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ABSTRACT
Stable Expression o f Human Cytochrome P450 2E1 in HepG2 Cells: 

Characterization of Catalytic Activities, Cytotoxicity with Acetaminophen 

and Degradation by Carbon Tetrachloride

by 

Yan Dai

Advisor: P rofessor Arthur I. Cederbaum

Chronic excessive alcohol consum ption induces cytochrom e P450-2E1 in the liver. 

E levated expression of this form  of P450 has been correlated  w ith the degree o f  liver 

dam age in alcoholic patients. Extensive studies have been carried out using anim al m odels 

to investigate the involvem ent o f  oxygen radicals produced by P450-2E1 and the role o f the 

P450 in the activation o f  a variety  o f com pounds and hepatotoxins and the subsequent 

production o f alcoholic liver damage. To study the function o f the human isoform  of P450- 

2E1, the fo llow ing  series o f  experim ents were carried  out: (A ) A stable cell line that 

constitu tive ly  expresses the hum an P450-2E1 in H epG 2 cells was estab lished  by a 

recom binan t retroviral expression  m ethod. W estern b lo t analysis ind ica ted  that the 

transduced clones produced a protein band with m olecular weight o f  54,000. N orthern blot 

and Southern blot analyses confirm ed the expression and that the CYP2E1 was transcribed 

from  a single copy of CYP2E1 cD N A  integrated into the chrom osom e. The expressed 

h um an  2E1 w as fu n c tio n a lly  ac tive  and cou ld  m etab o lize  p -n it ro p h e n o l , N-  

dim ethylnitrosam ine, aniline and ethanol in the microsomal fraction of the transduced cells. 

The M V h 2 E l-9  clone expressed the P