte r accepting a ll fo u r 

e lectrons. In  a d d itio n  to  oxygen, a num ber o f  exogenous com pounds, such 

as menadione and a num ber o f  o the r re d o x  cyc lin g  agents can be 

m etabo lized  to  reactive  species, w h ich  may also re su lt in  o x id a tive  in ju ry . As 

sum m arized in  Scheme I ,  menadione (v ita m in  K 3 , 2-m ethyl-1 ,4 - 

naph thoqu inone) co u ld  be reduced by N A D P H -P 4 5 0  reductase, N A D H  

dehydrogenase, and o th e r fla vo p ro te in s  in vivo to  generate the  m enadione 

sem iqu inone rad ica l (E rn s te r et al., 1962). T h is  rad ica l i ts e lf  may d ire c tly
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react w ith  o th e r c e llu la r constituen ts  to  cause in ju ry . I t  may also recycle 

back to  m enadione b y  rap id  reaction  w ith  m o lecu lar oxygen to  y ie ld  

superoxide rad ica l. T he  c y to to x ic ity  o f  m enadione appears to  be associated 

w ith  superoxide genera tion , p ro te in  th io l o x id a tio n  and a lte ra tio n  in  the 

Ca2+ homeostasis (D iM o n te  et al., 1984a; 1984b). M enadione may also cause 

to x ic ity  due to  d e p le tio n  o f  G SH  by conjugate fo rm a tio n , e.g. 

naphthoqu inones such as menadione react re a d ily  w ith  G S H  to  fo rm  

g lu ta th ione  conjugates; up to  20 % o f  the  G S H  in  hepatocytes may be 

consumed by  its  d ire c t reaction  w ith  m enadione to  fo rm  2-m ethyl-3- 

g lu ta th io n y l-1 ,4 -n a p h th o q u ino n e  (W efers and Sies, 1983; S m ith  eta l., 1985).
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To p ro te c t themselves fro m  o x id a tive  in ju ry , organism s have evo lved 

p ro te c tive  systems to  convert the R O I to  less reactive com ponents. These 

systems in c lu d e  several enzymes, such as superoxide d ism utase (S O D ), 

catalase, g lu ta th io n e  peroxidase, and g lu ta th ione  reductase, and ce llu la r 

an tiox id an ts , such as g lu ta th ione  (G S H ), v ita m in  C, and v ita m in  E. SOD 

(eukaryotes con ta in  tw o  types o f  S O D , a cy toso lic  C u /Z n -S O D  and a 

m ito c h o n d ria l M n-S O D ) acts as a p ro te c tive  p ro te in  by co n ve rtin g  

superoxide to  H 20 2. Catalase usua lly  loca lized  in  peroxisom es converts  

H 20 2 to  w a te r and oxygen. G lu ta th io n e  peroxidase rem oves the  H 20 2 by 

u tiliz in g  G S H  (w h ich  is ox id ized  to  GSSG and reduced back to  G S H  by 

g lu ta th ione  reductase).

G lu ta th io n e  is an im p o rta n t com ponent o f  the a n ti-o x id a tive  defense system 

o f m am m alian cells. G SH  may fu n c tio n  as a d irec t rad ica l scavenger and fo r  

the rem ova l o f  H 20 2 and lip id  hyd roperox ides by g lu ta th io n e  peroxidases. 

To p ro te c t themselves against o x id a tive  stress, cells can upregu la te  th e ir  

a n tio x id a n t defense systems, e.g. m any ce lls respond to  o x id a tive  stress by 

increasing p ro d u c tio n  o f  G SH . M enad ione and 2 ,3 -d im e th o x y - l,4 -  

naph thoqu inone , redox cyc ling  qu inones, have been show n to  increase the 

a c tiv ity  o f  y -g lu tam ylcyste ine  synthetase, the  rate l im it in g  enzym e in  G SH  

synthesis (Shi et at., 1994; O ch i, 1996). In cu b a tion  w ith  L -D O P A  o r 

dopam ine induced  a rise in  G SH  leve l in  mesencephalic ce ll cu ltu res, w h ich  

resulted in  a p ro te c tive  e ffec t against a to x ic  agent, t-b u ty l-h yd ro p e ro x id e  

(H a n e t* / . ,  1996).
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Alcoholand Gytochrom»P4502E1

A lc o h o l is a w id e ly  consumed o rgan ic  com pound. L iv e r is the  p r im a ry  organ 

w h ic h  m etabolizes e thano l and p lays a ve ry  im p o rta n t ro le  in  the  e thano l 

o x id a tio n  (D ilu z io , 1964; 1968; L ie be r, 1988; 1990; L ie b e r and D eC a rli, 

1968; 1970). L iv e r  a lcoho l dehydrogenase oxid izes the  e thano l to

aceta ldehyde, w h ich  is subsequently  ox id ize d  to  acetate. A ceta ldehyde can 

d ire c t ly  damage the  targeted tissue and cause acute to x ic  e ffects  and 

sym p tom s (Goedde and Agarw al, 1989).

E th a n o l m etabo lism  may also in v o lv e  the cytochrom e P450 enzymes. 

C y toch rom e  P450 was f ir s t  id e n tif ie d  as a C O -b in d ing  p igm en t in  the  liv e r  

w ith  an absorbance peak around 450 nm  (K lingenberg , 1958; G a rfin k le , 

1958). The  p igm en t was fu r th e r  characterized  as a heme p ro te in  (O m ura  and 

Sato, 1961; 1964a; 1964b). M a n y  cytochrom e P450 isozymes have been 

id e n tif ie d  th e re a fte r (G onzalez, 1989; G uengerich, 1987). There are around 

150 k n o w n  isozymes w h ich  are c lass ifie d  in to  27 fam ilies , 10 o f  w h ich  exist 

in  m am m als (G onzalez, 1992; N e b e rt et al., 1991). The 10 m am m alian 

cy to ch ro m e  P450 fam ilies , co n ta in in g  18 subfam ilies, have been categorized 

in to  tw o  genres: those in vo lve d  in  synthesis o f  stero ids and b ile  acids 

in c lu d in g  fam ilies 7, 11, 17, 19, 21, and 27; and those in vo lve d  in  

m e ta bo lism  o f  xe n ob io tics  in c lu d in g  fam ilies  1, 2, 3, and 4. C YP2E1, the 

e tha n o l-in d u ce d  fo rm , has rece ived spec ific  a tte n tio n  because o f  its  

in d u c ib i l i ty  by acute and c h ro n ic  a lcoho l ingestion  and its  a b il i ty  o f  

o x id iz in g  e thano l and a c tiva ting  a num ber o f  hepa to tox ins in  the liv e r. 

These hepa to tox ins , a fte r a c tiva tio n  by CYP2E1, cause severe liv e r  in ju ry ,
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w hich  may lead to  a va r ie ty  o f  a lcoho l-re la ted  diseases under d iffe re n t 

circum stances. These hepa to tox ins  inc lude in d u s tr ia l so lvents such as 

benzene (Johansson and Inge lm an-Sundberg, 1988) and carbon  te trach lo ride  

(Johansson and Inge lm an-S undberg , 1985; G uengerich , 1991), drugs such as 

acetam inophen (M organ  et al., 1983) and ison ia z id , carcinogens and 

procarcinogens such as n itrosam ines (M cC oy and K o o p , 1988; Sohn et al., 

1991; Yang et al., 1990), as w e ll as ethanol i ts e lf  (K o o p  and Coon, 1986). 

The to x ic  e ffec ts  o f  e tha no l m ay come fro m  its  m e ta b o lite  acetaldehyde, 

d ire c t rad ica l in te rm ed ia tes o f  e thanol such as the  1 -h yd ro xy le th y l radical 

(C H 3 C H O H ), o th e r R O I such as superoxide and H 20 2 generated fro m  the 

reactions o f  the  cy toch rom e  P450 cycle, o r in it ia t io n  o f  l ip id  perox ida tion  

when P U FA  is present.

Substrates such as e thano l o r  acetam inophen w i l l  b in d  to  the  oxid ized  fo rm  

o f cytochrom e P450. In  a m icrosom al system, cy toch rom e P450, w ith  o r 

w ith o u t substrate b in d ing , can accept e lectrons e ith e r fro m  P450 reductase, 

w h ich  accepts e lec trons fro m  N A D P H  o r fro m  cy toch rom e  b5, w hich accepts 

e lectrons fro m  N A D H  th ro u g h  cytochrom e b5 reductase. M o lecu la r oxygen 

b inds to  fe rrous cy toch rom e  P450 w ith  a K d o f  10'6 M . The [Fe2+- 0 2] 

com p lex has a resonance fo rm  o f  [FeJ+- 0 2 ] com p lex in  w h ic h  an e lectron is 

transfe rred  fro m  the  iro n  to  the  oxygen. The la tte r  decays to  produce a 

fe r r ic  cytochrom e P450-substrate in term ediate  and releases a superoxide 

rad ica l. The decay o f  oxygenated cytochrom e P450 appears to  be a m a jor 

source o f  superoxide rad ica l, w h ich  w il l  fo rm  a h y d ro x y l radical in  the 

presence o f  iro n . Scheme I I  (C oon et al., 1992) ou tlin e s  the ca ta ly tic
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mechanism  o f  cy toch rom e  P450. Im p o rta n tly , re la tive  to  o th e r cytochrom e 

P450 iso fo rm s, C YP2E1 is re la tiv e ly  uncoupled w ith  h igh  rates o f  O , uptake 

and N A D P H  co n sum p tio n  (Ingelm an-Sundberg and Johansson, 1984). 

Studies fro m  several labo ra to ries  have shown th a t m icrosom es fro m  ethanol- 

treated rats are m ore reactive  than  p a ir-fe d  c o n tro ls  in  generating 

superoxide and H 20 2, and in  in te rac tin g  w ith  iro n  to  y ie ld  p o te n t o x id iz in g  

agents such as •O H  and in it ia to rs  o f  lip id  p e ro x id a tio n . T h is  increased 

a c tiv ity  was show n to  be due to  ind u c tio n  o f  C YP2E1 (review ed in  

Cederbaum 1987; 1989; 1991; 1994).
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R O I such as superox ide , H 20 2, and *O H , p roduced  as n o rm a l byp roducts  o f 

ce llu la r m e tabo lism , c lea rly  have e ffec ts  on  m u lt ip le  ce ll types and 

organism s (D avies et al., 1994). Bacteria  such as Escherichia coli can develop 

resistance to  n o rm a lly  le tha l concen tra tions o f  H 20 2 by in d u c tio n  o f  a series 

o f  defense and re p a ir  enzymes. Those genes are induced  by  p re trea tm en t o f 

H 20 2 (D em ple  and H a lb ro o k , 1983). A d a p tive  responses to  the  ox ida tive  

stress o f  H 20 2 in  yeast Saccharomyces cerevisciae s tra in  RZ53 co u ld  increase the 

v ia b i l ity  against a h ig h e r dose o f  H 20 2 (Davies e ta l., 1994). I t  has also been 

ind ica ted  th a t e u ka ryo tic  cells are capable o f  tra n s ie n t adaptive  responses to  

o x id a tive  stress (G u p ta  and Bhattacharjee, 1988; Lava l, 1988; L u  e ta l., 1993; 

S p itz  et al., 1995). P re in cu b a tion  o f  m am m alian ce ll lines, such as Chinese 

ham ster ova ry  f ib ro b la s t C H O  cells, e m bryon ic  mouse fib ro b la s t C 3H  lQTVi 

cells, Chinese ham ste r lung  fib ro b la s t V79 ce lls , and ra t l iv e r  e p ith e lia l 

C lone 9 cells, w ith  re la tiv e ly  lo w  doses o f  H 20 2 have also been fo u n d  to  

increase the  resistance o f  those cells to  H 20 2 (Wiese eta l., 1995).

N F -k B was f i r s t  characterized  in  m ature B and plasm a ce lls as a nuclear 

p ro te in  b in d in g  s p e c if ic a lly  to  a 10-bp sequence (G G G G Y N N C C Y ) in  the k 

in tro n ic  enhancer (Sen and B a ltim o re , 1986a; 1986b). Subsequent studies 

revealed th a t N F - k B exists v ir tu a lly  in  a ll ce lls, and a c tiv a tio n  o f  N F -k B 

leads to  re g u la tio n  o f  a va rie ty  o f  genes in d ic a tin g  a s ig n if ic a n t ly  broader 

ro le  fo r  the  N F -k B. N F -k B is a m u ltis u b u n it tra n s c r ip t io n  fa c to r and can
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ra p id ly  activa te  th e  expression o f  genes in vo lve d  in  in fla m m a to ry , immune, 

and acute phase responses. Target genes regu la ted  by N F -k B include:

im m u n o -re g u la to ry  cytokines such as T N F -a , IL -2 , IL -6 , P -IF N  and G M - 

CSF; M H O  class I  antigens and IL -2  cy to k in e  recep to r; and acute phase 

p ro te in . In  m o s t ce lls , N F-icB  is present in  a n o n -D N A -b in d in g  cytoso lic  

com p lex w h ic h  con ta ins  p50, p65, and a th ir d  in h ib ito ry  subun it Ik B . 

T rea tm en t o f  ce lls  w ith  various cond itions  leads to  the  d issoc ia tion  o f the 

cy top lasm ic  co m p le x  and the  trans loca tion  o f  free  N F -k B  to  the  nucleus 

(Baeuerle et al., 1988). The re fo re , N F -kB  serves as a signal transducer by 

ca rry ing  in fo rm a tio n  fro m  externa l agents d ire c tly  to  th e  nucleus. N F -kB  is 

c lassica lly  recogn ized  as a he te rod im er cons is ting  o f  p50 (N F K B l)  and p65 

(R elA) subun its ; how ever, recent studies have show  th a t they  are members 

o f  a la rge r fa m ily , kn o w n  as the  R el fam ily . In  a d d it io n  to  p50 and p65, the 

Rel fa m ily  also inc ludes p 5 2 /p l0 0  (N F K B 2), p l0 5  (p50 p recurso r), Rel-B, 

the oncogene v-rel and the  correspond ing  p ro tooncogene  c-rel, and the 

Drosophila m o rphogen  dorsal. N F -k B  can also be lo o se ly  described as a 

hom o- o r  h e te ro d im e r o f  Rel pro te ins (K o p p  and G hosh, 1995). A  

conserved, N -te rm in a l, 300-am ino-acid segment, te rm ed  the Rel hom ology 

(RH) dom ain , is respons ib le  fo r  D N A  b ind ing , d im e riza tio n , ac tiva tion  and 

N F -k B / Ik B  in te ra c tio n .

I k B b inds to  N F - k B, and the re fo re  retains N F -k B  in  the cytop lasm  in  an 

inactive  fo rm  (Baeuerle and B a ltim ore , 1988a, 1988b). I k B is a member o f
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another g roup o f  p ro te in s . These p ro te ins  con ta in  m u lt ip le  conserved 

ankyrin  repeats, w h ich  are th o u g h t to  in te rac t w ith  the  R el dom a in  o f  N F - 

kB  (Davis et al., 1991; H a s k ill e ta l., 1991; Franzoso e ta l.,  1992). C urren tly , 

the  IkB  fa m ily  consists o f  IkB < x /M A D -3 , IkB P , Ik B y , and B c l-3 . The 

mechanism o f  N F -k B  a c tiva tio n  and its  m o lecu la r de ta ils  are ye t to  be 

c la rified . Studies have suggested ro les fo r  p h osp h o ry la tio n  and pro teolys is 

in  the rap id  degrada tion  o f  Ik B  sub un it. A m ong the  Ik B  fa m ily , IkB<x, a 36-

38 kD a  p ro te in , is m a in ly  responsive to  trans ien t a c tiva tio n  o f  N F - k B by 

some agents such as P M A  and T N F -a ; the rap id  p h o sp h o ry la tio n  fo llow ed  

by degradation o f  I k B gl leads to  a c tiva tion  o f  N F -k B , w h ich  can also 

activate the  expression o f  I k B gl (au to regu la to ry  feedback lo o p ). The up- 

regulated I k B(x is respons ib le  fo r  sh u ttin g  dow n the  N F -k B response, 

(reviewed by Baeuerle and H enke l, 1994; K opp  and G hosh , 1994). I k BP, a 

45 kD a p ro te in , appeared to  be responsib le  fo r  pe rs is ten t a c tiv a tio n  o f  N F - 

kB, since I k BP is n o t up-regu la ted  upon  in d u c tio n  o f  N F - k B. LPS and IL -1  

lead to  the loss o f  b o th  I k B gi and I k BP p ro te ins , w h ile  P M A  and T N F a  

a ffec t o n ly  I k B<x .

The p h o rb o l ester 12-m yrista te  13-acetate (P M A ), an a c tiv a to r o f  p ro te in  

kinase C (P K C ), may activa te  N F -k B. PKC  reacts w ith  cy top lasm ic  o r 

p a rtia lly -p u r if ie d  N F -k B / I k B com p lex  eventua lly  causing a c tiva tio n  o f 

D N A -b in d in g  b y  N F -k B. F u rthe rm o re , trea tm en t o f  I k B w ith  P K C  blocks
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the in h ib ito ry  e ffec t o f  I k B. Scheme I I I  shows th e  suggested N F -k B 

a c tiva tio n  pathway.
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The im portance o f  d ie ta ry  fa t in  a lco h o lic  liv e r  disease in  humans is 

sup po rted  by ep idem io log ica l co rre la tio n s  w hich  suggest th a t susce p tib ility  

to  a lco h o l is re la ted to  d if fe re n t types o f  d ie ta ry  fa t (N a n ji and French, 

1985; 1986). A  m a jo r advance in  e tha no l h e p a to to x ic ity  stud ies has been the 

developm ent o f  the  in tra g a s tr ic  in fu s io n  m odel o f  e thano l feeding, w hich 

leads to  more s ig n ifica n t l iv e r  in ju ry  than  the  classical l iq u id  d ie ts (French, 

1992; Takahashi et al., 1992; T sukam oto  and French, 1993; F rench et al., 

1993; N a n ji et al., 1993; T su ka m o to  et al., 1995). L iv e r in ju ry  occurs in  th is  

m odel when the rats consum e d ie ts  co n ta in in g  P U FA  b u t n o t saturated fa tty  

acid. In  these models, large increases in  l ip id  pe rox id a tion  have been shown 

to  co rre la te  w ith  CYP2E1 leve ls (F rench , 1992; Takahashi e ta l., 1992; N an ji 

et al. 1993; M o ro m o to  et al., 1993; K uk ie lka  and C ederbaum , 1994; 

Tsukam oto  et al., 1995). The  general hypothesis to  accoun t fo r  the live r 

in ju ry  w ith  th is  m odel is th a t e levated p ro d u c tio n  o f  reactive  rad ica l species 

occurs due to  in d u c tio n  o f  C Y P 2E 1, and th is  results in  l ip id  pe rox ida tion  

w hen the  d ie t is supplem ented w ith  P U F A  (French, 1992; Takahashi et al., 

1992; N a n ji et al. 1993; M o ro m o to  et al., 1993; K u k ie lka  and Cederbaum, 

1994; Tsukam oto eta l., 1995).

In  a ttem pts to  d ire c t ly  dem onstra te  th a t overexpression o f  CYP2E1 can 

re su lt in  h e pa to tox ic ity  o f  va rious  agents, a H ep G 2 ce ll lin e  w hich 

c o n s titu tiv e ly  expresses th e  hum an CYP2E1 was recen tly  estab lished (Dai et
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al., 1993). ESR spectroscopy showed th a t m icrosomes fro m  E9 cells w h ich  

express CYP2E1 p roduced superox ide  radicals at rates abou t 1 0 -fo ld  greater 

than  those fro m  M V 5 cells w h ic h  do n o t express C Y P 2E 1; rates o f  H , 0 ,  

p ro d u c tio n  were about 3 - fo ld  greater w ith  the E9 m icrosom es. Rates o f  

m icrosom al l ip id  p e ro x id a tio n  were also greater w ith  the  E9 ce lls  (D a i eta l.,

1993). E than o l and acetam inophen were shown to  be to x ic  to  E9 cells bu t 

n o t M V-5 cells (D a i and C ederbaum , 1995; W u and Cederbaum , 1996). Th is  

m odel appears to  be use fu l in  e ffo r ts  to  establish a C Y P 2E 1-dependent 

h e p a to to x ic ity  system and to  evaluate the  ro le  o f  o x id a tive  stress in  the 

to x ic ity  o f  com pounds m e tabo lized  by CYP2E1, as w e ll as to  s tudy  the 

mechanism o f  in vivo CYP2E1 degradation .

Increased l ip id  p e ro x id a tio n  has been im p lica ted  as be ing associated w ith  

apoptosis, o r program m ed c e ll death. D ire c t exposure o f va rious  ce ll types 

to  oxidants such as hydrogen pe rox ide  o r  l ip id  hydroperox ides can d ire c tly  

induce apoptosis; in  many experim enta l models p re trea tm en t o f  the  cells 

w ith  an tiox idants has been show n to  p ro te c t against th is  fo rm  o f  ce ll death 

(T a lley  et al., 1995; N o b e l et al., 1995; L in  eta l., 1995; W e ltin  et al., 1996). 

The m orpho log ica l changes associated w ith  apoptosis inc lude  condensa tion  

o f  nucleoplasm  and cytop lasm , b lebb in g  o f  cytop lasm ic m em brane, and 

fra gm en ta tion  o f  ce ll in to  a p o p to tic  bodies tha t are ra p id ly  phagocytosed by 

ne ighboring  cells (K e rr, 1971; W y llie  e ta l., 1980). The b io ch em ica l m arkers 

o f  apoptosis inc lude D N A  fragm en ta tion  in to  nucleosom al fragm ents 

(W illie , 1980), ac tiva tion  o f  the  IC E -fa m ily  proteases (Schlegel et al., 1996; 

D uan et al., 1996; W ang et al., 1996), and cleavage o f  various substrates o f
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IC E -fa m ily  proteases, in c lu d in g  PAR P (T ew ari et al., 1995; N ic h o ls o n  et al., 

1995), SREBPs (Wang et al, 1995, 1996), nuc lea r lam in  (La zeb n ik  et al., 

1995), and U l  associated 70 kD a  p ro te in  (Casciola-Rosen e ta l., 1994). The 

p ro to ty p ic  regu la to r o f  m am m alian apop tos is  is the  p ro tooncogene  bcl-2 

(Reed, 1994). O verexpression o f  bcl-2 p revents m am m alian ce lls fro m  

undergo ing  apoptosis induced  b y  a va rie ty  o f  s tim u li (rev iew ed b y  Reed,

1994). The fu n c tio n s  o f  bcl-2 have been suggested to  inc lude  a c tin g  as an 

a n tio x id a n t (H ochenbery et al., 1993), m o d u la tin g  some aspects o f  nuc lear 

tra n sp o rt (M e ik ran tz  e ta l., 1994), in te rv e n tio n  in  ca lc ium  s igna ling  (B a ffy  et 

al., 1993), and associating w ith  several o th e r p ro te ins  (Sato e ta l., 1994). The 

Bcl-2  p ro te in  is located p r im a r ily  on  the o u te r membrane o f  m ito c h o n d r ia  

(M onaghan et al., 1992; K ra je w sk i et al., 1993; de Jong et al., 1994), 

suggesting the  active invo lve m en t o f  m ito c h o n d ria  in  the deve lopm en t o f  

apoptosis.
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MATERIALS AND METHODS

H ep G 2 cells (Aden et al., 1979), and its  transduced subclones, A14, A15, 

B27, B28, C34, C37, E9, E43, E47, and M V 5  ce lls , were cu ltu red  in  

M in im u m  Essentia l M e d iu m  (M E M ), supplem ented w ith  10% fe ta l c a lf 

serum, 100 u n its /m l p e n ic ill in , 100 m g /m l s tre p to m yc in  and 2 m M  

g lu tam ine  in  a h u m id ifie d  atm osphere in  5% C 0 2 at 37°C . M ost reagents 

were purchased fro m  Sigma C hem ica l C o., St. Lou is , M O . Specific reagents 

are described be low . The H ep G2 subclones m en tion e d  above w il l  be 

described in  Results section , th e ir  phenotypes are lis ted  be low :

E43, E47 express C YP2E1

A14, A15 no detectab le  B c l-2  expression

B27, B28 express B c l-2

C34, C37 c o n tro l subclones trans fec ted  w ith  p C I-n eo  p lasm id

E9 express C YP2E1, p re v io u s ly  estab lished (D a i etal., 1993)

M V 5 c o n tro l subclone fo r  E9

H um an C YP2E1 c D N A , excised fro m  a p lasm id  p 9 1 0 2 3 (B )-2 E l (k in d ly  

p rov ided  by D r. F. J. G onzalez, N a tio n a l Cancer In s titu te , Bethesda, M D ),
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was inserted  in to  the  Eco R I re s tr ic tio n  site o f  p C I-neo expression vector 

(Promega, M ad ison , W I) in  the  sense and antisense o r ie n ta tio n  (con firm ed 

by re s tr ic t io n  m apping) to  fo rm  the plasm ids p C I -2 E l and p C I-a s -2 E l. 

T ransfections o f  H ep  G 2 cells were ca rried  o u t by  u t i l iz in g  the 

L ip o fe c tA M IN E  reagent (L ife  Technologies In c ., G a ithe rsbu rg , M D ) as 

described by H aw ley-N e lson  (1993). E ighteen hours a fte r  tra n s fe c tio n , fresh 

M E M  con ta in in g  0.8 m g /m l G  418 (B oehringer M annhe im  C o., Ind ianapo lis , 

IN )  was added and the  cells w ere incubated fo r  an a d d itio n a l 2 days. The 

cells were harvested b y  try p s in iz a tio n  fo r  G  418 se lec tion  and W estern b lo t 

analysis. A b o u t 1.5 X  106 transfected  H ep G2 cells w ere seeded in to  100 mm 

cu ltu re  dishes w ith  M E M  con ta in ing  0.8 m g /m l G  418. Seven days later, 

su rv ivo rs  were harvested by tryp s in iza tio n  and seeded in to  9 6 -w e ll tissue 

cu ltu re  plates at average densities o f  0.5, 1, and 2 c e ll/w e ll ( lim ited  

d ilu t io n ) . C u ltu re  m ed ium  was changed weekly. M onoc lones were fo rm ed in  

about 3 weeks. C o lon ies  were g row n  to  large scale, and sub jected  to  W estern 

b lo t analysis and p -n itro p h e n o l (PNP) o x id a tio n  a c t iv ity  assay (described 

be low ). P os itive  clones were subjected to  another tw o  rounds o f  lim ited  

d ilu t io n  screening to  create stable ce ll lines.

A  fu ll- le n g th  hum an bcl-2 c D N A , excised fro m  pS F F V -b c l-2  expression 

ve c to r (k in d ly  p ro v id e d  by D r. George Acs and D r . B ea triz  Pogo, M ount 

S inai School o f  M ed ic ine , N e w  Y o rk , N Y ), was inse rted  in to  the  Eco R I 

re s tr ic tio n  site o f  pCI-neo expression ve c to r in  the  sense and antisense 

o rien ta tions  (co n firm e d  by re s tr ic tio n  m apping) to  fo rm  the expression
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vectors p C I-b c i-2  and pC I-as -bc l-2 . These vectors were used fo r  

transfections o f  H ep  G 2 cells us ing  the L ip o fe c tA M IN E  reagent as 

described above. A f te r  tra n s fe c tio n , G  418 se lection  and lim ite d  d ilu tio n  

screening, stable new  clones were analyzed by im m u n o b lo ttin g  using an ti- 

Bcl-2 m on oc lo n a l a n tib o d y  (Santa C ru z  B io techno logy, Santa C ruz, C A ).

The fu ll- le n g th  mouse IkB P  c D N A  (Thom pson et al., 1995), excised fro m  

pB S K -IxB P  p lasm id  (k in d ly  p rov ide d  by D r . Sankar G hosh, Yale U n ive rs ity  

School o f  M ed ic ine , N e w  H aven, C T) was inserted in to  the N o t I  re s tr ic tio n  

site o f  pCI-neo expression ve c to r, in  the  sense o r ie n ta tio n  to  fo rm  p C I- 

Ix B p . T ra n s fe c tio n  o f  H ep  G2 cells was carried ou t by  u tiliz in g  the 

L ip o fe c tA M IN E  reagent. H ep  G2 cells were grow n to  80-90% confluence, 

harvested by try p s in iz a tio n , and 1.5 X  106 cells were seeded in to  a 100 mm 

cu ltu re  d ish  and g ro w n  u n t i l  50-70% confluence. C ells were rinsed w ith  

serum free M E M  be fo re  tra n s fe c tio n . S o lu tion  A  (15 pg o f  the  appropria te  

plasm id D N A  in  800 p i serum -free M E M ) and s o lu tio n  B (100 p i o f 

L ip o fe c tA m in e  reagent in  800 p i serum -free M E M ) were g en tly  m ixed, and 

incubated at ro o m  tem pera tu re  fo r  30 m in  to  fo rm  a D N A -lipo so m e  

com plex. The com plex was d ilu te d  w ith  6.4 m l M E M , added to  the cu ltu re  

dish co n ta in in g  the  H ep G 2 ce lls, fo llo w e d  by incuba tion  fo r  5 h at 37°C  in  

a C O j incu b a to r. 8 m l o f  M E M  w ith  20% fe ta l ca lf serum  was then  added to  

each cu ltu re  d ish . A f te r  18 h o f  incu b a tio n , fresh M E M  was added and the 

cells were incubated fo r  an a d d itio n a l 4 days. The cells were co llected by
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tryp s in iza tio n  and used fo r  W estern  b lo t analysis and fo r  m enadione to x ic ity  

studies.

T rans fec tion  o f  H ep G 2  cells o r  H ep G 2 subclones w ith  expression vectors 

was carried  o u t w ith  the  L ip o fe c tA M IN E  reagent. 1.5 X  106 cells were 

seeded in to  a 100 m m  cu ltu re  d ish  and g ro w n  u n t i l  50-70%  confluence 

(about one day o f  cu ltu re ). C e lls  were rinsed  w ith  serum  free M E M  before 

trans fec tion . 5-15 pg  o f  p lasm id  D N A  (de te rm ined  w ith  p re lim in a ry  

experim ent fo r  o p tim a l co nd ition s) and 100 p i o f  L ip o fe c tA M IN E  reagent 

were used to  tra n s fe c t the  cells. The cells were co lle c te d  by  tryp s in iza tio n  

and used fo r  W estern  b lo t analysis and fo r  studies o f  ce ll g row th  and 

cy to to x ic ity . The  o p tim ize d  co nd ition s  fo r  the tra n s fe c tio n s  in  a 6 -w e ll 

cu ltu re  p late are: fo r  each w e ll o f  tran s fec tion , use 2 pg  o f  desired p lasm id 

D N A , e.g. p C I-2 E l o r  pCI-neo p lasm id p lus 15 p i L ip o fe c tA M IN E  fo r  Hep 

G 2 cells, p lasm id  p lus 12 p i L ip o fe c tA M IN E  fo r  E9 cells, p C I-a s -2 E l o r 

pCI-weo p lasm id  p lus 10 p i L ip o fe c tA m in e  fo r  E47 cells, and p C I-2 E l 

p lasm id p lus 15 p i L ip o fe c tA M IN E  fo r  A14, B28, o r  C34 cells. The 

tra n s fe c tio n  co n d itio n s  fo r  100 m m  cu ltu re  d ish  are same except w ith  7 

tim es o f  D N A  and L ip o fe c tA M IN E .

C ell lysates were p roduced by vo rte x ing  and b o ilin g  1 X  106 cells in  0.2 m l 

SD S-PAG E ru n n in g  b u ffe r . A  20 p i a liquo t o f  p re trea ted  ce ll sample was
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reso lved on  SDS po lyacry lam ide  gels (12%  gel fo r  C YP2E1 and IkB P  

p ro te in s , and 8% gel fo r  B c l-2  p ro te in , stable cu rre n t o f  25 m A /g e l)  and 

tra n s b lo tte d  o n to  n itro ce llu lo se  sheets (B io -R ad  Labo ra to ries , H ercu les, 

C A ), at a stable cu rre n t o f  125 m A  fo r  1 h, fo r  W es te rn  b lo t analysis 

(Laem m li, 1970; T o w b in  eta l., 1979). R a b b it an ti-hum an  C YP2E1 po lyc lo na l 

a n tib o d y  (p rov ided  b y  D r . J. M . Lasker, M o u n t Sinai S choo l o f  M ed ic ine , 

N ew  Y o rk , N Y ), m ouse an ti-hum an B c l-2  m onoc lona l an tibo d y , o r  ra b b it- 

an ti-m ouse  IkBP p o lyc lo n a l a n tib o d y  (Santa C ruz  B io te ch n o log y , Santa 

C ruz, C A  ) was used as the  p rim a ry  a n tib o d y  fo r  d e te c tin g  CYP2E1, Bcl-2 , 

o r IkBP, respective ly , fo llo w e d  by tre a tm e n t w ith  a lka line  phosphatase 

con juga ted  to  goat a n ti- ra b b it Ig G  o r  goat an ti-m ouse  IgG  (B io -R ad  

Labora to ries , H ercu les, C A ) as the second an tibody . S ta in ing  in te n s ity  was 

developed w ith  the  N B T -B C IP  m ix tu re  (Prom ega, M ad ison , W I).

Cells w ere washed once w ith  phosp ha te -b u ffe red  sa line  (pH  7.4) and 

harvested by scrap ing and subsequent so n ica tio n  us ing  a H eat Systems- 

U ltrason ics  M od e l W -375 Sonicator™  (45s, d u ty  cycle 25% , o u tp u t c o n tro l 

40% ). M icrosom es were prepared by d if fe re n t ia l c e n tr ifu g a tio n  (7,000g X  10 

m in  to  rem ove ce ll debris  and large subce llu la r pa rtic les  w ith  the 

supperna tan t th e n  ce n trifu ge d  at 100,000g X  45 m in  to  b rin g  d o w n  the 

m ic rosom a l fra c tio n ) and resuspended in  PBS b u ffe r  con ta in ing  20% 

g lyce ro l. O x id a tio n  o f  P N P  was de te rm ined  us ing  100 pg  m icrosom al 

p ro te in  in  a 100 p l-reac tion -sys tem  co n ta in in g  PBS, 0.4 m M  PNP and 1 m M
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N A D P H . A l l  reactions, ca rried  o u t in  duplicate , were in it ia te d  w ith  

N A D P H , incuba ted  at 37°C, and s topped  a fte r 60 m in  w ith  30 p i  20% T C A . 

A bsorbance o f  the  fin a l p ro d u c t o f  th e  reaction  was m easured at 586 nm, 

and a c t iv ity  determ ined using  an e x tin c tio n  c o e ffic ie n t o f  9.4 m M '1c m '1 

(C le jan  e ta l., 1989).

N u c le a r extracts  were iso la ted  b y  a m ethod m o d ifie d  fro m  D ig n a m  et al. 

(1983). B r ie f ly , cells were p re trea ted  w ith  various reagents fo r  45 m inutes. 1 

X  107 ce lls were harvested and washed once w ith  PBS and tw ice  w ith  b u ffe r 

A  (10 m M  H EPES p H  7.9, 1.5 m M  M g C l2, 10 m M  KC1, 0.5 m M  D T T ). The 

ce ll p e lle t was suspended in  200 p i  o f  b u ffe r  A  + 0.1% N o n id e t P-40, and 

incuba ted  on ice fo r  15 m in  w ith  b r ie f  m ix ing . A fte r  c e n tr ifu g a tio n  fo r  10 

m in  at 4°C , nuclear pe lle t was washed once w ith  b u ffe r A , suspended in  15 

p i o f  b u ffe r  C  (20 m M  HEPES p H  7.9, 25% g lycero l, 0.42 M  N a C l, 1.5 m M  

M gCU, 0.2 m M  E D T A , 0.5 m M  PM SF, 0.5 m M  D T T ), incuba ted  fo r  15 m in  

on ice, m ixed  b r ie fly , and ce n tr ifu g e d  fo r  10 m in  at 4°C . T h is  supernatant 

was d ilu te d  w ith  75 p i o f  m o d if ie d  b u ffe r  D  (20 m M  H E P E S  p H  7.9, 20% 

g lyce ro l, 0.05 M  KC1, 0.2 m M  E D T A , 0.5 m M  PMSF, 0.5 m M  D T T ) and 

s to red  at -70°C . P ro te in  co n ce n tra tio n  was determ ined by the  B io -R ad  D C - 

20 P ro te in  Assay. A  doub le -stranded  o ligonuc leo tide  co n ta in in g  a tandem  

repeat o f  the  consensus sequence o f  the  N F -k B  D N A  b in d in g  site, - 

G G G G A C T T T C C -, was used as a p robe. To  de term ine the  sequence 

s p e c if ic ity  o f  the  D N A -p ro te in  in te ra c tio n , tw e n ty  tim es m ore o f  n o n ­
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rad ioactive  o ligonuc leo tide , as w e ll as an o ligonuc leo tide  con ta in in g  

m u ta tions  in  the  N F -kB  consensus sequence, were added to  com pete  w ith  

the  N F -k B  probe. The sequences o f  the  o ligonuc leo tides were:

5 ’-G A TC C A A G G G G A C TTTC C A TG G A TC C A A G G G G A C TTTC C A TG -3 ' (w ild type) 

3 ’-G T T C C C C T G A A A G G T A C C T A G G T T C C C C T G A A A G G T A C C T A G -5 ‘ 

5’-G A TC C A A G C TC A C TTTC C A TG G A TC C A A G C T C A C TTTC C A TG -3 ' (m utated)

3 -G T T C G A G T G A A A G G T A C C T A G G T T C G A G T G A A A G G T A C C T A G -5 ’

Probes were end-labeled by  T 4  po lyn u c le o tid e  kinase (L ife  T echno log ies, 

In c ., G a ithe rsburg , M D ) w ith  [y -3 2 P ]A T P  (D uP o n t N E N , B o s to n , M A ). 

B r ie f ly , in  a 1.5 m l m ic ro ce n tr ifu g e  tube, 5 p i 5X  p o lynu c leo tide  kinase 

b u ffe r (5X  *  300 m M  T r is , p H  7.5, 50 m M  M gC l2, 75 m M  (5- 

m ercaptoe thano l and 1.65 p M  A T P ), 5 ng o ligonuc leo tide , 100 p C i [y- 

32P ]A TP , 5 un its  T4  kinase and H 20  were m ixed in  a 25 p i re a c tion  vo lum e, 

and incubated  45 m in  at 37°C . T he  rea c tion  was te rm ina ted  b y  add ing  50 p i 

o f  50 m M  T r is -H C l p H  7.5. T he  labeled o lig onuc leo tide  was p u r if ie d  on a 

P robeQ uant G-50 M ic ro  C o lu m n  (Pharm acia L K B  B io techno logy , Uppsala, 

Sweden). E lec tro ph o re tic  m o b il ity  s h if t  assay was pe rfo rm ed  at roo m  

tem perature  fo r  20 m inutes in  a to ta l 25 p i  reac tion  volum e c o n ta in in g  5 p i 

5X  in cu b a tio n  b u ffe r  (5X  -  50 m M  T r is -H C l, p H  7.5, 500 m M  N a C l, 5 m M  

D T T , 5 m M  E D T A , 20% g lyce ro l and 0.4 m g /m l sonicated sa lm on sperm  

D N A ), 8-12 pg nuclear extract, and 5 X  104 cpm o f  labeled o lig o n u c le o tid e , 

fo llo w e d  by polyacrylam ide gel e lec trophores is  fo r  D N A  (150 V , 2-3 h). The
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dried  gels were analyzed a fte r au to rad iography by a P hospho rlm ag e r system 

(M o le cu la r D ynam ics).

A p o p to s is  in  in d iv id u a l cells was assessed b y  te rm in a l 

deoxynuc leo tidy ltransfe rase-m ed ia ted  dU T P  n ick  end labe ling  {TU NEL) 

techniques as described by G a v r ie li et al. (1992) and P o rte ra -C a illia u  et al. 

(1994) w ith  m o d ifica tio n s . B r ie f ly , 5 X  10s E9 o r M V -5  ce lls w ere p la ted 

on to  each w e ll o f  6 -w e ll cu ltu re  plates. A f te r  incuba tion  w ith  o r w ith o u t 

a rach idon ic  acid, cells were washed tw ice  w ith  PBS + 1% BSA at 4°C , 

adjusted to  a co n cen tra tion  o f  0.2 X  107 p e r 0.2 m l PBS b u ffe r, and fixe d  

w ith  0.1 m l fresh ly  prepared 4% paraform aldehyde so lu tio n  ( in  PBS, p H  7.4) 

fo r  30 m in  at room  tem pera tu re . C ells were washed tw ice  w ith  PBS + 1% 

BSA, and resuspended in  0.1 m l o f  pe rm eab iliza tion  s o lu tio n  (0.1% T r ito n ®  

X-100 in  0.1 % sod ium  c itra te ) fo r  2 m in  on ice, fo llo w e d  by w ash ing  tw ice  

w ith  PBS + 1% BSA. Ceils were then  resuspended in  50 p i TU NEL  reac tion  

m ix tu re  o r  label so lu tio n  (w ith o u t te rm in a l transferase) as negative c o n tro l, 

incubated  fo r  60 m in  at 37°C  in  a h u m id ifie d  atmosphere in  the  dark, 

fo llo w e d  by washing tw ice  in  PBS +  1% BSA. Cells were analyzed b y  f lo w  

cy to m e try  (EPICS® P ro file  A na lyze r, C o u lte r C o rp o ra tion ).

D N A  fragm en ta tion  was de te rm ined  as a b iochem ica l index o f  apoptosis 

(H arm om  et al., 1979; Vedeckis and Bradshaw, 1983; C aro n -Les lie  and 

C id lo w sk i, 1991; C om pton , 1992).-C ells were scraped o f f  the  6 -w e ll cu ltu re
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plates (C o rn in g  C o., C orn ing , N Y ) w ith  cu ltu re  m ed ium , and were 

cen trifuged  at 1,200 rp m  X  10 m in . T he  ce ll pellets were resuspended in  1 

m l lysis b u ffe r  (10 m M  T r is -H C l, p H  7.5, 10 m M  N aC l, 10 m M  E D T A , 100 

|xg /m l p ro te inase  K , and 0.5% SDS) and incubated fo r  1 h at 50 °C . A f te r  

lysis, samples w ere extracted  w ith  1-2 m l pheno l (n e u tra lized  w ith  T E  

b u ffe r, p H  7.5), fo llo w e d  b y  e x tra c tio n  w ith  1 m l c h lo ro fo rm :is o a m y l 

a lcoho l (24:1) m ixed  s o lu tio n . The aqueous supernatants were p re c ip ita te d  

w ith  2.5 vo lum es ice -co ld  e thano l p lus 10% volum e o f  3 M  so d iu m  acetate 

(p H  5.2) at -2 0 °C  o ve rn ig h t. A f te r  c e n tr ifu g a tio n  at 13,000g X  10 m in , the 

pellets were a ir-d r ie d , resuspended w ith  50 p i T E  b u ffe r (10 m M  T r is -H C l 

pH  7.5 and Im M  E D T A ) supplem ented w ith  0.1 p g /m l RNase A , and 

e le c tro p h o re tica lly  separated on  a 1.5% agarose gel in  0.5 X  T B E  b u ffe r  

con ta in ing  1 p g /m l e th id iu m  brom ide  a t 50 V  fo r  3 h . P ic tu res o f  the  gels 

were taken by  U V  tra n s illu m in a tio n .

C y to to x ic ity  was p r im a r ily  measured by the  M T T  assay (M osm ann, 1983). 

T e tra zo liu m  salts such as M T T  are m etabo lized  by m ito c h o n d r ia l 

dehydrogenases to  fo rm  a b lue form azan dye and are th e re fo re  u se fu l fo r  the 

assay o f  m ito c h o n d r ia l fu n c tio n  and as a measurement o f  c y to to x ic ity . 

A p p ro x im a te ly  1.0-1.5 X  104 cells were p la ted  on to  each w e ll o f  a 2 4 -w e ll 

plate (C o rn ing  C o., C o rn in g , N Y ) , and incuba ted  in  5% C 0 2 at 37 °C  fo r  24 

h. In  some samples, 0.1 m M  BSO was th e n  added to  the  cu ltu re  m ed ium  fo r  

a designated p re in cu b a tio n  tim e , ty p ic a lly  48 h. The cu ltu re  m e d iu m  was
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rem oved and ce ll v ia b i l i ty  was evaluated b y  the  M T T  assay, w h ich  was 

pe rfo rm ed  us ing  th e  C e ll T ite r  96 N on -R a d io a c tive  C e ll P ro life ra tio n  Assay 

K i t  (Promega, M ad ison , WT). B rie fly , 15% vo lum e  o f  dye so lu tio n  was added 

to  each w e ll fo r  a o n e -h o u r incuba tion  at 37°C . A n  equal vo lum e o f  

s o lu b iliz a tio n /s to p  s o lu t io n  was then added to  each w e ll fo r  an add ition a l 4- 

24 h incu b a tio n . T h e  absorbance o f  the  re a c tio n  s o lu tio n  at 570 nm was 

recorded. The absorbance at 630 nm  was used as re ference. The net A 570- 

A 6j 0 was taken as th e  index  o f  cell v ia b il ity . The  n e t absorbance fro m  the 

wells o f cells c u ltu re d  w ith  co n tro l m edium  was taken  as the 100% v ia b il ity  

value. The pe rcen t v ia b i l i ty  o f the trea ted  cells was calculated by the 

fo rm u la : (A 570-A 630) „ mp|(. / (  A S70-A 6J0) controI X  100.

Leakage o f  lacta te  dehydrogenase (L D H ) was m easured as another index o f 

c y to to x ic ity . A p p ro x im a te ly  1-2 X  10* cells were p la te d  on to  each w e ll o f a 

6 -w e ll p late in  M E M  w ith  o r w ith o u t a d d itio n a l tes tin g  reagents and 

incubated fo r  the  designated tim e. A t  the end o f  th is  period , media were 

co llected  to  measure L D H  a c tiv ity  (re fe rred  to  as L D H out) . Cells were 

harvested by scrap ing , washed w ith  PBS, suspended in  1 m l o f  PBS and 

sonicated us ing  a H e a t System s-U ltrasonics M o d e l W -375 Sonicator™ (5s, 

d u ty  cycle 25%, o u tp u t c o n tro l 40%). The L D H  a c t iv ity  o f the  to ta l ce ll 

lysate was measured (re fe rre d  to  as L D H in). Lacta te  Dehydrogenase Assay 

K i t  L D -L 2 0  (Sigma C hem ica l Co., St. L o u is , M O ) was used fo r  the 

qu an tita tive  k in e t ic  d e te rm in a tio n  o f L D H  a c tiv ity . T h is  reagent conta ins 50 

m M  lactate p lus 7 m M  N A D *  in  a p H  8.9 b u ffe r  system. To determ ine the
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L D H  a c tiv ity , 50-200 p i a liquots o f  ce ll tissue cu ltu re  m edium  o r o f  ce ll 

lysates were added to  the L D H  assay system, and the  increase in  absorbance 

at 340 nm  due to  N A D H  fo rm a tio n  was recorded . The  c y to to x ic ity  index 

was expressed as the  ra tio  o f  L D H out/ L D H in.

5 X  106 ceils w ere subcultured in to  a 10 m m  cu ltu re  d ish  ove rn igh t before  

tes ting  reagents was added. A fte r  designated p e rio d  o f  incu ba tion , the cells 

were harvested b y  scraping. Cells cu ltu red  in  no rm a l M E M  were scraped and 

considered as the  tim e  zero sample. C e lls  were washed w ith  PBS and 

resuspended in  PBS and sonicated using a H ea t System s-U ltrasonics M ode l 

W -375 Sonicator™  (10s, du ty  cycle 25%, o u tp u t c o n tro l 40% ). A fte r  p ro te in  

assay, ce ll lysate equiva lent to  2 mg p ro te in  was used to  measure the con ten t 

o f  in tra c e llu la r  G S H  by the G lu ta th io n e  Assay K i t  (C alb iochem - 

N ovab iochem  C o., La Jolla, C A ). B r ie fly , an in it ia l sample vo lum e o f  200 p i 

was incuba ted  w ith  50 p i o f  reagent R I  (s o lu t io n  o f  0.12 M  o f a patented 

ch rom ogen ic  reagent in  0.2 N  H C l) and th o ro u g h ly  m ixed. 50 p i o f so lu tio n  

R2 was added and th o ro u g h ly  m ixed, fo llo w e d  by in cu b a tio n  fo r  30 m in  at 

37°C . The fin a l absorbance at 400 nm  was measured. Reduced g lu ta th ione  

was used to  prepare a standard curve. The  in tra c e llu la r  GSH value was 

s tandard ized against the  p ro te in  co n cen tra tio n  o f  the  m ix tu re .

M a lond ia ldehyde  (M D A ) and 4-hydroxya lkena ls, such as 4 -hydroxy-2 - 

nonenal (4 -H N E ), end products derived  fro m  p e ro x id a tio n  o f P U F A  and
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re la ted esters, p ro v id e  a conven ient index  as a measure fo r  l ip id  

p e ro x id a tio n  (Esterbauer, 1990). L ip id  p e ro x id a tio n  in  cells was m on ito red  

by m easuring to ta l M D A  and 4 -H N E  p ro d u c tio n  u t i l iz in g  the  l ip id  

p e ro x id a tio n  assay k i t ,  LPO -586 (C a lb iochem -N ovab iochem  Co., La Jo lla , 

C A ). B r ie f ly , 10 X  10s cells were subcu ltu red  in to  ten  to  th ir ty  10-m m - 

cu ltu re-d ishes o ve rn ig h t before  tes ting  reagents were added. A fte r  the 

designated p e rio d  o f  in cu b a tio n  w ith  o r  w ith o u t tes t reagent, the cells were 

harvested by  scrap ing. Cells cu ltu red  in  n o rm a l M E M  were scraped and 

considered as the  c o n tro l. Cells were washed w ith  PBS and resuspended in  

PBS and son ica ted  using a H eat S ystem s-U ltrason ics M ode l W -375 

S on ica to r”  (10s, d u ty  cycle 25%, o u tp u t c o n tro l 40% ). The pelle ts were 

resuspended in  20 m M  T r is -H C l b u ffe r, p H  7.4, lysed by son ica tion , and 

cen trifu ged  at 5,000g X  5 m in . The p ro te in  co n te n t o f  the  ce ll lysates was 

de te rm ined  w ith  the D C -20 P ro te in  Assay K i t  (B io -R ad  Labora tories, 

H ercules, C A ) fo llo w e d  by the  LPO-586 assay.

The in tra c e llu la r A T P  leve l was assayed using a k i t  (366-A ) purchased fro m  

Sigma C hem ica l C o., St. Lou is , M O . The m easurem ent is based on the 

reactions cata lyzed b y  the enzymes phosphog lyce ric  ac id  phosphokinase, 

w h ich  catalyzes convers ion  o f  3-phosphoglycerate to  1 ,3-d iphosphoglycerate  

by consum ing  A T P , and glyceraldehyde 3-phosphate  dehydrogenase, w h ich  

catalyzes re d u c tio n  o f  1 ,3-d iphosphoglycera te  to  g lyceraldehyde-3- 

phosphate. The o ve ra ll reactions consume one A T P  m olecule and one 

N A D H . The A T P  concen tra tion  was estim ated by  the  consum ption  o f
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N A D H  m o n ito re d  as the  decrease in  absorbance at 340 nm  using e x tin c tio n  

c o e ffic ie n t o f  6.22 m M 'l cm '1.

A n  O xygen M o n ito r  (YS I M o d e l 53, Y e llo w  Springs In te rn a tio n a l C o., In c ., 

Y e llo w  Springs, O h io ) was used to  measure the oxygen co n su m p tio n  w ith  

various substrates as described by A n ja  K r ip p n e r et al. (1996) w ith  m in o r 

m o d ific a tio n . T ransduced H ep G2 cells w ere harvested b y  try p s in iz a tio n , 

washed, and resuspended in  re sp ira tio n  b u ffe r  (0.25 M  sucrose, 0.1% bovine  

serum  a lbum in , 10 m M  M g C l2, 10 m M  H E P E S , 5 m M  K H 2P O +, p H  7.2) at a 

f in a l co n ce n tra tio n  o f  3 X  107 c e lls /m l. O ne m il l i l i te r  o f  the  suspension was 

added in to  a cham ber co n ta in in g  2.0 m l o f  a ir-saturated re s p ira tio n  b u ffe r 

p lus Im M  A D P  w h ic h  was prewarm ed to  37°C . The cells w ere perm eab ilized  

w ith  d ig ito n in  added to  a f in a l co n cen tra tio n  o f  0.005%, and the  sequentia l 

substrates and in h ib ito rs  were added in  th e  fo llo w in g  o rd e r and fin a l 

concen tra tions : 5 m M  malate + 5 m M  pyruvate; 100 n M  ro tenone ; 5 m M  

succina
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RESULTS

Project I. Menadione Toxicity and NF-kB activation

O xid a tive  stress generated by m enadione sem iquinone, superoxide, H 20 2, 

•O H , and the  e lim in a tio n  o f  G S H  were considered as p rim a ry  events 

invo lved  in  m enadione c y to to x ic ity . 5 X  104 m onolayer Hep G2 cells in  each 

24-w e ll p la te  w ere used fo r  m enadione c y to to x ic ity  assays, as measured w ith  

the M T T  assay. The  data were expressed as average values ob ta ined fro m  3-5 

wells. U n d e r these co nd itions , m ost cells were k ille d  a fte r an o ve rn ig h t 

in cu b a tio n  in  the  presence o f  25-50 p M  m enadione (Fig. 1). F o r m ost 

subsequent experim ents, in cu b a tio n  tim es o f  18 h and m enadione 

concen tra tions  o f  15-20 p M  were chosen as ro u tin e  incuba tio n  co n d itio n s  

(the L D S0 o f  an 18 h o u r incub a tion  was about 18-19 p M ). The c y to to x ic ity  

by m enadione was also dependent o n  the  ce ll num ber (data n o t show). 

M enadione c y to to x ic ity  was va lida te d  by  assays o f  L D H  leakage and 

m o rpho logy . The c y to to x ic ity  by m enadione was prevented by a dd itio n  o f  

N -ace ty lcys te ine  (F ig . 2) o r  by iro n  che la to rs  such as a ,a -b ip y r id y l (data n o t 

show n). N -ace ty lcys te ine  may d ire c tly  react w ith  m enadione o r  m enadione- 

derived rad ica ls.

orMenftdione
Glucose ox idase /g lucose  was used to  generate H 20 2 in  the cu ltu re  m edium
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(w h ich  conta ins 1 m g /m l glucose) to  avo id  the rap id  decom pos ition  o f  H 20 2 

w h ich  occurs in  the  complete m ed ium  and to  avo id  a d d itio n  o f  h igh  bo lus 

concen tra tions o f  the  oxidant. G lucose plus glucose oxidase was also to x ic  

to  the H ep  G 2 cells in  a dose and tim e  dependent m anner (data n o t show n). 

To  s tudy w he the r menadione was able to  activate ce ll defense systems, H ep 

G2 cells were pre incubated w ith  lo w e r doses o f  m enadione (fro m  1 p M  to  5 

pM ) w h ich  by  themselves were n o t to x ic . P re incuba tion  o f  Hep G2 cells 

w ith  these lo w e r doses o f m enadione increased the  v ia b il ity  o f Hep G 2 cells 

and p ro tec ted  them  against a to x ic  dose o f  H 20 2 (generated fro m  glucose 

ox idase/g lucose system) com pared to  cells incubated w ith  cu ltu re  m edium  

lacking  m enadione (F ig. 3). The p ro te c tive  e ffe c t o f  p re incuba tion  w ith  

m enadione was re la ted to  the co n cen tra tio n  o f  m enadione, w ith  m axim um  

p ro te c tio n  o ccu rrin g  at 3-5 p M  m enadione (F ig. 5), and was dependent on 

the leng th  o f  p re incuba tion  tim e  w ith  m enadione, becom ing m axim al at 45 

m in  (F ig . 6). Besides p ro tec ting  against to x ic ity  o f H 20 2, the p re trea tm en t 

w ith  m enadione also resulted in  p ro te c tio n  against m enadione to x ic ity  (F ig . 

4). P ro te c tio n  by pre treatm ent w ith  m enadione was also observed by 

u tiliz in g  the L D H  release assay instead  o f  the  M T T  assay to  de te rm ine  

c y to to x ic ity  (F ig . 7).

O x id a tive  stress generated by H 20 2 can activate the  tra n s c rip tio n  fa c to r N F -  

k B (30-32). Since H 20 2 is generated d u rin g  the m etabo lism  o f  m enadione, i t  

appeared reasonable to  determ ine w he the r N F -k B  was activated d u rin g  o r
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a fte r the p re incuba tio n  w ith  m enadione. A c t iv a t io n  o f  N F -k B was measured 

by an e le c trop ho re tic  m o b il ity  s h if t assay. P re treatm ent o f  H ep  G2 cells 

w ith  3 p M  menadione led  to  the a c tiva tio n  o f  N F -k B as show n in  F ig . 8, 

lane 3 com pared to  lane 1; lane 2 is fro m  th e  nuclear extract p repared fro m  

H ep G2 cells incubated w ith  50 ng P M A , a kno w n  ac tiva to r o f  N F - k B (33). 

W hen 20 tim es un labeled o ligo nu c le o tide  co n ta in in g  the consensus sequence 

o f  N F -k B b in d in g  sites was added to  the  E M S A  reaction  m ix tu res , the  D N A  

b in d ing  and m o b ility  s h if t  a b ility  o f  nuc lea r extracts fro m  P M A  o r 

menadione activated H ep G 2 cells was in h ib ite d  (F ig 8, lanes 5 and 6). 

H ow ever 20 tim es un labe led o lig o nu c le o tide  con ta in ing  m u ta tio ns  in  the 

N F -k B b in d in g  site d id  n o t a ffec t the E M S A  assay (Fig. 8, lanes 8 and 9). 

The ac tiva tion  o f  N F -k B by m enadione was tim e-dependent and cou ld  be 

observed as early  as 10 m in  a fte r m enadione a d d itio n  (F ig. 9). T h is  tim e  

pe riod  (10 m in) was ea rlie r than the tim e  in  w h ich  m axim al p ro te c tio n  

against H 20 ,  to x ic ity  by m enadione p re tre a tm en t occurs (45 m in ). N F - k B 

conta ins p50 and p65 subun its ; trea tm ent o f  nuc lear extracts w ith  an tibod ies 

against p50 and p65 can re su lt e ithe r in  p re ve n tio n  o f  b in d ing  to  the probe 

o r in  a “ su p e rsh ift”  o f  the  N F -K B -o lig o n u c le o tid e  com plex. In c u b a tio n  o f  

the nuclear extract fro m  m enadione-treated H ep  G2 cells w ith  a n ti-p5 0  Ig G  

(Santa C ruz B io techno logy , Santa C rus, C A ) prevented b in d in g  to  the 

o lig onu c le o tide  probe, whereas trea tm en t w ith  anti-p65 Ig G  (U pstate 

B io techno logy, Lake P lacid , N Y ) resu lted in  a supersh ift o f  the  com p lex 

(F ig . 10). Preim m une Ig G  had no e ffec t. Salicyla te in h ib ite d  the  a c tiva tion

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

o f  N F -k B in  Ju rka t cells (K o p p  and G hosh, 1994). W e th e re fo re  studied 

w hether salicylate co u ld  in h ib it  the  a c tiva tion  o f  N F -k B b y  m enadione in  

the  H ep G2 ce lls. Indeed, w hen  10 m M  salicylate was added toge the r w ith  

menadione to  the  H ep G 2 ce lls, the  a c tiva tion  o f  N F - k B was in h ib ite d  (Fig. 

11, lane 2 com pared to  lane 1).

As shown in  F ig . 11, sa licy la te  p revented  a c tiva tio n  o f  N F -k B by  menadione 

in  H ep G2 ce lls. I f  a c tiv a tio n  o f  N F - k B was im p o rta n t in  the  mechanism  by 

w h ich  m enadione p ro te c te d  H ep  G2 cells against H 20 2 o r menadione 

c y to to x ic ity , i t  w o u ld  be a n tic ip a ted  th a t sa licyla te w o u ld  p reven t the 

p ro te c tio n  by m enadione, and perhaps m ig h t even po ten tia te  the 

cy to to x ic ity . Indeed, th is  p roved  to  be the  case; results in  F ig . 12 show tha t 

in  the absence o f  sa licyla te , m enadione at a con cen tra tio n  o f  10 p M  was no t 

to x ic  to  Hep G2 cells. H ow eve r, in  the presence o f  sa licy la te  (2.5-20 m M ), 

m enadione to x ic ity  was c le a rly  observed. A  m enadione dose-dependent 

curve  o f  c y to to x ic ity  is show n in  F ig. 13; concen tra tions  o f  2.5-7.5 p M  

menadione were n o t to x ic  to  the  H ep G2 cells in  the absence o f  salicylate, 

b u t s tr ik in g  to x ic ity  was fo u n d  in  the  presence o f  sa licy la te . Salicylate no t 

o n ly  increased the  to x ic ity  o f  m enadione, bu t also p o te n tia ted  the  to x ic ity  o f 

H 20 2. A  tim e  course fo r  the  p o te n tia t io n  o f  10 p M  m enadione and 100 p M  

H 20 2 to x ic ity  by salicylate is show n in  F ig . 14. In  o th e r experim ents, we 

observed tha t asp irin  (acetyl sa licy lic  acid) had the same actions as salicylate 

(data n o t shown). Salicylate, in  the  absence o f  m enadione, was n o t to x ic  to
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the  H ep G 2 cells. W h ile  sa licy la te  may have o th e r actions, e.g. a n tiox id a n t 

p ro pe rtie s , such p rope rties  w o u ld  be expected to  decrease, ra the r than 

enhance, the  to x ic ity  o f  m enadione.

I t  has been suggested th a t R O I act as an in te rm ed ia te  d u rin g  the a c tiva tion  

o f  N F -k B  (Roederer et al., 1990; Staal et al., 1990; Schreck and Baeuerle, 

1991). The  effects o f  several an tiox idan ts  on  N F -k B  a c tiva tio n  by 

m enadione was evaluated. T he  an tiox idan ts  N -acety lcyste ine , P D T C , 

th io u re a , o r  u r ic  acid were added d u rin g  the  p re trea tm en t p e riod  w ith  

m enadione and subsequently rem oved by w ashing the  cells p r io r  to  the 

a d d itio n  o f  a to x ic  co n ce n tra tio n  o f  m enadione. As shown in  F ig . 11, 

p re in cu b a tio n  o f  H ep G2 cells w ith  3 p M  m enadione fo r  45 m in , in  the 

presence o f  N -acety lcyste ine , P D T C , th iou rea , o r  u r ic  acid, d id  n o t lead to  

a c tiva tio n  o f  N F -k B  (F ig. 11, lanes 4 to  7 com pared to  lane 1). W hen Hep 

G 2 cells w ere pre incubated  w ith  3 p M  m enadione in  the presence o f  these 

a n tiox id an ts , the p ro te c tive  e ffe c t o f  m enadione produced by th is  

p re in cu b a tio n  was no lon g e r observed (Table I) .  A lth o u g h  an tiox idants  may 

have n o n -sp e c ific  e ffects on  c e llu la r  m etabo lism  and v ia b ility , the resu lts 

w ith  fo u r  d if fe re n t a n tiox idan ts  are suggestive th a t R O I derived  fro m  

m enadione m etabo lism  may p lay  a ro le  in  the  a c tiva tio n  o f  N F -k B  by 

m enadione and th a t when N F -k B  a c tiva tio n  is prevented by these 

an tio x id a n ts , there is a loss o f  the  p ro te c tive  e ffe c t p roduced by menadione
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pre trea tm ent.

P ro longed tre a tm e n t o f  cells w ith  the active p h o rb o l ester, P M A , is know n 

to  dow n-regu la te  p ro te in  kinase C (PKC) (R odriguez-Pena etaL,  1984), and 

to  in h ib it  the  P K C -dependent N F -kB  a c tiva tio n  (G hosh  and B a ltim ore , 

1990). H ep G 2 ce lls  were treated w ith  m edium  o r  w ith  100 n g /m l P M A  fo r  

24 hours fo llo w e d  by a 45 m in  p re incuba tion  w ith  3 p M  menadione o r 

m edium , and th e n  exposure to  18 p M  m enadione. A f te r  trea tm en t w ith  

PM A, p re in cu b a tio n  w ith  3 p M  menadione (a co n ce n tra tio n  th a t enables the 

cells to  become m ore  resistant to  menadione and H ,O z c y to to x ic ity ) d id  no t 

increase the  resistance o f  Hep G2 cells to  the h ighe r dose o f  menadione 

(Fig. 15). A na logous to  the results w ith  salicylate, H ep  G 2 cells became 

more sensitive  to  m enadione a fte r 24 hours o f  P M A  tre a tm e n t (F ig. 16). I t  is 

in te res ting  to  speculate th a t dow n-regu la tion  o f  P K C  eve n tu a lly  suppresses 

the ac tiva tio n  o f  N F -k B  by R O I generated fro m  m enadione m etabolism , and 

thereby e lim ina tes the  possib le p ro tective  e ffe c t w h ich  resu lts  fro m  N F -kB  

ac tiva tion . S ho rt te rm  trea tm en t w ith  P M A  activates N F -k B  (F ig . 8, lane2); 

th is  cou ld  lead to  p ro te c tio n  o f  the H ep G 2 cells against a to x ic  

concen tra tion  o f  m enadione, analogous to  m enadione p re trea tm en t. This 

p roved  to  be the  case as trea tm ent o f  the cells w ith  25 n g /m l P M A  fo r  25 

m in  increased the  resistance to  menadione (F ig. 17).
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b^oftProtectkm ofMenadione

A c tiv a tio n  o f  N F -k B, a tra n s c r ip t io n  fa c to r, shou ld  re su lt in  a c tiva tion  o f  

ta rge t genes, fo llo w e d  by synthesis o f  enzymes o r  fac to rs  w h ich  may p lay a 

ro le  in  p ro te c tio n  against to x ic ity  o f  H , 0 2 o r m enadione. W e the re fo re  

evaluated w he the r p ro te in  synthesis was necessary fo r  the  p ro te c tio n  against 

menadione c y to to x ic ity  produced by the  m enadione p re trea tm en t. W hen the 

p ro te in  synthesis in h ib ito r  cyc lohexim ide  was present du rin g  the 

p re incuba tion  w ith  m enadione, a p ro te c tive  e ffe c t against m enadione 

c y to to x ic ity  was n o t observed (Table I) . Since the  im m edia te  a c tiva tion  o f  

N F -k B is n o t a p ro te in  synthesis-dependent event (14, 15), the presence o f a 

p ro te in  synthesis in h ib ito r  shou ld  n o t a lte r the a c tiv a tio n  o f  N F -k B. In  the 

presence o f  m enadione plus cyclohexim ide , N F -k B a c tiva tio n  was observed 

to  a com parable exten t to  th a t in  the presence o f  m enadione alone (Fig. 11, 

lane 3 com pared to  lane 1), m ost lik e ly  due to  the  fa c t th a t cyclohexim ide  

its e lf is an a c tiva to r o f  N F -k B in  certa in  ce ll lines, in c lu d in g  the Hep G2 

cells. The fa c t th a t cyc lohex im ide  b locks the p ro te c tiv e  e ffe c t o f  m enadione 

p re incuba tion , b u t does n o t p reven t N F -k B a c tiv a tio n  suggests th a t certa in  

p ro te ins o r fac to rs  may be synthesized d u rin g  o r  a fte r the  p re in cu ba tion  

w ith  m enadione, w h ich  produce the  actual p ro te c tio n .

I k B binds to  N F -k B, p reven ting  its  tra n s lo ca tio n  in to  the  nucleus, thereby 

preven ting  N F -k B m o d u la tio n  o f  tra n sc rip tio n . T o  fu r th e r  im p lica te  a ro le
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fo r  N F-kB  in  the  p ro te c tio n  a ffo rd e d  by p re in cu b a tio n  w ith  low , n o n -tox ic  

concen tra tio ns  o f  m enadione, the H ep G 2 cells were trans fec ted  w ith  an 

expression v e c to r con ta in ing  mouse IkB|3 cD N A . T he  leve l o f IkB(3 

overexp ress ion  in  H ep G 2 cells is show n the  W este rn  b lo t  o f  F ig . 18. 

M enadione to x ic ity  was increased by  the tra n s fe c tio n  w ith  Ix B p  about 2 x/i- 

fo ld  com pared to  c o n tro l tra n s fe c tio n  w ith  p C I p lasm id  (F ig . 19).

G S H  is a tr ip e p tid e  whose n u c le o p h ilic  and reduc ing  p ro pe rtie s  p lay a 

cen tra l ro le  in  m etabo lic  pathways as w e ll as in  the  a n tio x id a n t system o f 

m ost aerob ic  ce lls. Since N -ace ty icyste ine  p ro te c te d  H ep G2 cells fro m  

m enadione c y to to x ic ity  (F ig . 2), G SH  may p lay  an im p o rta n t ro le  in  

p ro te c tin g  against th is  c y to to x ic ity . D e p le tio n  o f  G S H  cou ld  the re fo re  

enhance th e  m enadione c y to to x ic ity . T rea tm ent o f  the  H ep  G 2 cells w ith  0.1 

m M  BSO o ve rn ig h t, a c o n d it io n  th a t depletes the  c e llu la r G SH , resulted in  

an increase in  th e  m enadione c y to to x ic ity  (F ig . 20). T o  evaluate possible 

fac to rs  respons ib le  fo r  th e  p ro te c tive  e ffe c t induced  by menadione 

p re in cu b a tio n , the  H ep G2 ce lls were trea ted  w ith  3 p M  m enadione o r 

m edium  fo r  45 m in  fo llo w e d  b y  rem oval o f  the  m enadione and continued 

in cu b a tio n  in  no rm a l m edium . As shown in  F ig . 21, the  G S H  leve l o f  the 

cells w h ich  were pre treated w ith  no rm a l m ed ium  was unchanged fo r  8 hours 

a fte r the  m ed ium  change. H ow eve r, the H ep G 2 ce lls  p re trea ted  w ith  3 p M  

m enadione showed an increased in tra c e llu la r G S H  leve l d u r in g  incu b a tio n  in  

the absence o f  menadione. W hen 10 m M  sod ium  sa licy la te  (w h ich  by its e lf
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had no  e ffe c t on  the G SH  leve l) was present to g e th e r w ith  3 p M  menadione 

d u rin g  th e  p re incuba tion , an increased G S H  leve l was n o t observed. Th is  

lin ks  the  increased GSH leve l to  a sa licy la te -sens itive  reaction , suggesting a 

poss ib le  ro le  fo r  N F -k B a c tiva tio n  in  the  pa thw ay lead ing  to  the elevated 

leve ls o f  G S H  and to  p ro te c tio n  against m enadione c y to to x ic ity .
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Project II. Arachidonic Acid Induced Cytotoxicity and 
Apoptosis in Hep G2 Cells Expressing CYP2E1

I t  has been show th a t d ie ta ry  fa t com pos ition  and subsequent elevated l ip id  

p e ro x id a tio n  are related to  the  seve rity  o f  a lcoho l-induced  liv e r  in ju ry  in  the 

in tra g a s tr ic  feeding ra t m odel. T o  evaluate a ro le  o f  P U F A  in  a lcoho l-re la ted  

to x ic ity ,  E9 and M V 5 cells w ere loaded w ith  a rach idon ic  acid (20:4) fo r  24 

h, the  m edium  was rem oved and the  cells were rinsed  and con tinuo us ly  

incuba ted  at 37°C fo r  an a d d itio n a l 24 h in  norm al M E M . C e ll v ia b il ity  was 

then  assessed by the M T T  assay. Pretreatm ent w ith  0.03 m M  arachidonic 

acid caused 43-72% (mean o f  62%) loss o f  v ia b il ity  to  E9 cells, whereas no 

s ig n ific a n t loss o f v ia b il ity  (0-13% , mean o f 4%) was fo u n d  w ith  M V5 cells. 

Com pared to  arachidonic acid, o le ic  acid (18:1) showed no s ign ifican t 

to x ic ity  to  the E9 cells even at concentra tions (0.05 m M ) in  w h ich  

a rach idon ic  acid was h ig h ly  c y to to x ic  (Table I I ) .  A ra ch id o n ic  acid to x ic ity  

was also evaluated by m o rp h o lo g y  and by the L D H  leakage assay. As shown 

in  F ig . 22, arachidonic acid caused a 3 -fo ld  increase o f  L D H  leakage ( in  

te rm s o f  L O H ^ /L O H ^  ra tio ) w ith  E9 cells 24 h a fte r rem oval o f  

a rach ido n ic  acid. O n ly  a sm all increase (30%) in  L D H  leakage was found  

w ith  M V 5  cells. In  contrast to  a rach idon ic  acid, p re load ing  cells w ith  o le ic  

ac id  d id  n o t resu lt in  increased L D H  leakage by the E9 (and M V 5) cells (F ig. 

22). A ra ch id o n ic  acid caused substan tia l m o rpho log ica l changes when added 

to  the E9 cells as many cells w ere detached and flo a te d  to  the  top  o f  the
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cu ltu re  d ish , cells were sh runken  and dispersed and a m ono laye r was no t 

fo rm ed  (F ig . 23). N o  such changes in  m o rph o log y  were ev iden t when 

arach idon ic  acid was added to  the  M V 5 cells (F ig. 23).

To  characterize the c y to to x ic ity  produced by  a rach idon ic  acid , tim e  course 

and dose-dependent experim ents were conducted. The c y to to x ic  e ffec t o f  

p re load ing  w ith  various concen tra tions  o f  a rach idon ic  acid  is show n in  Fig. 

24. A t concentra tions o f  0.005 o r 0.01 m M , there was no s ig n ific a n t to x ic ity  

by a rach idon ic  acid in  e ith e r ce ll line . A t  0.02-0.03 m M , a rach idon ic  acid 

caused s ig n ifica n t to x ic ity  to  E9 cells bu t n o t to  M V 5  cells. A t  a 

con cen tra tion  o f  0.05 m M , a rach idon ic  acid caused m ore than  80% loss o f 

v ia b il ity  o f  E9cells; some to x ic ity  was also observed in  M V 5  cells a lthough 

i t  was s ig n ific a n tly  low e r tha n  th a t in  the E9 cells. As show n in  F ig. 25, 

some to x ic ity  by a rach idon ic  acid cou ld  be observed im m ed ia te ly  a fte r the 

in it ia l 24-h p re incuba tion  p e rio d  and th is  to x ic ity  became m ore  pronounced 

du rin g  the  second in cu b a tio n  p e rio d  a fte r rem oval o f  the  a rach idon ic  acid. 

N o  s ig n ifica n t c y to to x ic ity  was observed in  M V 5 cells o ve r the  same 

incu b a tio n  pe riod . A t  36 h a fte r  p re load ing , v ia b il ity  o f  E9 ce lls  was low ered 

by 73% by the  arachidonic ac id  trea tm ent, whereas v ia b il i ty  o f  M V 5  cells 

was decreased 26%.

Inasm uch as the  o n ly  apparent d iffe rence  between E9 and M V 5  cells is the 

expression o f  CYP2E1 in  the  fo rm e r, i t  appears th a t the  greater to x ic ity  

caused by arachidonic acid in  E9 cells is due to  the  presence o f  CYP2E1 in
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these ce lls . T o  va lida te  the  ro le  o f  C YP2E1 in  the elevated a rach idon ic  acid 

c y to to x ic ity  in  E9 cells, a p lasm id , p C I-a s -2 E l, co n ta in in g  c D N A  encod ing  

antisense C YP2E1 was trans fec ted  in to  E9 ce lls to  b lo c k  CYP2E1 

p ro d u c tio n . A lte rn a tiv e ly , a p lasm id  (p C I-2 E l)  co n ta in in g  hum an CYP2E1 

c D N A  was used to  en rich  tra n s ie n tly  the  CYP2E1 con te n t o f  the  E9 cells. 

W estern b lo t  analyses o f  the C YP2E1 con ten t a fte r tra n s fe c tio n  w ith  the  

CYP2E1 sense and antisense p lasm id  ind ica ted  th a t the expression o f  

CYP2E1 was decreased by about 80% w ith  p C I-a s -2 E l as com pared to  

c o n tro l tra n s fe c tio n  w ith  p C I, whereas expression o f  CYP2E1 was elevated 

about 3 - fo ld  a fte r  tra n s fe c tio n  w ith  p C I-2 E l (F ig . 31, lanes 1, 3, and 5). 

A ra ch id o n ic  acid to x ic ity  in  the  cells transfec ted  w ith  c o n tro l p lasm id  was 

very s im ila r to  th a t fo u n d  p re v io u s ly  w ith  the non-trans fec ted  E9 (F ig. 32 

p C I curve, com pared to  F ig . 24 E9 w ith o u t BSO curve). T ra n s fe c tio n  w ith  

p C I-a s -2 E l p a r tia lly  prevented the  arach idon ic  acid  to x ic ity ; in  fac t, the  

arach idon ic  acid  to x ic ity  curve in  the  presence o f  p C I-a s -2 E l (F ig . 32) was 

s im ila r to  th e  to x ic ity  curve fo u n d  fo r  the  M V5 cells (F ig . 24, w ith o u t BSO 

curve). T h is  suggests th a t tra n s fe c tio n  w ith  p C I-a s -2 E l la rge ly  p ro tec ted  

against the  C Y P 2E  1-dependent a rach idon ic  acid to x ic ity .  T ra n s fe c tio n  w ith  

p C I-2 E l p la sm id  increased the to x ic ity  by  a rach idon ic  acid com pared to  the  

c o n tro l p C I tra n s fe c tio n  (F ig. 32). Thus, a rach idon ic  acid to x ic ity  is 

dependent u p o n  CYP2E1 expression u n de r these rea c tion  co n d itio n s  and at 

these concen tra tions  o f  a rach idon ic  acid.

F a tty  acids can be m etabolized b y  cy tochrom e P450 (Sharma et al., 1988; 

D irve n  et al., 1991;Castle et al., 1995; G uengrich  et al., 1995) CYP2E1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

catalyzes co-1 h y d ro x y la tio n  o f  a rach idon ic  acid to  a va r ie ty  o f  com plex 

p roducts (C apdevila  et al., 1992; Laethem  et al., 1993; Fukuda et al., 1994). 

Since C YP2E1 is a “ loose ly -coup led ” p ro te in , i.e ., i t  can generate R O I such 

as superoxide and H 20 2 in  the  presence o r  absence o f  a m e ta b o lic  substrate 

(G o rsky  et al. 1984; E ks tro m  and Inge lm an-S undberg , 1989). I t  was 

in te res ting  to  evaluate tw o  possible mechanism s fo r  C YP2E1 in  p rom o tin g  

the to x ic ity  o f  a rach id on ic  acid; i.e. C YP2E1 d ire c t ly  o x id ize d  arachidonic 

acid to  reactive  m e tabo lites  w h ich  produced  the  to x ic ity  (equa tion  l )  o r 

CYP2E1 generated superoxide and H 20 2 w h ich  th e n  reacted w ith  

a rach idon ic  ac id  to  p roduce to x ic ity  (equa tion  2). The  la tte r  p o ss ib ility  

w ou ld  n o t re qu ire  d ire c t o x id a tio n  o f  a rach idon ic  acid b y C Y P 2 E l.

CPY2E1 + a ra ch id o n ic  acid  m etabolites C y to to x ic ity  (equation 1)

CYP2E1 + N A D P H  R eactive oxygen In te rm ed ia tes  (equation 2)

A ra ch id o n ic  acid
v

L ip id  pe rox id a tio n  C y to to x ic ity

4-M P is a lig a n d  o f  C YP2E1 and an e ffe c tive  in h ib ito r  o f  C Y P 2E l-ca ta lyze d  

o x id a tio n  o f  substra tes (Feierm an and Cederbaum , 1986). 4 -M P  was shown 

to  com p le te ly  p re ve n t the  to x ic ity  o f  acetam inophen and e thano l to  the E9 

cells, in d ic a tin g  th a t the  to x ic ity  o f  e thano l o r  acetam inophen required 

m etabo lism  o f  these agents by  CYP2E1 (D a i and C ederbaum , 1995a; W u and 

Cederbaum, 1996). 4 -M P  was added to  the cu ltu re  m ed ium  o f  E9 cells 

d u rin g  b o th  the  24 h load ing  pe riod  w ith  a rach idon ic  acid  and the 24 h pos t­
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load ing pe rio d . 4 -M P  d id  n o t p ro te c t against the c y to to x ic ity  produced by 

a rach idon ic  acid in  the  absence o f  BSO; a sm all p ro te c tio n  was observed 

against the  enhanced to x ic ity  fo u n d  in  the presence o f  BSO (Fig. 33), 

however, th is  p ro te c tio n  was m uch less than  the com p le te  p ro te c tion  

a ffo rded  by 4-M P  against to x ic ity  o f  acetam inophen and e than o l (D ai and 

Cederbaum, 1995a; W u  and Cederbaum, 1996). As w il l  be discussed below, 

o the r C YP2E1 ligands and co m p e titive  substrates such as M e2SO o r ethanol 

d id  no t s ig n if ic a n t ly  p ro te c t the E9 cells against a rach idon ic  acid to x ic ity . 

These results suggest th a t d ire c t m etabo lism  o f  a rach idon ic  ac id  by CYP2E1 

may no t p lay  an im p o r ta n t ro le  in  a rach idon ic  acid to x ic ity  in  E9 cells.

Enhance0Id|î Pmxlcfotidnflî uced^byA(Khkfonh^AcMrn^ES^Ce(Es
The m echanism  fo r  a rach idon ic  acid to x ic ity  suggested in  equation 2

im plicates a ce n tra l ro le  fo r  l ip id  pe rox id a tio n  in  the  to x ic ity . L ip id  

pe rox id a tio n  o f  E9 and M V 5  cells was assessed by m easuring p ro du c tio n  o f  

the lip id  p e ro x id a tio n  end p roducts  M D A  and 4 -H N E . As show n in  Figs. 26 

and 27, a rach idon ic  ac id  induced l ip id  pe rox id a tion  in  E9 cells in  a 

concen tra tion -dependen t m anner; enhanced fo rm a tio n  o f  M D A  and 4 -H N E  

was observed in  b o th  c e ll lysate (F ig . 26) and in  the cu ltu re  m edium  fro m  

the  cells (F ig . 27). A ra c h id o n ic  acid (up to  0.03 m M ) caused l i t t le  o r no lip id  

p e ro x id a tio n  in  M V 5  ce lls . The  s ig n ifica n t d iffe rence  in  l ip id  pe rox ida tion  

between the  tw o  subclones suggests th a t expression o f  C Y P 2E 1 enhanced 

the  P U F A -induced  l ip id  p e rox id a tio n . Subsequent studies w ere carried ou t 

to  evaluate w he the r th e  enhanced l ip id  pe rox id a tion  was respons ib le  fo r  the 

c y to to x ic ity  and ce ll damage produce by arachidonic acid.
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T o  fu r th e r  characterize the nature  o f  a rach idon ic  ac id  c y to to x ic ity , several 

an tiox idan ts  were added to  the  cu ltu re  m edium  and th e ir  e ffec t on 

a rach idon ic  acid to x ic ity  was de te rm ined . As shown in  Tab le  I I I ,  ascorbic 

acid, the iro n  che la to r desfe rrioxam ine , and several ty p ic a l in h ib ito rs  o f  

l ip id  p e rox ida tion , such as tro lo x , a -to c o p h e ro l phosphate , propylga lla te , 

and D P P D , produced e ff ic ie n t p ro te c tio n  against 0.03 m M  arach idon ic  acid 

to x ic ity  in  the  E9 cells. M e2SO (5-50 m M ), and e th a n o l (25-160 mM) as 

ligands fo r  CYP2E1 and as h y d ro x y l rad ica l scavengers fa ile d  to  prevent 

a rach idon ic  acid to x ic ity .  These resu lts  suggest th a t th e  a rach idon ic  acid 

to x ic ity  in  E9 is due to  the enhanced l ip id  p e ro x id a tio n . A sp irin , an 

in h ib ito r  o f  the cyclooxygenase pa thw ay fo r  a rach idon ic  acid m etabolism , 

d id  n o t p ro te c t against the  to x ic ity  o f  a rach idon ic  acid  (Tab le  I I I ) .

T rea tm en t w ith  0.1 m M  BSO fo r  24 h caused GSH d e p le tio n  in  b o th  M V5 

and E9 cells. Since G S H  is kno w n  to  p ro te c t cells against the  to x ic ity  o f 

num erous agents, the e ffe c t o f  rem ova l o f  GSH on  th e  a rach idon ic  acid 

to x ic ity  was evaluated. In  the  presence o f  0.1 m M  BSO, a ra ch idon ic  acid was 

m ore to x ic  to  bo th  ce ll lines. BSO tre a tm e n t cause abou t a tw o  to  th re e -fo ld  

increase in  to x ic ity  b y  a rach idon ic  acid  in  b o th  Hep G 2 ce il lines (Fig. 24). 

H ow ever, the  BSO trea tm en t d id  n o t po ten tia te  the to x ic ity  o f  o le ic  acid to  

the  E9 cells (Table I I ) .  Since G S H  d e p le tio n  po ten tia ted  the  c y to to x ic ity  o f 

a rach idon ic  acid, G S H  status appears to  be c ritica l in  p ro te c tin g  the cells 

against the  ox ida tive  stress in it ia te d  by arach idon ic acid. We there fore
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evaluated the  G S H  leve l be fore  and a fte r tre a tin g  the  E9 cells w ith  the 

a rach idon ic  acid. As shown in  F ig . 28, the  in tra c e llu la r  G S H  leve l in  the E9 

cells was g radua lly  increased a fte r the  a d d itio n  o f  a ra ch idon ic  acid. The 

increased G S H  leve l reached a peak (40-120%  h ig h e r com pared to  con tro l) 

a round 8 h a fte r a rach idon ic  acid a d d itio n . The increased in tra c e llu la r  GSH 

appeared to  be due to  increased synthesis o f  G S H , since w hen BSO was 

added to g e th e r w ith  a rach idon ic  acid to  the  E9 ce lls, a m uch less 

p ronounced  increase in  G SH  was observed (data n o t show n).

Redox cyc lin g  quinones cause an a c tiva tion  o f  N F -k B  and subsequent 

in d u c tio n  o f  a n ti-o x id a tive  p ro te in (s ) o r fa c to r(s ), such as G S H  (Shi et al. 

1994; O c h i, 1996; Chen and Cederbaum ; 1997c). T o  tes t the  hypothesis that 

the e levated G S H  levels p roduced  by a rach idon ic  acid  was an in it ia l 

response to  the  C YP2E1 catalyzed o x id a tive  stress, we exam ined the a b ility  

o f  an tiox id a n ts , such as t ro lo x  (a v ita m in  E d e riva tive ) and ascorbate, to 

m odula te  th e  e leva tion  in  G S H  in  the  E9 system. As show n in  F ig . 29, 

tro lo x  and ascorbate, w h ich  had no e ffe c t on  c o n tro l G S H  levels, s trong ly  

p revented  the  increase o f  G S H  in  E9 cells induced b y  a rach idon ic  acid.

The a b il i ty  o f  m enadione to  elevate G S H  levels in  H ep  G 2 cells was shown 

to  co rre la te  w ith  a c tiva tion  o f  N F - k B and to  be p reven ted  b y  sodium  

sa licyla te  (P ro je c t I ;  Chen and Cederbaum , 1997c). T h e  increase in  GSH 

produced  b y  a rach idon ic  acid tre a tm e n t in  E9 ceils was s tro n g ly  prevented 

by sod ium  sa licyla te  as w e ll (F ig . 29). I f  the  increase in  G S H  levels is 

produced as an in it ia l p ro tec tive  response to  a rach idon ic  acid, i t  w ou ld  be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

an tic ipa ted  th a t b y  p reven ting  th is  increase, the  E9 cells w o u ld  be more 

sensitive  to  c y to to x ic ity  induced b y  a rach idon ic  ac id . Indeed, th is  p roved  to  

be th e  case as so d iu m  salicylate, at a co n ce n tra tio n  w h ich  s tro n g ly  prevented 

the  increase in  G S H  produced by  a ra ch id o n ic  acid, p o te n tia te d  the 

c y to to x ic ity  p roduced  by a rach idon ic  acid  (F ig . 30). The  increased 

c y to to x ic ity  fo u n d  in  the presence o f  sa licy la te  p lu s  a rach idon ic  acid could 

be p a rt ia lly  p reven ted  by tro lo x , suggesting th a t th e  to x ic ity  is re la ted to  

ox id a tive  stress.

T w o  d is t in c t modes o f  ce ll death, apoptosis and necrosis, can be 

d is ting u ished  based on  d iffe rences in  m o rp h o lo g ica l, b iochem ica l, and 

m o lecu la r changes o f  dy ing  cells. E xperim ents  w ere ca rried  o u t to  determ ine 

w he the r a p o p to tic  ce ll death occurs in  a rach idon ic  acid  induced c y to to x ic ity  

to  E9 cells. In  general, cells undergo ing  apop tos is  d isp lay  a characteris tic  

p a tte rn  o f  s tru c tu ra l changes in  nucleus and cy top lasm , in c lu d in g  rapid 

b leb b in g  o f  th e  plasm a membrane and nuclear d is in te g ra tio n . The nuclear 

collapse is associated w ith  extensive damage to  ch ro m a tin  and D N A - 

cleavage in to  o ligonuc leosom a l leng th  D N A  fragm ents (H arm an e ta l., 1979; 

Vadeckis and B rashaw , 1983; C aron-Leslie  and C id lo w s k i, 1991; C om pton,

1992). A f te r  24 h o f  arachidonic acid p re load ing , E9 and M V 5  ce lls  were 

p laced in  n o rm a l M E M  fo r  an a d d itio n a l 8 h o f  in c u b a tio n . C ells were then 

harvested fo r  in situ D N A  n ick  end labe ling  as d e te rm ined  b y  the T U N E L  

m ethod. In  the  absence o f  a rach idon ic  acid, the in te n s ity  o f  F IT C -la b e lin g  

was s im ila r fo r  the  E9 (mean, 0.41-1.02) and M V 5  (mean, 0.5-0.74) cells
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(F ig . 34). A ra ch id o n ic  acid  enhanced the  F IT C -la b e lin g  w ith  bo th  ce ll lines; 

how ever, the  in te n s ity  o f  F IT C -la b e lin g  in  the E9 cells pre incubated w ith  

0.03 m M  arach idon ic acid  (mean, 12.11-13.34) was s ig n if ic a n t ly  h igher than 

th a t o f  M V 5  (mean, 2 .12-2.84). Results fro m  several T U N E L  experim ents 

are sum m arized in  Figs. 35 and 36; at an a rach idon ic  acid concen tra tion  o f 

0.03 m M , the  in te n s ity  o f  F IT C -la b e lin g  was abou t f iv e - fo ld  greater w ith  the 

E9ce lls  com pared to  M V 5  ce lls. A  second in cu b a tio n  tim e  o f  8 h was chosen 

fo r  these experim ents since to o  many E9 cells lo s t v ia b il ity  a fte r the typ ica l 

24-h second incu ba tion  p e rio d . Since an tiox idan ts  p reven t a rachidonic acid 

to x ic ity ,  0.1 m M  tro lo x  was added d u rin g  th e  f irs t  incub a tion  w ith  

a rach id on ic  acid, and to  th e  m edium  a fte r rem ova l o f  a rach idon ic  acid. The 

T U N E L  labe ling  o f  E9 ce lls  (and M V 5  cells) was e ffe c tiv e ly  in h ib ite d  by 

tro lo x  (h is togram  in  F ig . 34; q u a n tita tio n  in  F ig. 36). These results suggest 

th a t enhanced lip id  p e ro x id a tio n  caused by a rach idon ic  acid p re incubation  

induced apoptosis and c y to to x ic ity  in  E9 cells.

A p o p to t ic  cells o ften  p roduce  a un ique ladder com posed o f  nucleotide  

fragm ents at an in te rva l o f  200 base-pairs, w h ich  can be v isua lized  by D N A  

agarose e lectrophoresis. T he  T U N E L  in situ labe ling  suggested tha t 

a rach ido n ic  acid to x ic ity  in  E9 cells is a p o p to tic  in  nature. To study th is  

fu r th e r , D N A  fragm en ta tion  w ith in  E9 cells was de te rm ined . E9 cells were 

harvested at various tim es a fte r  arachidonic acid in c u b a tio n  (6, 12, and 24 h) 

and 8 h a fte r rem oval o f  arach idon ic acid. T o ta l D N A  was p u r if ie d  fo r  the 

agarose gel e lectrophoresis assay. D u rin g  the 24-h p re load ing  period , 0.02-
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0.04 m M  a rach idon ic  acid d id  no t induce s ig n ifica n t D N A  fragm en ta tion  

(F ig . 37, lanes 3 to  5, 7 to  9, 11 to  13 com pared to  lanes 2, 6, 10). H ow ever, 

8 h  a fte r p re load ing , 0.03 and 0.04 m M  arach idon ic  acid caused D N A  

fra g m e n ta tio n  in  the  E9 cells (F ig. 37, lanes 16 and 17 com pared to  lane 14 - 

no arach idon ic  acid added). E ig h t hours a fte r the  in it ia l 24-h p re load ing  

w ith  0.03 m M  a rach idon ic  acid, M V5 cells d id  n o t show  a s ig n ifica n t D N A  

ladder (F ig . 38, lane 6, com pared to  E9 cells show n in  lane 7). The  D N A  

fra g m e n ta tio n  in  E9 cells was com ple te ly  b locked  by 0.1 m M  tro lo x  (F ig . 38, 

lanes 8 and 9, com pared to  lane 7).

bcl-2 has been show n to  be p ro tec tive  against apoptosis in  several reac tion  

systems (35-43). E9 cells conta ined a lo w  leve l o f  bd-2, as shown by W estern  

b lo t  analysis (F ig . 31, pCI-neo lane). T o  de term ine the  e ffe c t o f  bcl-2 on  the 

a rach idon ic  acid to x ic ity ,  we transfected E9 cells w ith  p C I-b c l-2  p lasm id, 

w h ich  conta ins c D N A  encod ing  human bcl-2, w ith  c o n tro l p C I p lasm ids (the 

em p ty  ve c to r), and w ith  pC I-as-bc l-2 , w h ic h  conta ins the bcl-2 c D N A  in  

reversed o r ie n ta tio n  (the antisense c D N A ). The p C I-b c l-2  trans fec ted  E9 

ce lls  produced a m uch h ighe r leve l o f  bcl-2 (F ig . 31, bcl-2 lane) com pared to  

the  p C I trans fec ted  cells (F ig . 31, pCI-«eo lane). A f te r  24 h o f  a rach idon ic  

ac id  (0.02-0.04 m M ) p re load ing  and 24 h  o f  a d d itio n a l in cu b a tio n , p C I 

trans fec ted  E9 ce lls d isp layed s im ila r c y to to x ic ity  (20-50% ) as d id  the  n o n ­

trans fec ted  E9 cells (F ig . 39, p C I-neo curve, com pared to  F ig. 24, E9 m inus 

BSO curve). U n d e r the  same cond itions, p C I-b c l-2  transfectan ts showed 

o n ly  m argina l to x ic ity  (less than 10%) by arachidonic acid. pC I-as-bc l-2
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transfected E9 ce lls  showed a somewhat g reater to x ic ity  com pared to  pC I 

transfectan ts (F ig . 39); ve ry  l i t t le  bcl-2 was detected in  the  cells a fte r 

trans fec tion  w ith  th e  antisense p lasm id (F ig . 31, as bcl-2 lane). These results 

suggest th a t bcl-2 m o d ifie s  the s e n s it iv ity  o f  E9 cells to  a rach idon ic  acid. 

F ig. 31 shows th a t C YP2E1 levels were s im ila r  in  the  cells trans fec ted  w ith  

plasm ids p C I, p C I-b c l-2 , and pC I-as-bc l-2 .
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Project III. CYP2E1 Toxicity on Hep G2 Cells 

Clines

H ep G 2 -C I2E 1 -47  (E47) and H ep  G 2-C I2E1-43 (E43) c lones w ere selected 

fro m  H ep G 2 cells trans fec ted  w ith  a p C I-2 E l p lasm id . A f te r  G418 

se lection , th re e -tim e  lim ite d  d ilu t io n  screening, and a ha lf-yea r o f 

con tinuous  tissue cu ltu re , the  tw o  clones appear to  be stab le  w ith  respect to  

expression o f  C YP2E1 and m icrosom a l PNP o x id a tio n  a c tiv ity . W estern b lo t 

analysis o f  ce ll ex trac ts  fro m  E47 o r E43 cells showed a c lea r band at a 

m o lecu la r w e ig h t o f  abou t 54 kD a, w h ich  is id e n tica l to  th e  band generated 

by human l iv e r  m icrosom es (data n o t shown) and to  ce ll lysate fro m  a 

p re v io u s ly  estab lished E9 subclone (F ig. 40). E xpress ion  o f  C YP2E1 in  the 

new subclones was a bou t 1 0 -fo ld  h igher than th a t fo u n d  w ith  p rev ious ly  

estab lished E9 subclone  (q u a n tifie d  by d e n s ito m y try  o f  F ig . 40). The 

co n s titu tiv e  express ion  o f  C YP2E1 in  E47 and E43 cells is p ro m o te d  by the 

hum an cy tom ega lov irus  (C M V ) im m edia te-early  e n h a n c e r/p ro m o te r (C M V 

e n h a n ce r/p ro m o te r). F o r  the  purpose o f  com para tive  s tudy, we also 

estab lished tw o  c o n tro l ce ll clones, H ep G 2-C I-34  (C34) and H ep G 2-C I-37  

(C37), th ro u g h  p C I-neo p lasm id  trans fec tion . The C 34 and C 37 cells, s im ila r 

to  the  pa ren ta l H ep  G 2 cells, do n o t express detectable C Y P 2E 1 (F ig . 40).

E nzym atic  a c tiv it ie s  o f  E47, E43, C34, and C37 cells w ere d e te rm ined  by the 

a b il i ty  o f th e ir  m icrosom es to  ca rry  out a typ ica l C Y P 2E 1-dependent 

reaction , /7 -n itro p h e n o l o x id a tio n . As shown in  Table IV , the  average PNP
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o x id a tio n  a c tiv itie s  o f  the  m icrosom es prepared fro m  E47, E43, C34, and 

C37 ce lls were 343, 186, 5, and 3 p m o l/m in /m g  m icrosom a l p ro te in , 

respective ly. A lth o u g h  the re  is considerable v a r ia b ility  in  the  CYP2E1 

co n te n t o f  hum an liv e r  m icrosom es, the  P N P  o x id a tio n  a c tiv it ie s  o f  E47 and 

E43 m icrosom es are low e r, b u t w ith in  a reasonable range o f  th a t fo u n d  w ith  

hum an liv e r  m icrosom es (0.4 -  1 n m o l/m in /m g  m ic rosom a l p ro te in ). 

H ow ever, the P N P a c tiv ity  b y  m icrosom es fro m  the  E47 and E43 cells was 4 

to  8 - fo ld  greater th a n  th a t b y  m icrosom es fro m  the  p re v io u s ly  established 

Hep G 2-M V 2E 1-9  cells (40-60 p m o l/m in /m g  m icrosom al p ro te in ) (D a i et 

al., 1993).

The expression o f  CYP2E1 caused an apparent decrease in  the  g ro w th  curve 

fo r  the H ep G 2 ce lls. As show n in  F ig . 43, the C34 and C37 ce lls g row  at a 

s im ila r rate as the  pa ren ta l H ep G 2 cells, whereas the  increase in  ce ll 

num bers w ith  tim e  are lo w e r w ith  the  E47 and E43 cells. The d o u b lin g -tim e  

fo r  E47 o r E43 cells is abou t 30 o r 28 h r, respective ly, w h ich  is longe r than 

c o n tro l C34 o r  C37 cells (21 h r) o r  n o rm a l Hep G 2 cells (20 h r) (Table IV ) . 

H ow ever, ce ll m o rp h o lo g y  o f  E47 o r  E43 cells appears to  be no rm a l and 

s im ila r to  C34 o r  C37 cells, o r  pa ren ta l H ep  G2 cells (F ig . 44). In  add ition , 

no s ig n ifica n t L D H  leakage was observed w ith  E47 cells (F ig . 45). Thus the 

overexpression o f  C YP2E1 appears to  decrease ce ll g ro w th , b u t the  cells 

rem ain viab le.
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T o  va lida te  th a t the decrease in  ce ll g ro w th  is a re fle c tio n  o f  the  expression 

o f  CYP2E1 ra ther than  c lona l va r ia tio n , the  e ffe c t o f  tra n s fe c tin g  Hep G2 

ceils w ith  p lasm id con ta in in g  C YP 2E 1 c D N A  (p C I-2 E l)  and c o n tro l plasm id 

(pCI-neo) was determ ined. The g ro w th  rate o f  the  H ep G 2 cells transfected 

w ith  p C I-2 E l p lasm id was s low e r than the  cells trans fec ted  w ith  pCI-neo. 

F o r example, a fte r p la tin g  the  same num ber o f  cells, the  num ber o f  cells 

a fte r 7 days was 4.5 X  106 fo r  th e  pCI-neo transfec tan t, and 1.37 X  106 fo r  

the  p C I-2 E l transfectan t; a fte r 12 days, the  num ber o f  cells was 2.44 X  107 

fo r  pCI-neo transfectan t, and 3.3 X  106 fo r  the p C I-2 E l tran s fe c tan t.

G SH  is am ong the m ost im p o rta n t in tra c e llu la r an tiox idan ts . R O I generated 

fro m  C YP2E1 o r o th e r sources are rem oved e ith e r by d ire c t reaction  w ith  

G SH  o r by  the  g lu ta th ione  peroxidase reac tion . The in tra c e llu la r G SH  level 

is e ffe c tiv e ly  m aintained by re cyc lin g  GSSG back to  G SH  and by de novo 

synthesis. BSO is an e ffe c tive  in h ib ito r  o f  y-g lu tam ylcyste ine  synthetase, the 

ra te - lim it in g  enzyme fo r  g lu ta th io n e  synthesis. The in tra c e llu la r G SH  level 

o f  E47 and C34 cells w ith  o r w ith o u t BSO trea tm en t was evaluated. In  the 

absence o f  BSO trea tm ent, the E47 cells had a s lig h tly  h ighe r leve l o f  GSH 

than the  H ep  G2 cells o r  C34 ce lls  (F ig . 46). A s expected, BSO -treatm ent 

resu lted in  decreasing levels o f  G SH . H ow ever, B S O -trea tm en t caused an 

accelerated decline o f  in tra c e llu la r G SH  in  E47 cells as com pared to  C34 

cells (F ig . 46). This may be due to  increased R O I fo rm a tio n  in  the  E47 cells.
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As discussed above, the  E47 and E43 ce lls  appear fu l ly  v iab le  in  the  absence 

o f  BSO tre a tm e n t. H ow ever, a fte r tre a tm e n t w ith  BSO fo r  tw o  days, 

substan tia l m o rp h o lo g ica l changes o f  E47 cells were observed (F ig . 44). 

M any E47 cells w ere detached and flo a te d  to  the  to p  o f  the  c u ltu re  m edium , 

cells w ere sh runken  and dispersed and a m ono layer was n o t fo rm ed . N o  

such changes in  m o rp h o lo g y  were e v id e n t when BSO was added to  cu ltu re  

m edium  o f  C34 cells (F ig. 44). M o reo ve r, L D H  leakage was observed a fte r 

B S O -trea tm en t o f  the  E47 cells, b u t n o t a fte r adding BSO to  the  C34 cells 

(F ig . 45) o r  H ep  G 2 cells (data n o t show n). The c y to to x ic ity  in  the  E47 cells 

caused by CYP2E1 was q u an tifie d  w ith  an M T T  assay. As show n in  F ig. 47, 

about 40-50%  o f  the  Hep G2 cells expressing CYP2E1 (E47 and E43) died 

a fte r tw o  days o f  BSO trea tm ent, whereas no loss in  v ia b il ity  was observed 

w ith  the C34 o r  C37 cells o r H ep G2 ce lls . A  tim e  course fo r  the  decrease in  

M T T  re d u c tio n  is show n in  F ig . 48. Loss o f  ce ll v ia b i l ity  upon  BSO 

trea tm en t o f  the  E47 cells was ev iden t a fte r  tw o  days o f  cu ltu re , and became 

m uch m ore p ronounced  w ith  increasing  tim e  o f  cu ltu re . A  lo w e r M T T  

reading (A 570-A 630) was also observed fo r  the  E47 cells in  th e  absence o f 

BSO, as com pared to  the C34 cells w ith  o r  w ith o u t BSO tre a tm e n t (F ig. 48); 

th is  is p ro b a b ly  a re fle c tio n  o f  the  decrease in  ce ll g row th  o f  th e  E47 cells 

ra the r than  a s ig n ific a n t loss o f  v ia b il ity ,  since ce ll m o rp h o lo g y  was in tac t 

and L D H  leakage was m in im a l (F igs. 44 and 45). The e ffe c t o f  BSO 

trea tm en t on v ia b i l ity  o f  H ep G2 ce lls  tra n s ie n tly  transfected  w ith  vecto r 

co n ta in in g  CYP2E1 c D N A  o r c o n tro l v e c to r p C I-neo was de te rm ined  w ith
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the M T T  assay. There was a 3- fo ld  decrease (percentage-w ise) in  ce ll 

v ia b il ity  w hen H ep G2 ce lls  w ere trans fec ted  w ith  p C I-2 E l com pared to  

p C I-a s -2 E l (F ig  49). These resu lts  suggested th a t w hen  G S H  leve ls are 

low ered  in  the  C YP2E 1-expressing ce lls, there  is a d ram a tic  loss o f  ce ll 

v ia b il ity , whereas no such loss in  v ia b i l i ty  occurs in  the  c o n tro l cells no t 

expressing C Y P 2E 1.

The ex ten t o f  D N A  fragm e n ta tion , a b iochem ica l h a ll m a rk  o f  a p o p to tic  ce ll 

death, was de te rm ined  to  evaluate the  m o rph o log ica l o b se rva tion  o f  

apoptosis in  H ep G2 subclones (C hen eta l., 1997). In d u c tio n  o f  apoptosis in  

H ep G 2 ceils expressing C YP 2E 1 trea ted  fo r  2 days w ith  0.1 m M  BSO was 

analyzed by an agarose gel e lec tropho res is  assay. A p o p to tic  ce lls o ften  

produce a un ique ladder com posed o f  nuc leo tide  fragm ents at an in te rva l o f  

200 base-pairs, w h ich  can be v isu a lized  by D N A  agarose e lec trophores is . As 

show n in  F ig. 50, a “ D N A  la d d e r”  com posed o f  D N A  fragm ents at an 

in te rva l o f  200 bp was p roduced  by  the  D N A  p u r if ie d  fro m  BSO -trea ted  

E47 ce lls; C34 cells w ith  o r  w ith o u t BSO trea tm ent, and E47 ce lls n o t 

treated w ith  BSO, d id  n o t p roduce  a D N A  ladder. The c y to to x ic ity  induced 

in  E47 cells appears to  be a p o p to tic , and is on ly  induced  a fte r  G S H  was 

depleted.

The o n ly  apparent d iffe rence  betw een E47 and C34 cells, as w e ll as between 

p C I-2 E l and p C I transfectan ts , is the  expression o f  C YP2E1 in  the  fo rm e r. 

I t  appears th a t the  g row th  in h ib it io n  e ffe c t and c y to to x ic ity  o r  apoptosis
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(a fte r BSO -treatm ent) in  H ep  G 2 cells con ta in ing  C YP2E1 is due to  the 

presence o f  CYP2E1 in  these ce lls. T o  va lida te  th is  hypothesis, a p lasm id, 

p C I-a s -2 E l, con ta in ing  c D N A  encod ing  antisense C YP2E1 was trans fec ted  

in to  E47 cells to  in h ib it  C YP 2E 1 p ro d u c tio n . W estern b lo t analyses o f  the 

CYP2E1 con ten t a fte r  tra n s fe c tio n  w ith  the  p C I-a s -2 E l p lasm id  ind ica ted  

th a t the  expression o f  C YP 2E 1 was decreased about 70% w ith  p C I-a s -2 E l as 

com pared to  c o n tro l tra n s fe c tio n  w ith  pCI-»eo p lasm id (F ig . 41). p C I-a s -2 E l 

trans fec ted  E47 cells grew  fa s te r than  pCI-weo transfected cells as measured 

by ce ll coun ting  7 days a fte r  tra n s fe c tio n  (Fig. 51). V ia b il i ty  in  the  cells 

trans fec ted  w ith  p C I-a s -2 E l p lasm id  and treated w ith  BSO fo r  tw o  days was 

h ighe r (about 65% viab le) th a n  th a t in  ceils transfected  w ith  the  c o n tro l 

ve c to r pCI-neo (less than  25% v iab le ) (F ig . 52). Thus, the  observed g ro w th  

in h ib it io n  e ffect in  the absence o f  BSO trea tm ent and to x ic ity  a fte r  BSO- 

tre a tm e n t in  Hep G 2 cells are dependent upon  C YP2E1 express ion  under 

these experim enta l co n d itio n s .

4-M P and M e2SO are ligands fo r  C YP2E1, and have been show n to  stablize 

CYP2E1 in  rat hepatocyte cu ltu res  (Feierm an and Cederbaum , 1986) and in  

the  H ep G2 cells (C arrocc io  et al., 1994). A fte r  cu ltu re  in  4 -M P  o r  D M S O  

co n ta in in g  m edium  fo r  2 days, E47 cells con ta in  an increased leve l o f 

C YP2E1 compared to  E47 ce lls  cu ltu re d  in  norm al M E M  (F ig. 42). Cells 

c u ltu re d  in  M E M  plus 4-M P o r  M e2SO showed an enhanced loss o f  v ia b il ity  

a fte r trea tm ent w ith  BSO as com pared to  E47 cells, suggesting a c o rre la tio n  

between the  expression leve l o f  C YP2E1 and c y to to x ic ity  (F ig . 53).
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One consequence o f  R O I fo rm a tio n  m ay be l ip id  p e ro x id a tio n . L ip id  

pe rox ida tion  o f  E47 and C34 cells was assessed by m easuring p ro d u c tio n  o f  

lip id  p e ro x id a tio n  end products, M D A  and 4 -H N E . As show n in  Table V , 

there is no detectab le  lip id  p e ro x id a tio n  in  C34 ce lls ; some lip id  

p e rox ida tion  c o u ld  be observed in  the  E47 cells d u rin g  th e  regu la r ce ll 

cu ltu re . B S O -trea tm en t d id  n o t induce l ip id  p e ro x id a tio n  in  C34 cells. 

H ow ever, l ip id  p e ro x id a tio n  was e levated in  the E47 cells a fte r BSO- 

trea tm ent fo r  2 days. The s ig n ifica n t d iffe re n ce  in  l ip id  pe rox id a tion  

between the tw o  ce ll subclones suggests th a t overexpression  o f  CYP2E1 

caused l ip id  p e ro x id a tio n , possib ly th ro u g h  the  C Y P 2E 1-induced  generation 

o f R O I. Subsequent studies were ca rried  o u t to  evaluate w he the r the 

enhanced l ip id  p e ro x id a tio n  was responsib le  fo r  the  c y to to x ic ity  fo u n d  when 

GSH was dep le ted  fro m  the E47 cells.

To fu r th e r  characterize  the nature o f  th e  CYP2E1 c y to to x ic ity , several 

an tiox idants w ere  added to  the cu ltu re  m ed ium  and th e ir  e ffe c t on  the 

c y to to x ic ity  p roduced  upon  GSH d e p le tio n  was de term ined. A s shown in  

Fig. 54, V ita m in  E, T ro lo x , and V ita m in  C  were p ro te c tive  against CYP2E1 

c y to to x ic ity  to  the  E47 cells. V ita m in  E also b locked  the  D N A  

fragm enta tion  indu ce d  in  E47 cells up on  G S H  de p le tio n  (F ig . 50) and 

prevented the  enhanced l ip id  p e rox id a tion  (Tab le  V ). F u rth e rm o re , these 

an tiox idants  also m odera te ly  increased the  g ro w th  rate o f  E47 ce lls  (data no t 

shown). These resu lts  suggest tha t the C YP2E1 induced g ro w th  in h ib it io n
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and a p o p to tic  c y to to x ic ity  are re la ted to  l ip id  p e rox ida tion  and deve lopm ent 

o f  a state o f  o x id a tive  stress.

H ep G2 ce lls co n ta in  a lo w  leve l o f  bc l-2 , as show n by W estern b lo t  analysis 

(F ig . 55). T o  de te rm ine  the e ffe c t o f  bcl-2 on  the CYP2E1 to x ic ity ,  tw o  Hep 

G2 subclones, H ep  G 2 -C IB c l-27  (B27) and H ep G 2-C IB c l-28  (B28), were 

established, a fte r tra n s fe c tio n  o f  H ep  G 2 ce lls w ith  the expression ve c to r 

p C I-b c l-2 , w h ic h  conta ins a fu l l  len g th  hum an bcL-2 c D N A . Tw o  o th e r H ep 

G2 subclones, H ep  G 2 -C IA -1 4  (A  14) and Hep G 2 -C IA -15  (A  15), were 

obta ined fro m  the  tra n s fe c tio n  w ith  ve c to r pC I-as-bc l-2  w h ich  con ta ins an 

antisense bcl-2 c D N A . As shown in  F ig . 55, H ep G2 and C34 ce ll lysates 

produced ve ry  l i t t le  endogenous B cl-2  p ro te in ; B27 and B28 cells p roduced  a 

s ig n ific a n tly  h ighe r leve l o f  B c l-2 ; w h ile  A 14  and A15 cells B c l-2  expression 

was n o t detected.

To study the  e ffe c t o f  bcl-2 on  C YP2E1 to x ic ity ,  B28, A 14, and C34 cells 

were trans fec ted  w ith  the same am ount (1 pg p lasm id  D N A / 1 X  10s cells) o f  

p C I-2 E l p lasm id . F o u r days a fte r tra n s fe c tio n , B28-CYP2E1, A 14-C Y P 2E 1, 

and C 34-C YP2E1 transfectan ts  were sub jected  to  BSO trea tm en t. A s show n 

in  F ig  57, B28-CYP2E1 cells were re la t iv e ly  resistant to  B S O -trea tm en t; 

C34-CYP2E1 cells showed a s im ila r loss o f  ce ll v ia b il ity  as p re v io u s ly  fo u n d  

w ith  E47 and E43 cells; A14-C YP2E1 cells were the  m ost sensitive  to  BSO- 

trea tm ent. O n  an agarose gel e lectrophores is  experim ent, B28 tra n s fe c ta n t 

d id  n o t p roduce  a “ D N A  ladder” as observed in  C34 and A14 transfec tan ts
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(F ig  58), o r  E47 cells (F ig. 50). As show n in  F ig . 56, the  expression levels o f  

CYP2E1 in  the  th ree  transfectan ts  w ere  s im ila r. Thus, the  apparent 

d iffe re n ce  am ong the three trans fec tan ts , w h ic h  exp la ins the va ry in g  loss o f  

v ia b il ity ,  was th e  B cl-2  leve l. The  tra n s fe c tio n  e xpe rim e n t suggests th a t B c l- 

2 is p ro te c tiv e  against the CYP2E1 c y to to x ic ity ,  w h ich  is cons is ten t w ith  the 

o b se rva tion  th a t CYP2E1 c y to to x ic ity  is a p o p to t ic  in  nature.

The observed g ro w th  in h ib it io n  e ffe c t o f  C Y P 2E 1 to  the  H ep G 2 cells does 

n o t seem to  re fle c t a loss o f  ce ll v ia b i l i t y  due to  R O I-induced-dam age. 

N o rm a lly  cu ltu re d  E47 cells appear to  be m o rp h o lo g ic a lly  s im ila r to  e ith e r 

H ep G 2 o r  C34 cells, L D H  leakage is n o t observed, and a lo w  leve l o f  l ip id  

p e ro x id a tio n  was observed in  E47 ce lls in  th e  absence o f  0.1 m M  BSO. We 

exp lo red  o th e r possib le  mechanisms to  e xp la in  the  s low  g row th . A T P  serves 

as an essentia l energy source fo r  m ost in tra c e llu la r  syn the tic  reactions, and 

is necessary fo r  ce llu la r repa ir o f  damaged m acrom olecu les, and to  m a in ta in  

adequate levels o f  G SH . Decreased leve ls o f  A T P  cou ld  co n tr ib u te  to  the 

s low  g ro w th  rate o f  the  Hep G2 cells overexpress ing  C YP2E1. Indeed, the 

A TP  leve l in  E47 cells (0.48 ±  0.01 p m o l p e r 1 X  106 cells) was abou t 30% 

low e r than  th a t in  C34 cells (0.70 ±  0.02 ftm o l p e r 1 X  106 cells).

The lo w e r co n te n t o f  ATP in  the  E47 ce lls  m ay re fle c t a n tio x id a tive  

reactions, w h ich  consume A TP , a n d /o r  a decreased rate o f  p ro d u c tio n  o f  

A T P  by m ito ch o n d ria . M ito c h o n d ria l e le c tro n  f lo w  is tra nspo rted  th ro u g h
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fo u r  m u lt is u b u n it complexes, designated C o m p lex  I  to  IV , w h ich  reside in  

the  inn e r m ito c h o n d ria l membrane. C om p lex  I  and I I  accept e lectrons fro m  

N A D H  and succinate, respective ly, then  pass the  e lectrons to  C om plex I I I  

v ia  ub iqu inone , and then  to  C om plex IV  m ed ia ted  b y  cytochrom e c. The 

re sp ira to ry  fu n c tio n  o f  the  m ito ch on d ria  f ro m  C34 o r  E47 ce lls  was assayed 

by m easuring oxygen consum ption  a fte r the  sequentia l add itio n  o f 

substrates, w h ic h  are specific  fo r  each e le c tro n  tra n s p o rt pathway, to  the 

re sp ira tio n  b u ffe r  con ta in ing  cells trea ted  w ith  0.005% d ig ito n in , a 

c o n d it io n  w h ich  permeabilizes the  ce llu la r m em brane and m ito ch o n d ria l 

o u te r membrane. As show n in  Table V I ,  the  oxygen consum p tio n  rate w ith  

pyruvate-m ala te , w h ich  produces N A D H  and donates e lectrons to  C om plex I 

is s ig n if ic a n tly  low e r w ith  m ito ch on d ria  o f  E47 cells as com pared to  

m ito c h o n d ria  o f  the  C34 cells. H ow ever oxygen consum p tio n  w ith  succinate 

o r ascorba te -TM P D , w h ich  donate e lectrons th ro u g h  C om plex I I  o r 

C om p lex IV , respective ly , is the same w ith  m ito c h o n d ria  fro m  E47 cells and 

C34 cells. A f te r  B SO -treatm ent, the  oxygen con sum p tion  rates w ith  

substrates d ona ting  e lectrons th ro u g h  a ll th ree  com plexes are low e r w ith  

E47 m ito c h o n d ria  com pared to  C34 m ito c h o n d r ia  (BSO d id  n o t change the 

oxygen con sum p tio n  rate o f  C34 m ito ch o n d ria ).

V ita m in  E, w h ich  p revented  lip id  p e ro x id a tio n  and apoptosis in  the BSO- 

trea ted  E47 ce lls, com p le te ly  p ro tected against the  damage to  C om plex I in  

n o rm a l E47 ce lls and a ll three complexes in  B S O -trea ted  E47 cells (Table 

V I) .  These results suggest tha t R O I generated b y  CYP2E1 caused damage in
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E47 ce lls , and th a t the  presence o f  G S H  lim ite d  th is  damage m a in ly  to  

C om plex I .
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DISCUSSION

A daptive  responses to  the  o x ida tive  stress o f  H 20 2 in  yeast Saccharomyces 

cereuisciae s tra in  R Z53 co u ld  increase the  v ia b il ity  against a h ighe r dose o f 

H 20 2 (Davies et al., 1995). I t  has been p re v io u s ly  shown th a t p re incuba tion  

o f  m am m alian cells w ith  lo w  doses o f H 20 2 o r L -D O P A  cou ld  p ro tec t these 

cells fro m  the c y to to x ic ity  o f  h igh e r doses o f H 20 2 o r t-b u ty l-h yd ro p e ro x id e  

(Wiese et al., 1995; H an  et al., 1996). H ow ever the  m echanism  fo r  th is  

p ro te c tio n  is s t i l l  unknow n . In  P ro je c t I ,  we evaluated a possib le  p ro te c tive  

e ffect o f  p re in cu b a tio n  o f  low er, n o n -tox ic , doses o f  m enadione on 

ox ida tive  in ju ry  p roduced  by to x ic  doses o f m enadione and H 20 2. A  m ajor 

goal was to  investiga te  the  possib le ro le  o f N F -k B  a c tiva tion  in  the 

p ro te c tio n  m echanism  produced by menadione p re in cu b a tio n .

P re incuba tion  o f  H ep  G2 cells w ith  a lo w  dose o f  m enadione (3 p M ) was 

found  to  p ro te c t these cells fro m  ox ida tive  in ju ry  caused by the subsequent 

add ition  o f  a h ighe r to x ic  dose o f  menadione o r  H 2O z generated by the 

glucose oxidase - glucose system. W hen a n ti-ox id a n ts , such as N- 

acetylcysteine, p y rro lid in e  d ith iocarbam ate , th iou rea , o r  u r ic  acid, were 

present toge the r w ith  m enadione du ring  the p re in cu b a tio n  pe riod , no 

p ro te c tive  e ffec t b y  m enadione is observed. T h is  suggests th a t i t  is no t 

menadione itse lf, b u t ra the r the  p ro d u c tio n  o f  reactive  oxygen interm ediates 

generated by the m etabo lism  o f  menadione w h ich  is responsib le  fo r  the 

eventual p ro te c tive  e ffec t. N -acety lcyste ine, a nuc leoph ile , reacts w ith  a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

va rie ty  o f  reactive  species and helps to  m a in ta in  c e llu la r  G SH levels. 

Th iourea  and u r ic  ac id  react w ith  hyd roxy l ra d ica l- like  species. P y rro lid in e  

d ith iocarbam ate , a m e ta l che la to r, w ou ld  p reven t iro n -ca ta lyze d  fo rm a tio n  

o f  po ten t o x id iz in g  species.

U sing  the e le c tro p h o re tic  m o b il ity  s h ift assay, m enad ione was shown to  

activate N F -k B in  H e p  G 2  ce lls. The N F -k B sp e c if ic  b in d in g  in  E M SA was 

con firm e d  by add ing  excess unlabeled N F -k B o lig o n u c le o tid e , w h ich  

b locked the  spec ific  b in d in g , and excess m uta ted  N F -k B o lig onu c le o tide , 

w h ich  d id  n o t b lo c k  th e  sp e c ific  b ind ing , to  the E M S A  reactions, and by the 

a b il ity  o f an ti-p50  Ig G  to  b lo c k  b ind ing  to  the o lig o n u c le o tid e  probe, w h ile  

anti-p65 Ig G  p roduced  a su p e rsh ift o f N F -x B -p ro b e  com p lex . These results 

suggest the presence o f  p50 and p65 subun its  in  the  N F -k B com plex 

activated by  m enadione. The  a c tiva tion  o f  N F -k B b y  m enadione may be 

re la ted to  the o x id a tive  stress generated fro m  the  m e ta b o lism  o f  menadione 

as the same a n ti-o x id a n ts  th a t b locked the  p ro te c tiv e  e ffe c t produced by 

p re incuba tion  w ith  m enad ione (Table I) also in h ib ite d  the  a c tiv a tio n  o f  N F - 

k B by menadione. C o n ce n tra tio n s  o f m enadione w h ic h  activa ted  N F -k B 

were also e ffec tive  co n cen tra tio n s  fo r  p ro te c tio n  against c y to to x ic ity  o f  

H 2O z o r m enadione. N everthe less, the a c tiva tion  o f  N F - k B by  m enadione 

was a re la tive ly  ra p id  response, evident as ea rly  as 10 m inutes a fte r 

trea tm ent. The tim e  needed to  activate N F -k B b y  m enad ione was sho rte r 

than  the menadione p re in c u b a tio n  tim e when m ax im um  p ro te c tio n  was
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observed. T h is  suggests th a t fo rm a tio n  o f  some p ro te in (s ) o r  fac to r(s) f irs t  

needs to  be induced  be fo re  the cells achieve the  a b il i ty  to  resist ox ida tive  

stress.

Sodium  salicyla te  has been shown to  in h ib it  the  N F -k B a c tiv a tio n  in  some 

ce ll lines (K o p p  and G hosh, 1994). Sodium  sa licy la te  in h ib ite d  N F -k B 

ac tiva tion  by  m enadione in  H ep G2 cells. Associated w ith  th is  p re ven tio n  o f  

N F -k B a c tiva tio n  was a p o te n tia tio n  o f  the c y to to x ic ity  o f  m enadione and

H 20 2. C oncen tra tions  o f  m enadione o r H 20 2 w hich  w ere n o t to x ic  to  the 

cells in  the absence o f  salicylate were to x ic  in  the  presence o f  salicylate. 

Th is  raises th e  p o s s ib ility  th a t by in h ib it in g  N F - k B a c tiva tio n , salicylate 

e lim ina ted  the  p ro te c tiv e  e ffe c t generated b y  m enad ione-induced  low  leve l 

ox ida tive  stress. In  a s im ila r manner, overexpression  o f  I k B(3 in  Hep G2 

cells also increased the  to x ic ity  o f  menadione. A c tiv e  p h o rb o l esters such as 

P M A  are kn o w n  fo r  th e ir  a b ility  to  activate p ro te in  kinase C w h ich  

phosphorates I k B and then  activates N F -k B. P ro lon ged  cu ltu re  in  P M A  

con ta in ing  m ed ium  d o w n  regulates p ro te in  kinase C  a c tiv ity  (R odriguez- 

Pena and R ozengurt, 1984), w h ich  results in  in h ib it io n  o f  P K C -dependent 

N F -k B a c tiva tion . W hen H ep G2 cells were m a in ta ined  in  cu ltu re  m edium  

con ta in ing  100 n g /m l o f  P M A  fo r  24 hours, those ce lls became more 

sensitive to  m enadione than  the co n tro l cells w h ic h  w ere m a in ta ined in  

norm a l m edium . M enad ione p re incuba tion  fa ile d  to  increase the  v ia b il ity  o f  

P M A -trea ted  cells in  the  m enadione c y to to x ic ity  assay. H ow eve r, sh o rt-te rm  

trea tm ent w ith  P M A , w h ich  activates p ro te in  kinase C  and subsequently N F -
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k B, p ro tected against m enadione cy to to x ic ity . The resu lts  w ith  salicylate, 

I k BP and P M A  suggest a ro le  o f  N F -k B in  the  p ro te c tio n  by menadione 

p re incubation .

N F -kB  ac tiva tion , w h ic h  includes the  release o f  Ik B  and tran s loca tio n  o f 

N F -kB  in to  the nucleus, is n o t s u ff ic ie n t to  cause the  p ro te c tio n  observed 

a fte r menadione p re trea tm en t. A c tiv a tio n  o f  N F -kB  regulates the  expression 

o f  certa in genes w h ich  co n ta in  N F -k B  b ind ing  sequences in  th e ir  upstream 

regula tion  regions (Lenardo  et al., 1987; A tch iso n  and P e rry . 1987). I t  has 

been suggested th a t genes in vo lve d  w ith  ox ida tive  stress m ig h t be induced 

a fte r ac tiva tion  o f  N F -k B . C yclohexim ide  cou ld  also activa te  N F -k B  in  Hep 

G2 cells, bu t i t  d id  n o t increase the  v ia b il ity  o f  these ce lls  in  response to 

menadione. W hen cyc lohex im ide  was present to g e th e r w ith  menadione 

du rin g  p re incuba tion , th e re  was no p ro tec tive  e ffe c t against menadione 

cy to to x ic ity . These data ind ica te  th a t some p ro te in (s) m ust be synthesized in  

response to  the a c tiv a tio n  o f  N F -k B  caused by the p re trea tm en t w ith  

menadione and i t  is l ik e ly  th a t such p ro te in (s) are respons ib le  fo r  p ro tec ting  

the cells fro m  ox ida tive  in ju ry .

M enadione p re in cu b a tio n  was fo u n d  to  s ig n if ic a n t ly  increase the 

in tra ce llu la r G SH leve l o f  H ep  G2 cells. T h is  increase may p la y  an im po rtan t 

ro le  in  the m echanism  o f  th e  p ro te c tive  e ffec t o f  m enadione p re incuba tion , 

especially since m enadione c y to to x ic ity  was e levated w hen GSH was 

depleted a fte r trea tm ent o f  the  cells w ith  bu th ion ione  s u lfo x im in e . Shi et al.,
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(1994), fo u n d  an increased G S H  concen tra tion  in  bov ine  p u lm o n a ry  artery 

endo the lia l ce lls a fte r the  cells were treated w ith  2 ,3 -d im e thoxy-1 ,4 - 

naph thoqu inone  and m enadione, w h ile  O c h i (1996) show ed th a t menadione 

increased G S H  levels in  Chinese ham ster V79 cells. T he  increase in  GSH 

levels in  H ep G 2 cells by  m enadione pre treatm ent may be one consequence 

o f  the a c tiva tio n  o f  N F -k B by m enadione since sa licyla te  in h ib its  the  GSH 

increase induced by menadione trea tm en t under co n d itio n s  in  w hich 

salicylate po ten tia tes  m enadione c y to to x ic ity  in  the H ep  G2 cells.

M enadione is m etabo lized  to  R O I, w h ich  are to x ic  to  the  cells when

produced in  h ig h  am ounts w h ich  overw he lm  ce llu la r de fensive  mechanisms. 

A t  low e r con cen tra tio n , m enadione may induce ce llu la r defense, p a rtia lly  by 

increasing G S H  levels. T h is  p ro te c tive  e ffect w ou ld  be e lim in a ted  in  the 

presence o f  sa licy la te  i f  the  p ro te c tio n  is a N F -k B dependent event. The 

salicylate p o te n tia t io n  o f  m enadione c y to to x ic ity  is co n s is ten t w ith  the 

suggestion th a t m enadione p ro tec ts  the  Hep G2 ce lls  against h igher

m enadione c y to to x ic ity  th ro u g h  a N F -k B dependent pathw ay.

The N F -k B fa m ily  is activa ted by a va rie ty  o f s tim u li, such as cytokines, 

viruses, U V  lig h t,  as w e ll as o x ida tive  stress (reviewed by Beg and Baldw in, 

1993; G ilm ore  and M o rin , 1993). Based on  the observa tion  th a t in d u c tio n  o f 

N F -k B is an ea rly  response to  ox id a tive  stress, the N F -k B s ig n a lin g  pathway 

appears to  be a na tu ra l p ro te c tive  mechanism against in ju ry . Certa in 

p ro te ins re la ted to  ox ida tive  stress, such as M n -S O D  (18, 19), D T -

diaphorase (20), and iN O S  (21, 22), and F e rr it in  H  (23) have been shown to
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be induced  a fte r  N F -k B a c tiva tio n . Results in  the  cu rre n t s tudy show  that 

reactive oxygen interm ediates generated fro m  m enadione m e tabo lism  can 

induce a p ro te c tiv e  mechanism against ox ida tive  stress in  H ep  G 2 ce lls . This 

p ro te c tio n  m echanism  appears to  in v o lv e  an N F -k B a c tiv a tio n  and may be 

due, in  p a rt, to  e leva tion  o f  ce llu la r G S H  levels.

The p r im a ry  goal o f  P ro je c t I I  was to  investigate the  to x ic ity  o f  a rachidonic 

acid in  a H ep  G 2 subclone in  w h ic h  the m a jo r o r  the  o n ly  s ign ifica n t 

cy to ch rom e  P450 iso fo rm  is C Y P 2E 1. In d u c tio n  o f  C YP2E1 and the 

fo rm a tio n  o f  reactive  in term ediates, in c lu d in g  reactive  m e tabo lites , reactive 

oxygen in te rm ed ia tes , and l ip id  p e ro x id a tio n  de riva tives, appear to  be one 

o f  the  m echanism s tha t is re ce iv in g  much cu rre n t in te res t in  studies 

eva lua ting  h o w  e thanol is h e pa to tox ic . I t  has been dem onstra ted  that 

re la tive  to  several o the r cy tochrom e P450 isozymes, C YP2E1 d isp lays high 

N A D P H  oxidase a c tiv ity , is lo o se ly  coupled and is m ore  reactive  in 

o x id iz in g  e th a n o l to  the 1-h yd ro xye th y l rad ica l (G o rsky  et al., 1984; Reinke 

et al., 1987; E k s tro m  and Inge lm an-Sundberg, 1989; A lb a n o  et al., 1991; 

C as tillo  et al., 1992). M icrosom es fro m  e thano l-trea ted  ra ts are m ore reactive 

than  the  c o n tro ls  in  p roduc ing  a v a r ie ty  o f  reactive oxygen in te rm ed ia tes by 

reactions sens itive  to  a n ti-C Y P 2 E l an tibod ies and to  chem ica l in h ib ito rs  o f 

CYP2E1 (T hu rm an , 1973; Boveris et al., 1983; E ks tro m  et al., 1986; D icke r 

and C ederbaum , 1988; P un ta ru lo  and Cederbaum, 1988; E ks tro m  and 

Ing lem an-S undberg , 1989; Rashba-Step et al., 1993;). C o rre la tio n  between 

in d u c tio n  o f  C Y P 2E 1, l ip id  p e ro x id a tio n  and e tha no l-indu ce d  liv e r  in ju ry
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have been reported  w ith  the  co n tinu o u s  in tragas tric  in fu s io n  m ode l o f 

e thano l feed ing  (French, 1992; Takahash i et al., 1992; M o ro m o to , et al.,

1993). The  studies us ing  the  in tra g a s tr ic  m ode l o f  ra t feeding ind ica te d  th a t 

a h ig h  co n te n t o f po lyunsa tu ra ted  fa t ty  acids w ou ld  lead to  enhanced 

C Y P 2 E l-d e p en d e n t l ip id  p e ro x id a tio n  and pathogenesis o f  a lco h o lic  liv e r  

disease (N a n ji, 1993). In  o rd e r to  estab lish  d ire c t linkage between C YP2E1, 

P U F A  to x ic ity ,  and the  ro le  o f  l ip id  p e ro x id a tio n  and o x ida tive  stress, we 

u tiliz e d  a p re v io us ly  established hum an hepatom a Hep G 2 subclone E9, 

w h ich  was transduced w ith  hum an C YP2E1 c D N A  by using a re tro v iru s  

sh u ttle  v e c to r (D a i et al., 1993). A n  advantage o f  the  E9 m odel is the  stable, 

c o n s titu tiv e  expression o f  C Y P 2E 1, in  con tras t to  the rap id  decline  o f  the 

is o fo rm  in  p rim a ry  cu ltu red  hepatocytes. E xperim ents were ca rried  o u t to  

evaluate: w h e th e r arachidonic acid, a representa tive  PU FA, is m ore  to x ic  to  

cells expressing CYP2E1 com pared to  c o n tro l cells no t expressing C Y P 2E 1; 

w he the r the  elevated to x ic ity  is associated w ith  enhanced l ip id  p e ro x id a tio n ; 

w he the r an tiox idan ts  can rescue the  cells against P U F A  c y to to x ic ity ; 

w he the r the  c y to to x ic ity  is a p o p to tic  in  nature; and w he the r bcl-2 can 

p ro te c t the  cells against the  P U F A  c y to to x ic ity .

E9 ce ils expressing CYP2E1 and M V 5  cells w h ich  do n o t have detectab le  

CYP2E1 expression were f ir s t  incuba te d  w ith  arachidonic acid fo r  24 h, 

fo llo w e d  by  rem oval o f  the  P U FA , a d d it io n  o f  fresh  m edium  n o t co n ta in in g  

added P U F A , and analysis fo r  to x ic ity .  Ind ices o f  to x ic ity  inc luded  L D H  

leakage, m o rpho log y  and decreased v ita l dye reduction  (M T T  assay). 

A ra ch id o n ic  acid (0.03 m M ) induced  c y to to x ic ity  in  E9 cells, w h ile
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s ig n if ic a n t ly  lo w e r o r no c y to to x ic ity  was fo u n d  in  the  c o n tro l M V 5  cells. 

The c y to to x ic ity  produced by arach idon ic acid  was con cen tra tion  and tim e 

dependent. A n  im p o rta n t co n tro l is the ob se rva tion  th a t o le ic  ac id  was n o t 

to x ic  to  the  CYP2E1 expressing cells under co n d itio n s  in  w h ich  a rach idon ic  

acid was to x ic , ind ica ting  tha t to x ic ity  is n o t due to  fa tty  acid m etabo lism  

per se, b u t ra th e r due to  the  presence o f  a P U F A . T h is  suggests th a t l ip id  

p e ro x id a tio n  plays a role in  the a rach idon ic  acid  c y to to x ic ity  to  E9 cells. 

Three lines o f  experim ents are supportive  fo r  a ro le  fo r  l ip id  p e ro x id a tio n  in  

the P U F A  to x ic ity  to  E9 cells. D e p le tio n  o f  G S H  by BSO trea tm en t 

increased a rach idon ic  acid to x ic ity  to  the E9 (and the M V 5) cells. G SH  is 

know n  to  p ro te c t cells against ox ida tive  stress and damage caused by lip id  

p e ro x id a tio n  (M onks and Lau, 1989; M e is te r, 1994). F o rm a tio n  o f 

cha rac te ris tic  end products o f  l ip id  p e rox id a tion , m alond ia ldehyde and 4- 

hyd roxy-2 -nonena l, was s tr ik in g ly  elevated in  the E9 ce ll extracts and in  the 

cu ltu re  m ed ium  fro m  the E9 cells a fte r a d d itio n  o f  a rach idon ic  acid, whereas 

o n ly  a sm all increase in  these lip id  aldehydes was fo u n d  w ith  M V 5 cells. A  

va rie ty  o f  an tiox idan ts  w h ich  prevent l ip id  p e ro x id a tio n  in c lu d in g  a - 

to c o p h e ro l phosphate, tro lo x , ascorbate, p ropy lga lla te , D P P D , and the  iro n  

che la to r, desferrioxam ine, were e ffec tive  in  p reven ting  the to x ic ity  by 

a rach idon ic  acid  to  the  Hep G 2-M V 2E 1-9  ce lls. M e2SO and e thanol, besides 

be ing  substrates o r  ligands fo r  CYP2E1, are also e ffe c tive  h yd ro xy l rad ica l 

scavenging agents. These com pounds a ffo rd e d  l i t t le  p ro te c tio n  against the 

a rach idon ic  acid to x ic ity , suggesting th a t e ith e r h yd ro xy l ra d ica l- like  species 

were n o t in vo lve d  in  the P U FA  to x ic ity  (e.g. h yd ro xy l rad ica l scavengers do
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n o t p reven t m icrosom al l ip id  p e ro x id a tio n  (A ust et al., 1985; P un ta ru lo  and 

Cederbaum, 1986) o r th a t secondary radicals p roduced  fro m  the in te ra c tio n  

o f  M e2SO (m ethyl rad ica l) o r e thano l (1 -hyd ro xye th y l rad ica l) were 

them selves to x ic .

I t  is n o t l ik e ly  th a t the  enhanced P U F A  to x ic ity  to  E9 ceils is m ediated via 

a rach idon ic  acid m etabo lism  to  eicosaenoid p roducts  since there  shou ld  be 

no d iffe re nce  in  cyclooxgenase pathways between the  E9 and the  M V 5 cells. 

In  a d d itio n , asp irin  d id  n o t s ig n ific a n tly  p ro te c t against the P U F A  to x ic ity  

w h ile  tra n s fe c tio n  w ith  a p lasm id  con ta in ing  antisense CYP2E1 c D N A  

low ered the  P U FA  to x ic ity . The s ig n ifica n t d iffe rence  between the  E9 and 

M V 5 cells is the expression o f  CYP2E1 in  the  fo rm e r and no t in  the la tte r.

Some to x ic ity  by h ighe r concen tra tions o f  a rach idon ic  acid was also 

observed w ith  the H ep G 2 -M V -5  cells, w h ich  do n o t express CYP2E1. Th is  

to x ic ity  by h ighe r concen tra tions o f  a rach idon ic  acid m ost lik e ly  re flects a 

non -C Y P 2 E l-m e d ia te d  l ip id  p e rox id a tion  process since: a) to x ic ity  was 

enhanced a fte r BSO trea tm en t to  lo w e r ce llu la r G S H  levels (F ig. 24); b) 

sm all increases in  m alond ia ldehyde and 4 -hydroxynonena l were produced 

upon  incu ba ting  the M V 5 cells w ith  0.03 m M  arach idon ic  acid (F ig. 26 and 

27); and c) the  sm all increase in  F IT C  labe ling  found  w hen a rach idon ic  acid 

was incubated  w ith  the M V 5  cells, analogous to  the  large increase fou nd  

w ith  the  C Y P 2E l-e xp ress in g  cells, was prevented by the  a n tiox id a n t tro lo x  

(F ig . 34, 35 and 36). M ost lik e ly , reactive oxygen species are being produced 

fro m  o th e r ce llu la r sources than  cytochrom e P450 m ixed  fu n c tio n  oxidase
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a c tiv ity , e.g. m ito c h o n d ria  may be the  p re do m ina n t source o f  reactive 

oxygen species un de r m any co n d itio n s . The re  are num erous studies in  the 

lite ra tu re  show ing  th a t enrichm ent o f  hepatocytes o r  tu m o r cells w ith  

a rach ido n ic  ac id  o r  o th e r PUFAs resu lts  in  l ip id  p e ro x id a tio n  and ce llu la r 

to x ic ity  w h ic h  can be prevented  by a n tio x id a n ts  such as v ita m in  E o r D P P D  

(C anuto e ta /. ,  1991, 1995; M ikke lsen  e ta /., 1993, 1994; Sugihara e ta /., 1994; 

F u runo , 1996), analogous to  the to x ic ity  p roduced  by  h igh  concentra tions o f 

a rach idon ic  acid  to  the  M V 5 cells.

H um an C Y P 2E 1 has been shown to  m e tabo lize  arach idon ic  acid to  co-1- 

h yd ro xy -a ra ch id o n ic  acid (Capdevila et a /., 1992; Laethem  et a/., 1993; 

Fukuda et a/., 1994). A  CYP2E1 in h ib ito r ,  4 -M P , d id  n o t p revent the to x ic ity  

o f a ra ch id o n ic  acid at concen tra tions w h ic h  p reven ted  to x ic ity  o f  e thanol, 

CC14, and acetam inophen (D ai and C ederbaum , 1995a; W u and Cederbaum, 

1996). C Y P 2E 1 substrates, such as e thano l and M e2SO also d id  n o t 

e ffe c tiv e ly  in h ib it  the  arach idon ic ac id  to x ic ity  (Tab le  I I I ) .  These results 

suggest th a t th e  d ire c t m etabolism  o f  a rach idon ic  acid  to  p o te n tia lly  to x ic  

p roducts  b y  C YP2E1 does n o t co n tr ib u te  s ig n if ic a n t ly  to  the P U F A  to x ic ity . 

To  va lida te  the  ro le  o f  CYP2E1 in  the  enhanced P U F A  to x ic ity  to  the E9 

cells, tra n s fe c tio n  experim ents w ith  p lasm ids co n ta in in g  CYP2E1 c D N A  in  

the sense and antisense o rie n ta tio ns  w ere ca rried  ou t. Com pared to  

tra n s fe c tio n  w ith  the  c o n tro l p lasm id , tra n s fe c tio n  w ith  sense CYP2E1 

c D N A  increased a rach idon ic  acid to x ic ity ,  w h ile  tra n s fe c tio n  w ith  antisense 

CYP2E1 c D N A  decreased P U F A  to x ic ity  to  the  leve l observed w ith  M V5
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cells. Iso la ted  m icrosomes fro m  E9 cells have been show n to  produce 

superoxide  rad ica l and H 20 2 at e levated rates com pared to  M V 5  m icrosom es 

(D a i et al., 1993). L o w  concen tra tions  o f  fe rr ic -A T P  e ffe c tive ly  catalyzed 

lip id  p e ro x id a tio n  w ith  E9 m icrosom es bu t n o t w ith  M V 5 m icrosom es (D a i 

et al., 1993). Taken as a w ho le , these results suggest th a t elevated p ro d u c tio n  

o f  reactive  oxygen in term ediates due to  the presence o f  C YP2E1 in  E9 cells 

can re su lt in  the fo rm a tio n  o f  p o te n t ox idants w h ich  can in it ia te  l ip id  

p e ro x id a tio n  i f  su ffic ie n t levels o f  P U F A  are available.

Since CYP2E1 is a “ loose ly -coup led ”  enzyme (G orsky  et al., 1984; E ks tro m  

and Ingelm an-Sundberg, 1989), fo rm a tio n  o f  reactive  oxygen in te rm ed ia tes 

occurs even in  the absence o f  added substrates. In  fac t, fo rm a tio n  o f 

superoxide and H 20 2 by m icrosom es fro m  the  E9 cells was n o t a lte red  b y  

the  a d d itio n  o f  substrates and ligands o f  C YP2E1, in c lu d in g  e thano l and 4- 

M P (D a i et al., 1993), w h ich  p ro b a b ly  explains w h y  these agents d id  n o t 

p ro te c t against a rachidonic acid to x ic ity .

D N A  fragm enta tion  assessed by D N A  agarose gel e lectrophoresis and the 

T U N E L  m ethod  showed th a t the  to x ic ity  induced by arach idon ic acid in  the 

E9 cells invo lve d  apoptosis. T ro lo x , a v ita m in  E analog and a l ip id  

p e ro x id a tio n  in h ib ito r , prevented E9 cells fro m  apoptosis and c y to to x ic ity  

induced by arachidonic acid, suggesting th a t l ip id  p e ro x id a tio n  played a ro le  

in  the  deve lop ing  apoptosis and in  the  c y to to x ic ity . In tra c e llu la r reactive 

oxygen species and elevated leve ls o f  l ip id  p e rox id a tion  have been 

im p lica te d  as being associated w ith  apoptosis (H ockenbery  et al., 1993;
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B uscig lio  and Yankner, 1995; Pe led-Kam ar etal., 1995). O u r  resu lts  suggest 

th a t en richm ent o f  the  po lyunsa tu ra ted  fa tty  acid leve ls in  b io lo g ica l 

membranes o f  E9 cells is c r it ic a l fo r  developm ent o f  apop tos is  induced by 

C YP2E1-dependent o x id a tive  stress, bcl-2 in h ib its  m any types o f  a p op to tic  

ce ll death, a lthough  the  m echanism  is n o t com p le te ly  c lear (H ochenbery, 

1992; M e rin o  et al., 1994; Ryan et al., 1994; M em on et al., 1995; Reap et al., 

1995; S in icrope et al., 1995; A m stro n g  et al., 1996; Jacobsen et al., 1996; 

Okazawa et al., 1996). B c l-2  is loca lized  to  in tra c e llu la r sites o f  reactive 

oxygen species genera tion  in c lu d in g  m itochondria , endop lasm ic re ticu lum , 

and nuclear membranes (H ocke n b e ry  et al., 1993; K o rsm e yer d t al., 1993, 

1995; N guyen et al., 1994). W hen E9 cells were trans fec ted  w ith  bcl-2, they 

became resistant to  the  a rach idon ic  acid to x ic ity , w h ic h  is cons is ten t w ith  

the p ro te c tio n  by various an tiox idan ts . In te res ting ly , the  trans fec tan ts  fro m  

p lasm id con ta in ing  antisense bcl-2 c D N A  showed an increased to x ic ity  by 

arach idon ic acid, p ro b a b ly  due to  the  suppression o f  the  lo w  leve l o f 

endogenous Bcl-2  in  the H e p  G2 cells (F ig . 31). T ra n s fe c tio n  w ith  the  bcl-2 

sense o r antisense p lasm id  d id  n o t a ffect expression o f  C YP2E1 as 

com pared to  tra n s fe c tio n  w ith  c o n tro l p lasm id (Fig. 31).

In  summary, a series o f  experim ents have been ca rried  o u t to  dem onstrate 

th a t arachidonic acid is to x ic  to  cells expressing C YP2E1 b u t n o t to  cells 

n o t expressing CYP2E1. T he  P U F A  to x ic ity  is associated w ith  increased 

l ip id  p e rox ida tion  and can be d im in ished  b y  an tiox idants  w h ic h  p reven t l ip id  

pe rox ida tion . The to x ic ity  appears to  be apop to tic  in  na ture, and can be 

prevented by overexpression o f  bcl-2. Since p ro d u c tio n  o f  reactive  oxygen
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in term ediates is elevated w ith  m icrosom es iso la ted fro m  ce lls  expressing 

CYP2E1 com pared to  co n tro ls , i t  is p roposed tha t th is  e levated generation 

o f  reactive  in term ediates can in it ia te  l ip id  pe rox ida tion , w h ic h  subsequently 

causes apoptosis and ce llu la r damage, w hen the  cells are p re loaded  w ith  

P U F A . These resu lts  ind ica te  th a t en richm en t o f  cells expressing CYP2E1 

w ith  P U F A  results in  cy to to x ic ity . The E9 m odel appears to  be a usefu l 

m odel to  s tudy in te ractions between C YP2E1, PU FA , and free  radicals and 

the  consequences o f  these in te rac tio ns  on ce il v ia b ility . T hey also appear to  

reproduce, in  a sim ple ce ll cu ltu re  m odel, several o f  the  key features 

associated w ith  e thano l h e p a to to x ic ity  in  the in tragas tric  in fu s io n  m odel o f  

e thano l trea tm en t.

In  a d d itio n  to  c y to to x ic ity  o f  a rach idon ic  acid, experim ents were also 

ca rried  o u t to  show  tha t a rach idon ic  acid in it ia l ly  increased the  GSH 

p ro d u c tio n , poss ib ly  th rough  N F -k B a c tiva tio n , co rre la tin g  to  th e  s tudy o f

menadione a c tiva tio n  o f N F -k B. CYP2E1 induces elevated p ro d u c tio n  o f 

R O I, w h ich  resu lts in  enhanced l ip id  p e ro x id a tio n  w hen a ra ch id o n ic  acid, a 

representa tive  po lyunsaturated  fa tty  acid, is also present. Since c y to to x ic ity  

by a rach idon ic  acid required  a tw o -day  trea tm en t pe riod , we evaluated 

w he the r the  po lyunsatura ted  fa tty  ac id -induced ox ida tive  stress m ig h t also 

tr ig g e r an in i t ia l  self-defense response by the cells in  o rd e r to  p ro tec t 

against to x ic ity .  Indeed, in  the  E9 cells, one im p o rta n t a n tio x id a n t, the  GSH 

con ten t, is up -regu la ted  as an early  response to  the a rach idon ic  ac id -induced  

ox id a tive  stress. W ith o u t such u p -re g u la tio n  o f  G SH  p ro d u c tio n , the
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in tra c e llu la r G S H  leve l shou ld  decline, since the  increased o x id a tive  stress 

a fte r a rach idon ic  acid  add ition  w ou ld  consum e G SH . The increased leve l o f 

G SH  suggests th a t G SH  synthesis m ay be elevated by  a d d itio n  o f 

a rach idon ic  acid to  the E9 cells. A n o th e r possib le m echanism  fo r  the 

increase co u ld  be an increased tu rn o ve r o f  GSSG to  G SH  as catalyzed by 

g lu ta th io n e  reductase. The experim ent w ith  BSO suggests increased 

synthesis o f  G S H  as the p rim a ry  m echanism  responsib le  fo r  e levated GSH 

levels as BSO a ffects y-g lu tam ylcyste ine synthetase, b u t n o t g lu ta th ione  

reductase; BSO e ffe c tive ly  in h ib ite d  th e  increase in  G S H  induced by 

a rach idon ic  acid. I t  is o f  in te res t th a t y-g lu tam ylcyste ine  synthetase has N F - 

kB  responsive elements in  its  p ro m o te r (Yao et al., 1995), and ox ida tive  

stress can resu lt in  a c tiva tion  o f  N F -k B  (reviewed in  20, 21). Sodium 

salicyla te, w h ic h  in h ib its  N F -k B  a c tiva tio n  in  a va rie ty  o f  systems (K opp  

and G hosh, 1994), d id  p revent the increase in  G S H  produced b y  arachidonic 

acid, suggesting th a t the increase in  G S H  produced by a rach idon ic  acid 

invo lves a c tiva tio n  o f  N F -k B .

The increase in  G S H  produced by a rach idon ic  acid  in  the E9 ce lls  appears to 

in vo lve  an in it ia l response to  the ox ida tive  stress induced by the  fa tty  acid 

in  the CYP2E1 -expressing ce lls. The e leva tion  in  G SH  was p reven ted  by 

an tiox idan ts  such as tro lo x  and ascorbate. P reventing  the increase in  GSH 

w ith  sa licy la te  po te n tia ted  the  to x ic ity  o f  a rach idon ic  acid, w h ic h  fu rth e r 

suggests th a t the  e leva tion  in  G SH  is an in it ia l response by the  cells fo r  

p ro te c tio n  against the  P U FA -induced to x ic ity .  Since the a rach idon ic  acid
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to x ic ity  requires tw o  days to  develop, i t  is lik e ly  th a t o n ly  w hen the in it ia l 

adaptive  response is overw he lm ed by pro longed o x id a tive  stress does 

c y to to x ic ity  and apoptosis occu r. I t  is im p o rta n t to  note  th a t p re ven tin g  the 

increase in  G SH does n o t always resu lt in  p o te n tia tio n  o f  to x ic ity ,  e.g. 

t ro lo x  and ascorbate e ffe c tiv e ly  p reven t the increase in  G SH , however, 

u n like  sa licyla te , these agents were fu l ly  p ro tec tive  against th e  a rach idon ic  

acid c y to to x ic ity  and apoptosis. C learly , several an tiox idan ts  are available to  

p ro te c t ce lls against ox ida tive  stress.

The  p r im a ry  goal o f P ro je c t I I I  was to  investiga te  the to x ic ity  o f  CYP2E1 

its e lf  in  the  absence o f added to x in  in  H ep G2 cells w h ic h  have been 

transduced to  express C Y P 2E 1. In d u c tio n  o f  CYP2E1, fo rm a tio n  o f  R O I, 

e leva tion  o f  l ip id  p e rox id a tio n , and c y to to x ic  damage are features observed 

in  a lcoho l-induced  h e p a to to x ic ity , bu t d irec t linkage betw een these events 

has been d iffe re n t to  evaluate. P revious studies have show n th a t agents, 

such as acetam inophen, e thano l, and CC1+, are m etabo lized  in to  to x ic  

p roducts  w h ic h  cause c y to to x ic ity , and th is  m etabo lism  and to x ic ity  is 

increased w hen CYP2E1 is induced (N ordm ann  et al., 1992). In  the 

in tra g a s tr ic  in fu s io n  m odel o f  e thano l feeding, liv e r  in ju ry  occurred  when 

the  rats consum ed diets co n ta in in g  P U F A  but n o t saturated fa t ty  acid; in ju ry  

was associated w ith  s tr ik in g  e leva tio n  o f  CYP2E1 (Tsukam oto  et al., 1986, 

1995; F rench , 1992; Takahashi et al., 1992; N a n ji eta l., 1993; T sukam oto  and 

F rench, 1993). In  previous stud ies and P ro ject I I ,  s ig n ific a n t c y to to x ic ity  

was observed when the E9 ce lls  were treated w ith  acetam inophen (D ai and 

Cederbaum , 1995) o r e thanol (W u and Cederbaum, 1996) o r w ere preloaded
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w ith  a representa tive  P U F A , arach idon ic acid, b u t n o t a c o n tro l fa tty  acid, 

o le ic  acid (Chen et al., 1997). In  these models, e levated l ip id  pe rox ida tion  

was ev iden t and appeared to  corre la te  w ith  CYP2E1 levels. M icrosom es 

fro m  the transduced H ep G2 cells expressing C YP2E1 produced h igher 

am ount o f  R O I com pared to  m icrosom es fro m  the c o n tro l cells w h ich  do 

no t express detectable C YP2E1 (D a i et al., 1993). H ow eve r, there  is no 

evidence o f  d ire c t to x ic ity  observed in  these cells in  the  absence o f  added 

agents such as ethanol, acetam inophen, CC14, o r P U F A . N o  to x ic ity  was 

observed even when de novo G SH synthesis is in h ib ite d ; the  o n ly  e ffect 

cons is ten tly  fo u n d  was a s lig h tly  slow er rate o f  g ro w th  in  long  tim e  cu lture. 

Possible exp lanations are th a t CYP2E1 its e lf  is n o t d ire c t ly  to x ic  in  the 

absence o f  added to x in  w h ich  requires m etabo lism  by C YP2E1, o r  the 

CYP2E1 expression leve l in  the E9 cells is s t i l l  re la tive ly  low . The 

s ign ificance o f  P ro jec t I I I  is th a t the new ly  established H ep G2 subclones 

E47 and E43 express CYP2E1 at m uch h igher levels com pared to  the E9 

cells. The C YP2E1 con te n t in  E47 and E43 ceils is abou t 10 tim es h igher 

than  tha t in  the E9 ce lls as estim ated by W estern b lo t analysis, and 

m icrosom al P N P -o x id a tio n  a c tiv ity  o f  E47 o r  E43 cells is about 4 to  7 times 

h ighe r tha t o f  m icrosom es fro m  the E9 cells. U nd e r these co nd ition s  o f 

enhanced expression, d ire c t e ffects o f  CYP2E1 on the  rate o f  ce ll g row th  

and ce llu la r v ia b il ity  can read ily  be observed in  the  absence o f  any added 

agent.

The E47 and E43 cells grew  at a s low er rate than  the c o n tro l C37 o r C34 

cells, o r paren ta l Hep G2 cells, as the  average d o u b lin g  tim e  fo r  the
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C YP2E1-expressing cells was about 28-30 h compared to  th e  20-21 h o f  

d o u b lin g  tim e  fo r  H ep G 2 ce lls n o t expressing C YP2E1. D esp ite  th is  s low  

rate o f  g row th , the E47 o r  E43 cells rem ain viab le  as show n by  m orpho logy , 

la ck  o f  L D H  leakage and b y  v ita l dye reduction . M a in tenance o f  ce llu la r 

v ia b il ity  in  the  presence o f  e levated CYP2E1 expression appears to  re flec t 

m aintenance o f  ce llu la r leve ls o f  G SH . M icrosom es fro m  th e  transduced 

H ep G2 cells expressing CYP2E1 produce more superoxide and H , 0 2 at 

e levated rates as com pared to  c o n tro l m icrosomes even in  th e  absence o f 

C YP2E1 ligand  o r substrate (D a i et al., 1993). Th is  is an apparent re fle c tio n  

o f  the  “ loose ly-coup led ” na tu re  o f  CYP2E1. We in i t ia l ly  p red ic ted  a 

possib le  decline o f  G SH  in  the  E47 cells, since GSH is a p r im a ry  an tiox id an t 

to  rem ove the R O I. H ow ever, the  G SH  leve l in  E47 cells was n o t decreased 

com pared to  C34 cells o r pa ren ta l H ep G2 cells; indeed i t  was 5-15%  h igher 

th a n  the  con tro ls . Th is  suggests a possib le up -regu la tion  o f  G S H  p ro d u c tio n  

a n d /o r  increased G SSG -G SH  tu rn o ve r. O x ida tive  stress generated by 

m enadione (P ro jec t I) o r  a rach idon ic  acid (P ro ject I I )  in i t ia l ly  increased 

G S H  p ro du c tio n , po ss ib ly  due to  the N F -k B  ac tiva tion . Since increased 

synthesis o f  G S H  o r tu rn o v e r o f  G SH  requires A T P , i t  is in te re s tin g  to  

speculate th a t the  s low er ra te  o f  g ro w th  o f  the C YP2E 1-expressing cells may 

re fle c t the increased dem and fo r  A T P  fo r  m a in ta in ing  ce llu la r G S H  levels. 

Indeed , A TP  levels were fo u n d  to  be about 30% low e r in  the  C YP2E1- 

expressing cells.
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I f  G S H  is im p o rta n t in  m a in ta in in g  ce llu la r v ia b il ity ,  dep le tion  o f  G S H  

w o u ld  be expected to  resu lt in  to x ic ity  to  the  C YP2E1-expressing ce lls and 

n o t to  th e  c o n tro l cells. D e p le tio n  o f  G S H  by trea tm en t w ith  BSO resu lted  

in  a s tr ik in g  loss o f  v ia b il ity  o f  th e  E47 cells, w ith o u t any e ffec t on c o n tro l 

o r  pa ren ta l H ep G2 cells. G S H  leve ls  dec lined  m ore ra p id ly  in  the E47 cells 

a fte r BSO  a d d itio n  than  the c o n tro l ce lls, c lea rly  in d ic t in g  th a t the C Y P 2E 1- 

expressing cells are under e levated o x id a tive  stress. Thus, the E47 m odel 

dep ic ts  tw o  modes o f  C YP2E1 to x ic ity ;  a s low er g ro w th  rate when ce llu la r 

G S H  leve ls are m aintained, and a loss o f  ce llu la r v ia b i l i ty  w hen ce llu la r G SH  

levels are n o t m aintained.

T o  evaluate a ro le  fo r  l ip id  p e ro x id a tio n  in  these actions o f  C YP2E1, the 

p ro d u c tio n  o f  M D A  plus 4 -H N E  was de term ined. In  the  E47 cells, ve ry  lo w  

l ip id  p e ro x id a tio n  was fo u n d  w hen  G S H  levels were m ain ta ined. A fte r  G SH  

d e p le tio n , an increased leve l o f  l ip id  p e ro x id a tio n  was fo u n d  in  th e  E47 

cells, cons is ten t w ith  an e levated state o f  o x id a tive  stress. N o  lip id  

p e ro x id a tio n  was observed in  th e  C34 cells even a fte r BSO trea tm en t, 

cons is ten t w ith  the m aintenance o f  G S H  levels. The classical a n tio x id a n t 

and l ip id  p e ro x id a tio n  in h ib ito r ,  v ita m in  E, p reven ted  the  elevated l ip id  

p e ro x id a tio n  (Table I I I ) ,  as w e ll as c y to to x ic ity  (F ig . 54) and apoptosis (F ig . 

50). O th e r an tiox idants  such as ascorbate and t ro lo x  also p reven t the 

C Y P 2E 1-dependent c y to to x ic ity . These results suggest th a t elevated l ip id  

p e ro x id a tio n  also plays an im p o rta n t ro le  in  the C YP2E1 -dependent to x ic ity , 

and th a t enhanced l ip id  p e ro x id a tio n  can be observed even w ith o u t
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en richm en t o f  the  ce llu la r membranes w ith  P U F A  w hen the co n te n t o f  

CYP2E1 is h igh .

The ro le  o f  C YP2E1 in  g row th  in h ib it io n  and c y to to x ic ity  is estab lished by 

com parison  between tw o  CYP2E1 expression subclones (E47 and E43) and 

c o n tro l ce lls (C34, C37 and parenta l H ep G2) (F ig . 47), and b y  com parison 

between H ep  G2 ce lls transfected  w ith  ve c to r co n ta in in g  C YP2E1 c D N A  o r 

c o n tro l v e c to r th a t does n o t con ta in  CYP2E1 c D N A  (F ig . 49). T o  p rov ide  

fu r th e r  evidence fo r  a d ire c t role o f  CYP2E1, experim ents were pe rfo rm ed  

w ith  a v e c to r co n ta in in g  antisense CYP2E1 c D N A . In  the p C I-a s -2 E l 

transfec ted  E47 ce lls, the  CYP2E1 expression was 70% less than th a t o f  the 

o r ig in a l E47 ce lls. V ia b il ity  o f these cells in  B S O -con ta in ing  m ed ium  was 

about 3 - fo ld  h ig he r th a n  th a t o f the  E47 cells trans fec ted  w ith  the  co n tro l 

pCI-«eo ve c to r, and ce ll g row th  rate was about 2 - fo ld  faster. 4 -M P  and 

M e2SO, w h ic h  b in d  to  and stab ilize C YP2E1, increase the  CYP2E1 con ten t 

(C arrocc io  et al., 1994). These com pounds also increased the  CYP2E1 

co n te n t in  th e  E47 ce lls, and the E47 cells treated w ith  4 -M P  o r M e2SO were 

m ore sensitive  to  the  BSO trea tm ent (F ig . 53). The ro le  o f  ligands in  

CYP2E1 to x ic ity  m ig h t be d if f ic u lt  to  in te rp re t, since besides increasing  the 

co n ten t o f  C YP2E1 these com pounds m ay cause o th e r e ffects, e.g. change 

the rate o f  e le c tron  f lo w  to  CYP2E1 o r become m etabo lized  to  reactive 

p roducts. M e2SO is a good scavenger o f  *O H , how ever, th is  shou ld  p ro v ide  

p ro te c tio n  against to x ic ity  and n o t exacerbation o f  the  in ju ry . P revious 

studies have show n th a t 4 -M P , in vitro, d id  no t a lte r m icrosom al p ro d u c tio n  

o f superoxide  and H , 0 2 (D ai et al., 1993). Taken as a w ho le , these data are
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consisten t w ith  the hypothesis th a t a h ighe r level o f  CYP2E1 co n te n t is 

related to  a greater extent o f  c y to to x ic ity .

T yp ica l m o rp h o lo g ica l changes associated w ith  apoptosis, such as m em brane 

b lebb ing, cy top lasm ic  shrinkage, as w e ll as massive convers ion  in to  

a pop to tic  bodies, were observed a fte r trea tm en t o f  E47 o r  E43 cells w ith  

BSO. D N A  fragm en ta tion  assessed by  D N A  agarose gel e lec trophores is  and 

p ro te c tio n  o f  c y to to x ic ity  o f  C YP2E1 to  Hep G2 cells by  bcl-2  

overexpression suggested th a t the  to x ic ity  induced by CYP2E1 in  the  H ep 

G2 cells in v o lv e d  apoptosis. V ita m in  E prevented C YP2E1-dependent D N A  

fragm an ta tion  in  H ep G2 cells, suggesting th a t l ip id  p e rox id a tion  played a 

ro le  in  the  deve lop ing  apoptosis and in  the  cy to to x ic ity . In tra c e llu la r  R O I 

and elevated levels o f  l ip id  p e ro x id a tio n  have been im p lica ted  as being 

associated w ith  apoptosis (L in  et al., 1995; N obe l et al., 1995; T a lly  et al., 

1995;W eltin  et al., 1996; Chen et al., 1997). The elevated l ip id  p e ro x id a tio n  

induced by  CYP2E1 appears to  be c r it ic a l fo r  the developm ent o f  apoptosis. 

bcl-2 in h ib its  m any types o f  a p o p to tic  ce ll death, a lthough the m echanism  is 

n o t co m p le te ly  c lear (H ockenbery, 1992; M e rin o  et al., 1994; Ryan et al., 

1994; M em on et al., 1995; Reap et al., 1995; S in icrope eta l., 1995; A m s tro n g  

et al., 1996; Jacobsen e ta l., 1996; Okazawa, 1996; Chen e ta l., 1997). The 

B28 subclone, w h ich  overexpresses B c l-2 , was m ore resistant to  the  CYP2E1 

to x ic ity , and in  these cells apoptosis d id  n o t develop a fte r 2 days o f  BSO 

treatm ent. In te re s tin g ly , in  the A 14  subclone, w h ich  does n o t express 

detectable B c l-2 , CYP2E1 tra n s fe c tio n  caused somewhat m ore to x ic ity  

compared to  the  C34 subclone, w h ich  expresses a lo w  leve l o f endogenous
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B cl-2 . M eanw h ile , levels o f  C YP2E1 in  these cells were shown to  be the 

same a fte r  tra n s fe c tio n  w ith  same a m oun t o f  C YP2E1 plasm id.

As discussed above, the g ro w th  in h ib it io n  e ffe c t o f  CYP2E1 to  Hep G2 ceils 

does n o t appear to  re late to  c y to to x ic ity . H ow ever, the  ATP  leve l in  E47 

subclone is abou t 35% lo w e r com pared to  C34 subclone. The low e r leve l o f  

A T P  m ay be a resu lt o f  increased G S H  p ro d u c tio n  and G S H  tu rn o ve r 

re la ted to  the  o x id a tive  stress generated by C YP2E1. O n  the o th e r hand, 

m ito c h o n d r ia l A T P  p ro d u c tio n  m ay also be a lte red. The m ito ch o n d ria l 

com p lex  I ,  w h ic h  mediates the e le c tron  tra n s fe r fro m  N A D H , appeared to  

be a ffec ted  as a consequence o f  the  CYP2E1 expression. The oxygen 

co n sum p tio n  rate o f  E47 m ito ch o n d ria  w ith  pyruva te /m a la te  as substrate 

was abou t 35% lo w e r than th a t o f  C 34 m ito ch o n d ria ; complexes I I ,  I I I ,  and 

IV  d id  n o t appear to  be damaged since oxygen consum p tion  w ith  succinate 

o r a sco rb a te /T M P D  was s im ila r to  th a t o f  the  C34 subclone.

A  ve ry  lo w  leve l o f  l ip id  p e ro x id a tio n  was detected in  the  E47 cells in  the 

absence o f  BSO trea tm en t. V ita m in  E com p le te ly  restored the  oxygen 

co n sum p tio n  rate w ith  p y ruva te /m a la te  (Table V I) ,  and also p a rtia lly  

increased the  g ro w th  rate o f  E47 ce lls . The re fo re , i t  appears th a t the low  

leve l o f  l ip id  p e ro x id a tio n  w h ich  occurs in  E47 cells is s u ffic ie n t to  couse 

sp e c ific  damage to  com p lex I  o f  th e  m ito c h o n d ria l re sp ira to ry  chain; th is  

damage p ro b a b ly  con tribu tes  to  the  lo w e r co n te n t o f A T P , w h ich  

subsequently  decreases the  g row th  ra te  o f  the  ceils. M a in ta in in g  in tra ce llu la r 

G SH  levels prevents w idespread damage to  the  m itochond ria . BSO
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tre a tm e n t caused a s tro n g  e leva tion  in  l ip id  p e ro x id a tio n  in  E47 cells, and 

decreased oxygen consum p tion  was observed w ith  a ll substrates; the 

decrease in  e le c tro n  f lo w  th ro u g h  a ll com plexes was preven ted  b y  v ita m in  E. 

W h y  com p lex I  is  especia lly sensitive  to  C Y P 2E 1-dependent l ip id  

p e ro x id a tio n , o r  w he the r there is a reg u la tive  e ffe c t on expression o f 

com p lex  I  p ro te in (s ), is n o t kn o w n  b u t co u ld  re la te  to  the  h igh  

c o n ce n tra tio n  o f  iro n -s u lfu r  clusters. I t  is o f  in te res t th a t ch ro n ic  e thanol 

c o n su m p tio n  was p re v io u s ly  shown to  damage com plex I  (Cederbaum  et al., 

1974).

In  sum m ary o f  P ro je c t I I I ,  experim ents have been carried  o u t w h ich  

dem onstra te  a g ro w th  in h ib it io n  e ffe c t and a c y to to x ic  e ffe c t o f  CYP2E1 in  

transduced liv e r  hepatom a ce ll lines. These e ffects occu r in  the  absence o f 

e x te rn a lly  added to x in  o r agent and th e re fo re  are d ire c t ly  due to  h igh  levels 

o f  express ion  o f  CYP2E1 itse lf. The s low  g ro w th  may be a resu lt o f  

m ito c h o n d r ia l damage, the  need to  m a in ta in  ce llu la r G S H  leve l, and low er 

leve l o f  in tra c e llu la r  A T P  con ten t. The c y to to x ic ity  is a p o p to tic  in  nature, 

and is in it ia te d  b y  the  d e p le tio n  o f  G S H  b y  C Y P 2E 1-re la ted  ox ida tive  stress 

and e levated l ip id  p e ro x id a tio n . The d ire c t to x ic ity  o f  overexpressed 

C YP2E1 is p ro b a b ly  a re fle c tio n  o f  the  a b il i ty  o f  th is  is o fo rm  to  produce 

R O I even in  the  absence o f  substra te. I t  w o u ld  be an tic ipa ted  th a t 

substrates, w h ich  are o x id ized  by CYP2E1 to  reactive  m etabolites, e.g. 

e thano l, acetam inophen, and CC14, o r P U F A , w h ich  produces elevated lip id  

p e ro x id a tio n  in  the  presence o f  CYP2E1, w o u ld  show  s trong  to x ic ity  in  the 

E47 and E43 cells. P re lim in a ry  studies showed th a t these agents are indeed
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s tro n g ly  to x ic  in  the  E47 ce lls  even w ith o u t the  necess ity  o f  dep le ting  

ce llu la r G SH .

As sum m arized in  Scheme IV ,  b o th  CYP2E1 and m enad ione can induce 

ox ida tive  stress and cause c y to to x ic ity  to  Hep G 2 ce lls . H ep G2 cells 

respond to  th e  o x id a tive  stress in i t ia l ly  by  up regu la tio n  o f  one o f  th e ir  

endogenous a n ti-o x id a tiv e  systems, G SH . Increased G S H  p ro d u c tio n  is 

p ro te c tive  against R O I- to x ic ity .  W hen ox ida tive  stress is overw he lm ing , 

c y to to x ic ity  and apoptos is  s ta rt to  develop in  these cells.
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Scheme IV
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Tables

Table I 

Effect of antioxidaiits on protective effect of menadione preincubation

H ep G 2 cells were p re trea ted  w ith  e ith e r c o n tro l M E M  m edium  o r 3 p M  

menadione fo r  45 m in  in  the  presence o f  ind ica te d  add itions. F ina l 

concen tra tions o f  the  a dd itio ns  were: cyc lohex im ide  20 p g /m l; N-

acetylcysteine 10 m M ; p y rro lid in e  d ith iocarbam ate  50 p M ; th iou rea  5 m M ; 

u ric  acid 0.5 m M . The cells w ere  then  exposed to  18 p M  m enadione fo r 18 h 

and v ia b il ity  was de te rm ined  as described in  M a te ria ls  and M ethods. Results 

re fe r to  mean ±  SD and are fro m  3 to  5 w e lls  pe r experim ent, and 3 separate 

experim ents. Com pared to  c o n tro l (-m enadione), * p < 0000 1 , ** p>0D5.

A d d itio n s

Percentage o f  V ia b le  Cells

- menadione +  m enadione

experiment I

c o n tro l 54 ±  3.8 85 ±  3.6 *

cyc lohexim ide 44 ±  3.3 49 ±  4.5 ♦*

V -ace ty lcyste ine 55 ±  3.1 61 ±  4.5 * *

experiment I I

c o n tro l 28 ±  2.0 46 ±  2.7 *

P D T C 24 ±  2.0 28 ±  0.8 * *

th iou rea 26 ±  5.6 27 ±  5.1 * *

u ric  acid 31 ± 6.6 26 ±  6.7 * *

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

Table II

Comparison of the effect of arachidonic acid and oleic acid on the viability of E9
cells

E9 cells were incu ba ted  w ith  0.02 o r 0.05 m M  o le ic  acid o r  a rach idon ic  acid 

fo r  24 h in  the  absence o r  presence o f 0.1 m M  BSO. T he  m ed ium  was 

rem oved and rep laced by  no rm a l M E M  m edium  and a second in cu b a tio n  fo r  

24 h was ca rried  o u t in  the  absence o f  fa t ty  acid. C e il v ia b i l i ty  was then 

evaluated by the M T T  assay. Com pared to  o le ic  acid p re tre a tm en t, * p >  005,

** p < 0.001.

Percentage o f  V ia b le  Cells 

A d d itio n s  - BSO + BSO

0.02 m M  o le ic  acid  89.9 ±  10.9 96.7 ±  3.9

0.02 m M  a rach idon ic  ac id  72.9 ±  1.8 *  47.9 ±  4.7 * *

0.05 m M  o le ic  ac id  89.2 ±  9.1 98.2 ±  3.3

0.05 m M  a rach idon ic  ac id  17.2 ±  5.8 ** 0.0 ±  0.2 * *
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Table III

Effect of Anti-oxidative Agents on the C ytoto xic ity  Produced by Arachidonic Acid
to Hep G2-MV2E1-9 Cells

E9 ce lls  were incuba ted  w ith  o r  w ith o u t 0.03 mM a ra ch id o n ic  acid fo r  24 h 

in  the  presence o f  the  ind ica ted  add itions . The respective  m edia were 

rem oved and replaced by MEM supp lied  w ith  the  co rresp o n d in g  agents bu t 

w ith o u t a rach idon ic  acid and a second incuba tion  fo r  24 h was ca rried  ou t in  

the  absence o f a rach idon ic  acid . C e ll v ia b il ity  was evaluated by  the  M T T  

assay. N e t absorbance refers to  absorbance at 570 n m  m inus absorbance at 

630 nm  and percent v ia b il ity  re fe rs to  net absorbance o f  a rach idon ic  acid 

trea ted , d iv ided  by  net absorbance o f  co n tro l, tim es 100. Com pared to  

% v ia b ility  (40%) in  the absense o f  add itions , * p>Q.05, ** p <  Q001.

A d d it io n s

V ia b il ity  (A ?T„ - 

-Arachidonic Acid

-A«oX

+ Arachidonic Acid %Viability

N one 0.294 ±  0.013 0.117 ±  0.038 40

M e2SO 20 m M 0.317 ±  0.025 0.158 ±  0.033 50 *

E th a n o l 50 m M 0.334 ±  0.010 0.179 ±  0.035 54 *

D P P D  0.002 m M 0.277 ±  0.022 0.246 ±  0.021 89 * *

P ropy lga lla te  0.025 m M 0.308 ±  0.003 0.216 ±  0.005 70 * *

T ro lo x  0.02 m M 0.332 ±  0.010 0.247 ±  0.004 75 * *

V itE  0.02 m M 0.352 ±  0.020 0.305 ±  0.014 89 * *

A sco rb ic  A c id  1 m M 0.277 ±  0.016 0.248 ±  0.014 90 * *

D es fe rrio xa m in e  0.3 m M 0.218 ±  0.006 0.196 ±  0.008 90 * *

A s p ir in  1 m M 0.257 ±  0.004 0.132 ±  0.019 52 *
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Table IV 

Comparison of Hep G2 subclones

The o x id a tio n  o f  PNP by  m icrosom es fro m  parenta l H ep G 2 cells and 

transduced H ep  G 2 subclones was de te rm ined  as described u nde r “ M ateria ls 

and M e th o d s ” . The  doub ling  t im e  was estim ated a fte r 20 days o f  ce ll 

num ber c o u n tin g  using the fo rm u la : D T  (h) = 20 X  24 /  lo g 2 [ce ll 

n u m b e r]20/ [ c e l l  num ber]0. D T  re fe rs  to  d o u b lin g  tim e, and [c e ll nu m be r]20 o r 

[c e ll num ber],, re fers to ce ll num be r at day 20 o r  day 0, respective ly. 

C om pared to  c o n tro l (parental H ep G 2), * p> Q 0 5 , * *p < Q 0 1 .

Subclones O xidation o f PNP (n m o l/m in /m g  microsome) D oub ling  Time (h)

H ep G2 0.005 20

C34 0.003 * 21 *

C37 0.005 * 21 *

E43 0.186 * * 28 * *

E47 0.343 * * 30 * *
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Table V

Lipid peroxidation measurement

C34 and E47 cells were cu ltu re d  in  M E M  w ith  o r w ith o u t BSO o r/a n d  

V ita m in  E fo r  tw o  days. The  l ip id  p e rox id a tion  levels in  C 34 and E47 cells 

were m o n ito re d  by the p ro d u c tio n  o f  l ip id  pe rox ida tion  end p roduc ts , M D A  

and 4 -H N E , as described u nde r “ M a te ria ls  and M e thods” . C om pared  to  C34 

ce ll (w ith o u t o r w ith  BSO respective ly ), */><Q 001, * * p > Q . l.

Subclones A d d itio n s L P O  (nm ol 4 -H N E + M D A /m g  pro te in )

C34 0

C34 + BSO 0

E47 0.031 *

E47 + BSO 0.161 *

E47 + V itE 0 * *

E47 + V itE  &  BSO 0.013 * *

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

Table VI

Oxygen consumption rate of permeablized C34 and E47 cells

C34 and E47 cells w ere c u ltu re d  in  M E M  with, o r  w ith o u t BSO and v ita m in  

E fo r  2 days. Oxygen co n su m p tio n  was determ ined as described under 

“ M a te ria ls  and M e th o ds*. N um bers  in  parenthesis and p-va lues re fe r to  the 

change in  the rate o f  oxygen co n sum p tio n  by the E47 ce lls com pared to  the 

co rrespond ing  ( - /+  BSO) C 34 ce lls , *p < 0 .0 1 , ** p >  Q05, *** p<0D5.

Cells A d d itio n s

O xygen  consum ption  rates a fte r substra te  a d d itio n  

fn  m o le /m illio n  c e lls /m in )

P yruva te -M ala te Succinate A s c o rb a te /T M P D

C34 0.149 0.158 0.362

C34 BSO 0.186 0.178 0.347

E47 0 .09 7 (-35 )* 0 .152 (-4 )** 0 .3 8 8 (+ 7 )* *

E47 BSO 0 .03 4 (-8 2 )* 0 .029(-84)* 0 .122 (-65 )*

E47 V itE 0 .1 4 5 (-3 )** 0 .156 (-1 )** 0 .4 0 6 (+ 1 2 )lt,f-

E47 V itE + B S O 0 .1 3 6 (-2 7 )* ** 0 .162 (-9 )** 0 .3 8 8 (+ 1 2 )’('*
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Figures and Legends 

Fig. 1

Menadione cytotoxicity to Hep G2 cells

5 X  104 c e lls /m l/w e ll  H ep  G 2 cells were placed o n to  a 24 w e ll plate. 

D if fe re n t concen tra tions o f  m enadione were added to  th e  cu ltu re  medium  

fo r  18 h, fo llo w e d  by a v ia b il ity  assay (M T T  assay) as described under 

“ M a te ria ls  and M e th o ds ” .

100% .

75% -

50% .

0%
5 15 25

menadione concentration ftiM)
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Fig. 2

Protection of menadione cytotoxicity by NAC

5 X  104 c e lls /m l/w e ll H ep G 2 cells were plated o n to  a 24 w e ll p la te. 5 mM 

N A C  o r co n tro l m ed ium  was added to  the cu ltu re  m ed ium  15 m in  before 18 

p M  m enadione. A fte r  18 h o f  incuba tion , the  pe rcen t v ia b il ity  was 

de te rm ined  as described u n d e r “ M ate ria ls  and M e thods” . * p <  Q001

control
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Fig. 3

Preincubation of Hep G2 cells with menadione protects against cytotoxicity of H2O2

Hep G2 cells were p re trea ted  w ith  c o n tro l m edium  o r  3 p M  m enadione fo r  

45 m in  and then  w ere exposed to  H 2O z generated by 20, 25, 30 n g /m l 

glucose oxidase + 1 m g /m l glucose fo r  18 h fo llo w e d  by an M T T  assay. * 

p <  0 .001.

100%

75%

■g 50%

□control gmenadione pretreated

25%

0%
20 25 30

glucoae oxidase concentration (ng/ml)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

Fig. 4

Preincubation of Hep G2 cells with menadione protects against cytotoxicity of
menadione

The cells were pre treated  w ith  c o n tro l m edium  o r 3 p M  m enadione fo r  45 

m in  and then  were exposed to  15, 18, o r 20 p M  m enadione fo r  18 h, 

fo llo w e d  by an M T T  assay as described  under “ M ateria ls  and M e th o d s ” . *

p c o .o i .

100%

75%

■g 50%

□  control

■  menadione pretreated

25% -

0%
15 18 20

menadione concentration (nM)
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Fig. 5

Dose dependence of menadione preincubation

Hep G 2 cells were p re trea ted  w ith  c o n tro l m ed ium  and d iffe re n t 

concen tra tion s  o f  m enadione f o r  45 m in  and then exposed to  25 n g /m l 

glucose oxidase (and 1 m g /m l glucose) fo r  18 h, fo llo w e d  b y  an M T T  assay 

as described under “ M ate ria ls  and  M e th o ds” . *p < Q 0 0 1 .

100%

75%

&
|  50%
>
35

25%

0%

*

control 1 3 10

concentration for menadione preincubation (fiM)
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Fig. 6

Time coarse of menadione preincubation

Hep G 2  cells were pretreated w ith  3 p M  menadione fo r  d if fe re n t tim es and 

then exposed to  25 n g /m l glucose oxidase (and 1 m g /m l glucose) fo r  18 h. 

The pe rcen t v ia b il ity  was de te rm ined  as described u n d e r “ M ate ria ls  and 

M e th o ds ” . *  p<0 .01 , ** p < 0.05

100%

■S 50%

control 15 30 45 60

time for menadione preincubation (min)
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Fig. 7

Preincubation of Hep G2 cells with menadione protects against cytotoxicity of H2O2

H ep G 2 cells were pretreated w ith  c o n tro l m edium  o r  3 p M  m enadione fo r  

45 m in  and then were exposed to  H 20 2 generated by  25 n g /m l glucose 

oxidase + 1 m g /m l glucose and fo llo w e d  b y  L D H  release assay as described 

under “ M ateria ls  and M ethods” . * p  <0.001

□control gglucose oxidase 
*

^  0.15

e 0.05

medium menadione pretreated
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Fig. 8

Activation of NF-kB In Hep G2 cells

N uclear extracts w ere  prepared fro m  H ep G2 cells trea ted  w ith  c o n tro l 

m edium  (lanes 1, 4, 7), 50 n g /m l P M A  (lanes 2, 5, 8), o r  3 p M  m enadione 

(lanes 3, 6, 9) fo r  45 m in  and incubated  w ith  labeled o lig o nu c le o tide  

con ta in ing  consensus sequence o f  N F -k B b in d in g  sites (lanes 1-3) fo r  EM SA 

carried ou t as described under “ M a te ria l and M e thods” . T w e n ty  tim es m ore 

o f unlabeled o lig o n u c le o tid e  con ta in in g  N F -k B sequence (lanes 4-6) and 

unlabeled o lig o n u c le o tid e  con ta in in g  m u tan t N F -k B sites (lanes 7-9) were 

present in  the in c u b a tio n  p e rio d  fo r  com p e titio n .
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Fig. 9

Time coarse of NF-kB activation

E M S A  was pe rfo rm ed  by u t il iz in g  n u c le a r extracts  prepared fro m  H ep G2 

cells incuba ted  w ith  m edium  alone (lane  1), o r  3 p M  m enadione fo r  5, 10, 

15, 30, 45, 60, and 120 m in  re sp e c tive ly  (lanes 2-8).

1 2 3  4 5  6 7 8
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Fig. 10

Effect of anti-NF-icB antibodies on NF-kB binding to NF-kB consensus sequence
oligonucleotide probe

E M S A  was ca rried  o u t as described u n de r “ M ateria ls and M e th o d s ” w ith  

nuclear extracts prepared fro m  the  H ep  G 2 cells treated w ith  c o n tro l 

m edium  (lane 1) o r  3 p M  m enadione fo r  45 m in . N uclear ex trac t fro m  the 

cells s tim u la ted  w ith  menadione was incuba te d  in  the b in d ing  b u ffe r  in  the 

absence o f  a n tib o d y  (lane 2) o r  in  the  presence o f  2 pg an ti-p50  Ig G  (lane 

3), 2 pg an ti-p65  Ig G  (lane 4) o r  2 pg p re im m une  IgG  (lane 5) o v e rn ig h t at 

4 °C . Labeled o ligonuc leo tide  co n ta in in g  the  consensus sequence o f  N F - k B 

b in d in g  site was th e n  added to  each re a c tio n  m ix tu re .

1 2 3 4 5
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Fig. 11

Effect of salicylate, cycloheximide and antioxidants on NF-kB activation by
menadione

EM SA was ca rried  as described under “ M ate ria ls  and M e thods” w ith  nuclear 

extracts prepared fro m  H ep  G2 cells trea ted  w ith  3 p M  m enadione in  the 

absence o f  any add itions  (lane 1) o r  in  the  presence o f  10 m M  sod ium  

salicylate (lane 2), 20 (xg /m l cyc lohexim ide  (lane 3), 10 m M  N -ace ty lcys te ine  

(lane 4), 50 p M  p y rro lid in e  d ith iocarbam ate  (lane 5), 5 m M  th iou rea  (lane 6 ), 

and 0.5 m M  u r ic  acid (lane 7) fo r  45 m in .
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Fig. 12

Salicylate potentiation of menadione cytotoxicity to Hep G2 cells, dose dependence
of salicylate concentration

Hep G 2  cells were placed on to  24-w e ll p lates fo r  assays, and v ia b il ity  was 

de term ined by the  M T T  assay and results expressed as the  percent v ia b il ity  

o f  cells exposed to  menadione p lus sa licy la te  com pared to  cells exposed to  

sa licyla te alone. A t  ind ica ted  concen tra tions and fo r  6  h incuba tion , 

sa licyla te alone had no to x ic  e ffec t. The ce lls were incubated  w ith  10 p M  

menadione in  the presence o f  d if fe re n t concen tra tions  o f  sod ium  salicylate 

fo r  6  h.
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75% -

50% -

25% -

0 5 10 15 20
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Fig. 13

Dose dependence curve of menadione cytotoxicity to Hep G2 cells potentiated by
salicylate

H ep G 2 cells were p laced on to  24 -w e ll plates fo r  assays, and v ia b i l i t y  was 

de te rm ined  b y  the  M T T  assay and results expressed as the  p e rce n t v ia b il ity  

o f  ce lls exposed to  m enadione p lus salicylate com pared  to  cells exposed to  

sa licy la te  alone. A t  ind ica ted  concen tra tions and fo r  18 h in cu b a tio n , 

sa licy la te  a lone had no to x ic  e ffec t. Dose dependence curves w ere  made by 

in cu b a tio n  o f  H ep  G 2 cells w ith  the  co m b in a tio n  o f  va rious  co ncen tra tion s  

o f  m enadione and sod ium  salicylate fo r  18 h.

NaSal 5 mM100%  -

NaSal 10 mM

NaSal 20 mM

2.5 7.5

menadione concentration ftiM)
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Fig. 14

Time course curve of menadione or H2O2 cytotoxicity to Hep G2 cells potentiated by
salicylate

Hep G2 ce lls were p laced on to  24-w e ll plates fo r  assays, and v ia b il ity  was 

de te rm ined  b y  the  M T T  assay and results expressed as the  percent v ia b il ity  

o f cells exposed to  m enadione plus salicylate com pared to  cells exposed to  

salicylate a lone. A t  a concen tra tion  o f  10 m M  and fo r  18 h, salicylate alone 

had no s ig n ific a n t to x ic  e ffec t. T im e course was ca rried  o u t by incuba ting  

Hep G2 cells w ith  10 p M  menadione o r 50 p M  H 20 2 w ith  o r  w ith o u t 10 m M  

sod ium  sa licyla te , fo r  the  ind icated tim e  po in ts .
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75% -

H202
H202 + NaSal 
MN
MN + NaSal

0%
2 4 86 18

incubation time (h)
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Fig. 15

Effects of long-term PMA treatment on the protection by menadione preincubation
against menadione cytotoxicity

H ep G2 cells were trea ted  w ith  100 n g /m l P M A  o r  m ed ium  fo r  24 h, and 

then  pre incubated w ith  n o rm a l m edium  o r  3 jxM  m enadione fo r  45 m in , 

fo llo w e d  by incu b a tio n  w ith  18 ^ iM  menadione and subsequent c y to to x ic ity  

assay using the M T T  assay as described under “ M a te ria l and M e thods” . 

Com pared to  c o n tro l, * p > 0.05, ** p <0.001.

100%
□  control gPM A

75%

■§ 50%

25%

medium menadione
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Fig. 16

Effect of long-term PMA treatment on menadione toxicity

A fte r  p ro long ed  trea tm en t w ith  P M A  o r m ed ium  fo r  24 h, H ep G 2 cells 

were exposed to  a series o f  d if fe re n t m enadione concen tra tions  and 

fo llo w e d  b y  v ia b il ity  assay using the  M T T  assay as described under 

“ M a te ria ls  and M e th o ds” .

100%  - PMAcontrol

75% -

25% -

0%
5 10 15 18 20

menadione concentration ftiM)
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Fig. 17

Effect of short-term PMA treatment on menadione toxicity

H ep G2 cells were pre incubated  w ith  m ed ium , 3 p M  m enadione, o r 25 

n g /m l P M A  fo r  25 m in  and than  exposed to  18 p M  m enadione fo r  

c y to to x ic ity  assay. T he  percent v ia b il ity  was de te rm ined  using the  M T T  

assay as described unde r “ M ateria ls and M e th ods” . *p < Q 0 0 1 , ** p<0CO5.

100%

75%

I 50% 
>
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Fig. 18

Transient expression of IkB(3 in Hep G2 cells

T ra n s fe c tio n  o f  the  H ep  G 2 cells w ith  c o n tro l p lasm id  pCI-neo o r pC I-IicB P  

was carried ou t as described u n d e r “ M ateria ls and M e thods” . W estern b lo t 

analysis was carried  o u t on  ce ll extracts using a n ti-IicB p  Ig G  (Santa C ruz  

B io techno logy , Santa C ruz, C A ) as p rim a ry  a n tib o d y  and G oat a n ti- ra b b it 

Ig G -a lka line  phosphatase as secondary an tibody. F ro m  lane 1 to  lane 4 : 

m o lecu la r w e igh t m aker, H ep  G 2 ce ll, pC I tran s fe c tan t, and p C I- Ix B P  

transfec tan t.

82 k U

33 k  JL/gjk

1 2  3 4
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Fig. 19

Effect of overexpression of IkB{1 on menadione cytotoxicity to Hep G2 cells

T ransfec tion  o f  the  H ep  G 2 cells w ith  c o n tro l p lasm id  pCI-neo o r pCI-IicB(5 

was carried  o u t as described under “ M a te ria ls  and M e thods” . The 

c y to to x ic ity  o f  the  ind ica ted  concen tra tions  o f  m enadione in  the c o n tro l 

transfectan t and the  IicBp-expressing H ep  G 2  cells was determ ined a fte r an 

18 h incuba tion  p e rio d  using the  M T T  assay as described under “ M ateria ls 

and M ethods” . C om pared to  c o n tro l (p C I-n e o ), *  p < 0.001, * *  p < 0 D1 .

i75% -

2  50%

□pCI-neo IpC I-lkB

7.5 10 12.5 15 17.5

menadione concentration (pM)
20
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Fig. 20

Effect of BSO on menadione toxicity to Hep G2 cells

Hep G2 ce lls were incuba ted  w ith  o r w ith o u t 0.1 m M  BSO fo r  2 h fo llow ed  

by incu b a tio n  in  the  presence o f a series o f  d if fe re n t menadione 

concen tra tions fo r  18 h. The c y to to x ic ity  was de te rm ined  as described under 

“ M ate ria ls  and M e th o d s ” . *  p  <0.001, ** p  <  Q01.

□  without BSO ■  with BSO

5 50% -

15 16 18

menadione concentration (iiM)
20
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Fig. 21

Intracellular GSH levels after menadione preincubation

H ep G2 cells were p re incub a ted  w ith  c o n tro l m ed ium , 3 p M  menadione, 10 

m M  sod ium  salicylate, o r  3 p M  m enadione + 10 m M  sod ium  salicylate fo r  45 

m in  (salicylate was added 15 m in  be fore  m enadione), and then  were rinsed 

tw ice  w ith  m ed ium  fo llo w e d  b y  fu r th e r  in cu b a tio n  o f  2, 4, o r 8  h w ith  

m edium . Cells were harvested at the  ind ica te d  tim e  fo r  G SH  assay as 

described under “ M a te ria ls  and M e thods” . Com pared to  the  zero tim e , * 

pCO.OOl, * *  p>0.05.

* DO time B2 hour 1 4  hour B8 hour

control MN NaSal MN + NaSal
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Fig. 22

Arachidonic acid induced cytotoxicity as measured by the LDH release assay

E9 and M V 5 cells w ere c u ltu re d  in  c o n tro l medium, m ed ium  co n ta in in g  0.03 

m M  o le ic  acid, o r  m ed ium  co n ta in in g  0.03 m M  a rach idon ic  acid  fo r  24 h. 

The m edium  was th e n  rep laced  w ith  no rm a l M E M  m ed ium  fo r  an add ition a l 

24 h o f  incu b a tio n . A t  the  end o f  th is  treatm ent, the  supernatants were 

co llec ted  to  measure the  L D H  a c tiv ity  (designated as L D H out) and cells were 

harvested by scrap ing fo r  m easurem ent o f  L D H  a c t iv ity  (designated as 

L D H in). The c y to to x ic ity  in d e x  was expressed as the  ra tio  o f  L D H out/L D H in. 

*/>< 0.001, **p>0.1 .

0.4 .

0.35 -

0.3 .

X  0.25 - a
^ 0.2 . 
|  0.15
- j

0.1 -  

0.05 J 
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f t

* *  * *

1
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Fig. 23

Morphology of E9 and MV5 cells in the absence and presence of arachidonic acid

E9and M V 5  cells were incubated fo r  24 h w ith  o r  w ith o u t 0.03 m M  

arach idon ic  acid. The m edium  was rem oved, the  ce lls w ere rinsed  w ith  M E M  

and incuba ted  fo r  an add ition a l 24 h w ith  no rm a l m ed ium , and visualized 

under the  l ig h t  m icroscope (m agn ifica tion , 10X20).
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Fig. 24

Dose-dependence curve for arachidonic acid cytotoxicity

E9 and M V 5  ce lls w ere cu ltu re d  in  co n tro l m edium , o r m ed ium  co n ta in in g  

arach idon ic  acid at a series o f  concentra tions ranging fro m  0.01 to  0.05 m M  

fo r  24 h in  the  absence o r  presence o f  0.1 m M  BSO. The m ed ium  was then  

replaced w ith  n o rm a l m ed ium  fo r  an add itiona l 24 h o f  in cu b a tio n , fo llo w e d  

by v ia b il ity  m easurem ent using the M T T  assay as described un de r “ M ate ria ls  

and M e thods” .

E9 . . .q . . .  E9/BSO MV5 . . . q . .  MV5/BSO100%

75% -

0 0.01 0.02 0.03 0.04 0.05

arachidonic acid concentration (mM)
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Fig. 25

Time coarse carve for arachidonic acid cytotoxicity

E9 and M V 5  cells w ere cu ltu red  in  c o n tro l m edium , o r  m ed ium  con ta in in g  

0.03 m M  arach idon ic  acid  fo r  24 h, and th e n  were tra n s fe rre d  in to  norm a l 

m edium  fo r  the  a d d itio n a l designated periods o f  t im e . A t  th e  end o f  

trea tm en t, c e ll v ia b il ity  was de te rm ined  by the M T T  assay as described 

under “ M a te ria ls  and M ethods” . *p < 0 .0 5 , * *p < Q 0 1 , * * * p < Q 0 0 1 .

0 12 24 36

time after arachidonic acid pretreatment (h)
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Fig. 26

Lipid peroxidation in E9 and MVS cells after arachidonic acid pretreatment:
intracellular

A fte r  24 h o f  a rach idon ic  ac id  (0.01-0.03 m M ) p re trea tm en t fo llo w e d  by an 

a d d itio n a l 24 h o f  cu ltu re  in  no rm a l M E M , E9 and M V 5  cells were harvested 

and assayed fo r  l ip id  p e ro x id a tio n . The l ip id  p e ro x id a tio n  leve l was 

m o n ito re d  by the  p ro d u c tio n  o f  M D A  plus 4 -H N E  using the  LPO -586 k i t  as 

described under “ M ate ria ls  and M e th o ds ” . * p < Q001, ** p < Q05.

o>
E
J£o
E

nr s  
?  2

+

S
i .

a E 9 a MV5

J L
0 0.01 0.02 0.03

arachidonic acid concentration (mM)
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Fig. 27

Lipid peroxidation in E9 and MY5 cells after arachidonic acid pretreatment:
supernatants

T he  cu ltu re  m ed ium  was co llected at the  end o f  the  a rach idon ic  acid 

tre a tm e n t fo r  24 h, and at the  end o f  the a d d itio n a l 24-h cu ltu re , and the 

com b ined  to ta l was used to  assay fo r  l ip id  p e ro x id a tio n . The l ip id  

p e ro x id a tio n  leve l was m o n ito re d  by the p ro d u c tio n  o f  M D A  plus 4 -H N E  

us ing  the  LP O -586 k i t  as described under “ M a te ria ls  and M ethods” . * 

p > 0.05, **/?<0 .001 .

d E9 -M V 5

0.01 0.02 0.03
arachidonic acid concentration (mM)
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Fig. 28

Intracellular GSH levels after arachidonic treatment

E9 cells were cu ltu red  in  m edium  co n ta in in g  30 jaM  arach idon ic  acid fo r  the 

ind ica ted  tim es, and th e n  harvested fo r  m easurem ent o f  in tra c e llu la r G SH  

levels as described u n d e r “ M ateria ls  and M e thods” . The cells co llected  

before a rach idon ic  acid  trea tm en t were considered the  tim e  zero co n tro l. *

p c o .o i .

♦ *

0 2 4 6  8  24

Time after arachidonic acid addition (hr)
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Fig. 29

Effect of sodium salicylate and antioxidants on the elevated intracellular GSH level
induced by arachidonic acid in E9 cells

E9 cells were cu ltu red  in  m ed ium  c o n ta in in g  30 jxM arach idon ic  ac id  w ith  o r 

w ith o u t 10 m M  sod ium  sa licy la te , 0.5 m M  sodium  ascorbate, o r  20 piM 

tro lo x  fo r  8  h, and then harvested fo r  measurement o f  in tra c e llu la r  GSH 

levels as described under “ M a te ria ls  and M e thods*. Para lle l cu ltu res  o f  E9 

cells in  norm al m edium , o r  m ed ium  w ith  10 m M  sodium  sa licy la te , 0.5 m M  

sod ium  ascorbate, o r  20 jxM  tro lo x  in  th e  absence o f  a rach idon ic  acid  were 

assayed as co n tro ls . * /? < 0 .01 , ** p > 0.05.

□control ■  arachidonic acid 

* *

Hi
with sodium with sodium with trolox 

salicylate ascorbate

125 

% 100

co 25 O

no addition
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Fig. 30

Effect of salicylate on arachidonic acid cytotoxicity in E9 cells

E9 cells w ere pre loaded w ith  30 p M  arachidonic acid in  the  absence o r 

presence o f  10 m M  sod ium  sa licy la te  o r 10 m M  sod ium  sa licy la te  p lus 20 p M  

t ro lo x  fo r  24 h. The m edium  was the n  replaced w ith  n o rm a l m edium , o r 

m ed ium  w ith  10 m M  sod ium  salicyla te , o r  m edium w ith  10 m M  salicyla te  and 

2 0  p M  tro lo x , and incubated fo r  an a d d itio n a l 24 h. The  ce lls w ere subjected 

to  the  M T T  assay as described unde r “ M ateria ls and M e th o d s ” . *  p < 0 0 5 , * *  

p>  0.05.

100%  -  

75% -

I *

1  50% -I
">

25% -

0%  -

* *

control salicylate salicylate + trolox
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Fig. 31

Western blot analysis of the content of CYP2E1 and bcl-2 after transfection

E9 ce lls  w ere trans fec ted  w ith  plasm ids p C I-2 E l (T o p  lane 5), p C I-a s -2 E l 

(Top  lane 1 ), p C I-b c l-2  (T o p  lane 4 and B o ttom  lane 2), p C I-a s -b c l- 2  (Top 

lane 2  and B o tto m  lane 1 ), o r  pCI-neo (Top lane 3 and B o tto m  lane 3) by 

u t i l iz in g  L ip o fe c tA M IN E  reagent as described u n d e r “ M ateria ls  and 

M e th o d s ” . 50 pg  o f  ce ll lysate was loaded in to  each lane fo r  SDS-PAG E, 

fo llo w e d  by W estern b lo t analysis w ith  po lyc lona l ra b b it an ti-hum an 

C YP2E1 (uppe r panel) o r  m onoc lona l anti-hum an B c l-2  an tibod ies (low er 

panel).
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Fig. 32

Role of CYP2E1 in arachidonic acid-induced cytotoxicity

E9 ce lls were tra n s ie n tly  transfected  w ith  plasmids pCI-neo, p C I-2 E l,  o r 

p C I-a s -2 E l and then  sub jected to  a rach idon ic  acid trea tm e n t fo r  24 h. A fte r  

rem ova l o f  m edium  co n ta in in g  P U F A  fo llo w e d  by an a d d itio n a l 24 h o f 

cu ltu re  in  norm a l m edium , ce ll v ia b il ity  was determ ined by the  M T T  assay 

described under “ M a te ria ls  and M e thods” .

>

100%  -  

75% - 

50% - 

25% - 

0%  -

pCI-as-2E1 -  -A -  pCI-2E1pCI-neo

0.02 0.025 0.03

arachidonic acid concentration (mM)
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Fig. 33

Effect of 4-MP on CYP2El-induced arachidonic acid toxicity

E9 cells w ere pre treated w ith  0.02, 0.03 o r  0.04 m M  arach idon ic  acid fo r  24 

h, in  the  absence o r presence o f  2 m M  4 -M P  o r absence o r  presence o f  0.1 

m M  BSO. A fte r  rem ova l o f  the  a rach idon ic  acid m edium , fresh  c o n tro l 

m edium  (w ith  the same am ount o f  4 -M P  o r  BSO respective ly) was added and 

ce ll v ia b il ity  was de te rm ined  a fte r an a d d itio n a l 24 h in c u b a tio n  pe rio d  by 

the M T T  assay described under “ M a te ria ls  and M ethods” . *  C om pared to  the 

c o n tro l (w ith o u t 4 -M P ), p>0 .05 ; ’̂ c o m p a re d  to  c o n tro l (w ith o u t 4 -M P  but 

w ith  BSO) p<0 .05 .

100% - Dnone M4-MP BBSO BBSO/4-MP

75%
g
1  50%
>
SS

25%

0%
0.02 0.03 0.04

arachidonic acid concentration (mM)
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Fig. 34

Histograms of in situ DNA nick end labeling of E9 and MV5 cells

Cells were p re incuba ted  in  M E M  m edium  w ith  o r  w ith o u t  0.03 m M  

a rach idon ic  ac id  and w ith  o r  w ith o u t 0.1 m M  tro lo x  fo r  24 h. A f te r  an 

a d d itio n a l 8  h  o f  cu ltu re  in  m ed ium  w ith o u t a rach idon ic  acid, ce lls were 

harvested fo r  TU N E L  analysis. A t  least 3000 cells fro m  each g roup  were 

measured by f lo w  cy to m e try . O ve rla id  histogram s are presented to  show  the 

d if fe re n t ia l F IT C  labe ling  o f  cells trea ted  w ith  (so lid  lin e ) o r  w ith o u t 

(dashed o r fin e  lin e ) a rach idon ic  acid.

M V 5

E9 +  t r o lo x M V 5  +  t r o lo x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

Fig. 35

Dose dependent curve of in situ DNA nick end labeling of E9 and MV5 cells

Cells were cu ltu red  in  c o n tro l m edium , o r m edium  co n ta in in g  arach idon ic 

acid  (0.01-0.03 m M ) fo r  24 h, fo llo w e d  by cu ltu re  w ith  n o rm a l M E M  fo r  an 

a d d itio n a l 8 -h  incuba tion . C e lls  were harvested fo r  T U N E L  analysis. A t  least 

3000 cells fro m  each group w ere measured by f lo w  cy to m e try . The mean o f 

F IT C -la b e lin g  was used as an ind e x  o f  D N A  fragm enta tion .

12.5 .

E9 MV5

7.5 -

u_

0.01 0.02 

arachidonic acid concentration (mM)
0.03
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Fig. 36

Effect of trolox on in situ DNA nick end labeling of E9 and MV5

The e ffe c t o f  0.03 m M  arach idon ic  acid in  the  absence o r  presence o f  0 . 1  

m M  tro lo x  on in situ D N A  n ic k  end labe ling  was determ ined. T ro lo x  was 

present th ro u g h o u t the  24-h  and the 8 -h  incuba tion  periods. C ells  were 

harvested fo r  T U N E L  analysis. A t  least 3000 cells fro m  each g roup  were 

measured by f lo w  cy tom e try . The mean o f  F IT C -la be ling  was used as an 

index o f  D N A  fra gm en ta tion . C om pared to  the  co n tro l (w ith o u t tro lo x ), * 

p> 0.05, * *p < 0 .0 0 1 .

12.5

S  10 
e•Q«

gIL.o
<0
0
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a MV5
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Fig. 37

Apoptosls induced by arachidonic acid in E9 cells

E9 cells were cu ltu re d  in  c o n tro l m ed ium  o r  m ed ium  supplem ented w ith  

0.02, 0.03, o r  0.04 m M  a rach idon ic  acid fo r  6 , 12, o r  24 h. C ells were 

harvested at each o f  these p o in ts . A n  add itiona l set o f  ce lls were incubated 

w ith  a rach idon ic  acid fo r  24 h, fo llo w e d  by a second in c u b a tio n  fo r  8  h in  

the absence o f  a rach idon ic  acid . Lanes re fe r to  the  fo llo w in g : lane 1 , 100 bp 

ladder standard; lanes 2, 6 , 10, and 14, no a rach idon ic  acid  added, and 

incu b a tio n  fo r  6 , 12, 24, o r  24 p lus a d d itio n a l 8  h  respective ly ; lanes 3, 7, 

11, and 15, 0.02 m M  a rach idon ic  acid  and incu b a tio n  fo r  6 , 12, 24, and 24 

p lus 8  h, respective ly ; lanes 4, 8 , 12, and 16, 0.03 m M  a rach idon ic  acid and 

incu b a tio n  fo r  6 , 12, 24, and 24 p lus 8  h, respective ly; lanes 5, 9, 13, and 17, 

0.04 m M  arach idon ic  acid and in cu b a tio n  fo r  6 , 1 2 , 24, and 24 p lus 8  h, 

respective ly. C ells were harvested by scraping, fo llo w e d  b y  D N A  separation 

and D N A  ladders were d isp layed b y  agarose gel e lec trophores is  as described 

unde r “ M ate ria ls  and M e th ods” .
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Fig. 38

Effect of trolox on apoptosis induced by arachidonic acid in E9 cells

E9 and M V 5  cells w ere p re incuba ted  w ith  (lanes 6  to  9) o r  w ith o u t (lanes 2 

to  5) 0.03 m M  arach idon ic  ac id  fo r  24 h  fo llo w e d  by a d d itio n a l 8  h o f 

in c u b a tio n  in  m ed ium  w ith o u t a rach idon ic  acid. Tw o  groups o f  H ep G2- 

M V 2 E 1 -9  cells were g iven 0.04 o r  0.1 m M  tro lo x  to g e th e r w ith  0.03 m M  

a ra ch id o n ic  acid. Lane 1 , 100 base-pairs D N A  ladder standard; lane 2, M V5 

ce lls  w ith o u t a rach idon ic  acid ; lane 3, E9 cells w ith o u t a rach idon ic  acid; 

lane 4, H ep  G 2-M V 2E 1-9  ce lls  w ith o u t a rach idon ic  acid b u t w ith  0.04 m M  

tro lo x ; lane 5, E9 cells w ith o u t a rach idon ic  acid b u t w ith  0.1 m M  tro lo x ; 

lane 6 , M V 5  cells w ith  a rach idon ic  acid; lane 7, E9 ce lls w ith  arach idon ic 

acid ; lane 8 , E9 cells w ith  a rach ido n ic  acid plus 0.04 m M  tro lo x ; lane 9, E9 

ce lls  w ith  a rach idon ic  acid p lus  O .lm M  tro lo x . Cells w ere harvested by 

scrap ing , fo llo w e d  by D N A  separa tion  and D N A  ladders w ere d isp layed by 

agarose gel e lectrophores is  as described un de r “ M ateria ls  and M e th o ds ” .

1 2 3 4 5 6 7 8 9
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Fig. 39

The effect of bcl-2 on arachidonic acid cytotoxicity

E9 ce lls  w ere tra n s ie n tly  trans fe c te d  w ith  plasmids pCI-neo, p C I-b c l-2 , o r 

pC I-a s -b c l-2  and then  sub jected  to  a rach idon ic  acid tre a tm e n t fo r  24 h. 

A fte r  an add itiona l 24 h o f  c u ltu re  in  no rm a l m edium  w ith o u t a rach idon ic  

acid supplem ent, ce il v ia b i l i ty  was evaluated by the  M T T  assay as described 

under “ M a te ria ls  and M e thods” .
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2  5 0 % _ pO-bcl- 2
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0%
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Fig. 40

Western blot analysis of CYP2E1 in transduced Hep G2 cell subclones

CYP2E1 expression levels in  pa ren ta l H ep  G 2  cells (lane 5), H ep  G 2  

subclones, C34 (lane 1), C37 (lane 2), E43 (lane 3), E47 (lane 4), as w e ll as 

H ep G 2-M V 2E 1-9  cells (lane 6 ) were determ ined by W estern b lo t analysis 

w ith  p o lyc lona l ra b b it an ti-hum a n  CYP2E1 an tibody as described under 

“ M a te ria ls  and M e th o d s ".

C YP2E1

1 2 3 4 5 6
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Fig. 41

Western blot analysis of CYP2E1 in E47 transfected with antisense plasmid

CYP2E1 expression levels in  E47 ce lls  fo u r  days a fte r tra n s fe c tio n  w ith  p C I- 

neo (lane 1 ) and p C I-a s -2 E l p lasm ids (lane 3) were de te rm ined  b y  W estern 

b lo t analysis w ith  p o lyc lo n a l ra b b it an ti-hum an CYP2E1 a n tib o d y  as 

described u nde r “ M ate ria ls  and M e th o d s ” . The none de tectab le  leve l o f  

CYP2E1 in  cu ltu res o f  C34 cells (lane 2) is shown fo r  com para tive  purposes.

< - C Y P 2E 1

1 2 3
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Fig. 42

Effect o f 4-MP and Me2SO on CYP2E1 expression in E47 cells

CYP2E1 expression leve ls in  E47 ce lls  tw o  days a fte r  c u ltu re  in  M E M  

(c o n tro l, lane 1), o r  m ed ium  c o n ta in in g  2 m M  4 -M P  (lane 2) o r  25 m M  

M e2SO (lane 3) were de te rm ined  b y  W estern  b lo t analysis w ith  p o lyc lona l 

ra b b it an ti-hum an C YP2E1 a n tib o d y  as described u nde r “ M a te ria ls  and 

M e th ods” .

< - C Y P 2E 1

1 2 3
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Fig. 43

Differential growth rates of Hep G2 cell subclones

1 X  105 ce lls  were cu ltu re d  in  M E M . A fte r  ind ica ted  days o f  cu ltu re , cells 

were tryps in ize d  and coun ted  w ith  a hem ocytom eter.

100,000.0

0 5 9 14 20

culture days
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Fig. 44

Morphology of C34 and E47 cells in the absence or presence of BSO

C34 and E47 cells were cu ltu re d  in  M E M  in  the  absence o r  presence o f  0.1 

m M  BSO fo r  fo u r  days and v isua lized  u nde r the l ig h t  m icroscope 

(m agn ifica tion , 10 X  2 0 ).
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Fig. 45

Cytotoxicity of C34 and E47 cells in the absence or presence o f BSO

C34 and E47 cells w ere c u ltu re d  in  M E M  w ith  o r  w ith o u t  0.1 m M  BSO fo r  

tw o  o r th ree days. Supernatants w ere co llected , and th e  ce lls  w ere harvested 

by scraping fo r  m easurem ent o f  L D H  as described u n de r “ M ateria ls  and 

M ethods” . The c y to to x ic ity  and the  membrane in te g r ity  w ere de term ined by 

the  ra tio  o f  L D H oat/ L D H in. C om pared to  the  c o n tro l (C 34), * p >  005, * *  

p<0.001.

2 days 3 days

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



137

Fig. 46

Intracellular GSH levels of C34 and E47 cells after BSO treatment

Cells we re cu ltu red  in  the  presence o f  O .lm M  BSO, and harvested by 

scrap ing  8  h  o r  24 h a fte r BSO a d d itio n . Cells cu ltu red  in  th e  absence o f  0.1 

m M  BSO  were co llected  as 0 t im e . The  in tra c e llu la r G S H  le ve l was measured 

as described  under “ M a te ria ls  and M e th o ds ” . C om pared to  the  co n tro l 

(w ith o u t BSO ), *p < 0 .0 1 , ** p  <0.001, * * * p > Q 0 5 .

iE47 ,E47 + BSO a C34 C34+ BSO

3  75

0 8 24

time after BSO treatment (h)
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Fig. 47

Cytotoxicity in Hep G2 cells overexpressing CYP2E1 after BSO treatment

Hep G2 cells, o r  H ep G 2 subclones were cu ltu red  in  M E M  in  the  absence o r 

presence o f  0.1 m M  BSO fo r  tw o  days. The v ia b il ity  was m easured using  the 

M T T  assay as described un de r “ M ate ria ls  and M e thods” . T h e  net absorbance 

fro m  the  w e lls  o f  ceils cu ltu re d  w ith  c o n tro l m ed ium  was ta ke n  as the  100% 

v ia b il ity  value. The percent v ia b i l i ty  o f  the  BSO -treated ce lls  was ca lcu la ted 

by the fo rm u la : (A S70-A 630) BSO/ ( A s70-A 630) controI X  100. C om pared  to  H ep G2 

ce ll, *p>  0.05, * *p < 0 .0 0 1 .

*

Hep G2 C34 C37 E43 E47
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Fig. 48

Time coarse curve of cell viability after BSO treatment

C34 and E47 cells w ere cu ltu re d  in  M E M  w ith  o r  w ith o u t 0.1 m M  BSO fo r  

one to  five  days. C e ll v ia b il i ty  was measured by the  M T T  assay as described 

under “ M ateria ls and M e th o ds” . C om pared to  the  c o n tro l (w ith o u t BSO), * 

p> 0.05, * *p < 0 .0 1 , ***p  <0.001.

□ C34 BC34 + BSO BE47 BE47 + BSO

o  1.00 -
CO
to

g  0.75 -
to

0.00 4
0 1 2 3 4 5

days after BSO treatment
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Fig. 49

Cytotoxicity in Hep G2 cells transiently expressing CYP2E1 after BSO treatment

H ep G 2 cells w ere tra n s ien tly  trans fec ted  w ith  vecto rs  pC I-neo o r p C I-2 E l.  

F o u r days a fte r  trans fec tion , the  cells w ere subjected to  BSO tre a tm e n t fo r  2 

days. C e ll v ia b il ity  was measured b y  the  M T T  assay as described under 

“ M ate ria ls  and M e thods” . * p <0.001.

100%

75%

|  50%
>
as

25%

0%
Hep G2-pCI*neo Hep G2-pCI-2E1
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Fig. 50

Apoptosis produced in E47 cells after BSO treatment and the effect of vitamin E

C34 (lanes 1-6) and E47 (lanes 7-12) ce ils  were trea ted  w ith  0.1 m M  BSO fo r  

1 (lanes 2, 5, 8, and 11) o r  2 (lanes 3, 6, 9, and 12) days w ith  (lanes 4-6, and 

10-12) o r  w ith o u t v ita m in  E (lanes 1-3, and 7-9). C ells c u ltu re d  in  M E M  in  

the absence o f  BSO were co lle c ted  as c o n tro ls  (lanes 1, 4, 7, and  10). Cells 

were harvested by scraping, fo llo w e d  b y  D N A  separation, and D N A  ladders 

were v isua lized  by agarose gel e lec tropho res is  as described u n d e r “ M ateria ls  

and M e th o d s ” .
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Fig. 51

Effect of antisense CYP2E1 vector on E47 growth rate

The same num bers o f  E47 ce lls  were tra n s ie n tly  transfected  w ith  pC I-neo  o r  

p C I-a s -2 E l p lasm id. Seven days a fte r tra n s fe c tio n , the  ce ll num bers were 

counted. p<  0.001.

25

~  20 |
1 15

E47-pCkieo E47-pCI-as-2E1

7 days after transfection
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Fig. 52

Effect of antisense CYP2E1 vector on E47 viability in the presence o f BSO

The same numbers o f  E47 cells w ere tra n s ie n tly  transfected  w ith  pC I-neo  o r  

p C I-a s -2 E l p lasm id. F o u r days a fte r tra n s fe c tio n , pCI-wao o r p C I-a s -2 E l 

transfectan ts  were treated w ith  BSO  fo r  tw o  days, fo llo w e d  by assaying fo r  

v ia b il ity  using the  M T T  reac tion  as described unde r “ M a te ria ls  and 

M e thods” . p<0.001.

100%

75%

Jj>

I  50% 
>
SS

25%

0%

*

E47-pCI-neo E47-pCI-as-2E1
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Fig. 53

Effect of 4-MP or MeiSO on E47 viability in the presence of BSO

C34 and E47 cells were cu ltu red  in  M E M  w ith  o r  w ith o u t 4-M P  o r  M e2SO 

fo r  tw o  days and then subjected to  0.1 m M  BSO tre a tm en t fo r  an add itio na l 

tw o  days. C e ll v ia b il ity  was de te rm ined  by the  M T T  assay as described under 

“ M a te ria ls  and M e thods*. C om pared to  the  no a d d itio n  co n tro ls , * £ > 0 1 ,  ** 

p < 0.05, * * *  ^<0 .001 .

100%  -
IC34 BE47

75% -

S 50%

25% -

None 4-MP

additon in culture medium

Me2SO
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Fig. 54

Effect of antioxidants on CYP2E1 cytotoxicity

E47 cells were trea ted  w ith  BSO fo r  tw o  o r  fo u r  days in  th e  absence o r 

presence o f  the  an tiox idan ts , 5 p M  v ita m in  E, o r  0.2 m M  v ita m in  C, o r 20 

p M  tro lo x , fo llo w e d  b y  assaying fo r  v ia b i l i t y  using the M T T  reac tion  as 

described unde r “ M a te ria ls  and M e thods” . * p <  QQO1.

□Control ■Vitamin E ■  Vitamin C ■  Trolox
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Fig. 55

Western blot analysis of Bcl-2 expression in Hep G2 subclones.

B e l-2 expression leve ls in  H ep G 2 subclones, A14 (lane 1), A15 (lane 2), 

B27 (lane 3), B28 (lane 4), and C34 (lane 5), as w e ll as parenta l H ep G 2 cells 

(lane 6) were assessed b y  W estern b lo t analysis w ith  mouse an ti-hum an  B cl-2  

m onoc lona l an tibody. A 14  and A15 cells are H ep  G2 subclones trans fec ted  

w ith  a v e c to r co n ta in in g  anti-sense bcl-2 c D N A , whereas B27 and B28 cells 

are H ep G 2 subclones trans fec ted  w ith  a ve c to r co n ta in ing  a fu l l  len g th  

hum an bcl-2 c D N A  in  the  sense o rie n ta tio n .

31 2 4 5 6
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Fig. 56

CYP2E1 and Bcl-2 expression in CYP2E1 transfected B28, C34, and A14 cells

B28 (lane 1), C34 (lane 2), and A 14  (lane 3) cells were tra n s ie n tly  

trans fec ted  w ith  the same am ount o f  p C I-2 E l vecto r. F o u r days a fte r 

tra n s fe c tio n , CYP2E1 and Bcl-2  expression levels were assessed by  W estern 

b lo t analysis w ith  po lyc lona l ra b b it an ti-hum an  CYP2E1 Ig G  (uppe r panel) 

o r mouse a n ti-B c l-2  m onoclonal a n tib o d y  ( low e r panel) as described under 

“ M a te ria ls  and M e thods” .

<- CYP2E1 

<- B c 1 - 2
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Fig. 57

Effect of bcl-2 on CYP2El-induced cytotoxicity

A14, B28, and C34 cells were tra n s ie n tly  transfected  w ith  the  same am ount 

o f  p C I-2 E l p lasm id. F o u r days a fte r trans fec tion , the  trans fec tan ts  were 

trea ted  w ith  BSO fo r  tw o  days, fo llo w e d  by d e te rm ina tio n  o f  v ia b il ity  using 

the  M T T  assay as described u nde r “ M ateria ls and M e th o ds” . C om pared to  

c o n tro l (C 34-C YP2E1), *  p<0 .05 , ** p > 0.05.

A14-CYP2E1
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Fig. 58

Effect o f bcl-2 on CYP2El-induced apoptosis

B28 (lanes 1 and 4), C34 (lanes 2 and 5) and A 14  (lanes 3 and 6) cells were 

tra n s ie n tly  transfected w ith  th e  same am ount o f  p C I-2 E l p lasm id . Four days 

a fte r trans fec tion , the  tra n s fec tan ts  were trea ted  w ith  BSO (lanes 4-6) fo r  

tw o  days, fo llo w e d  by agarose gel e lectrophoresis as described under 

“ M a te ria ls  and M e thods” .
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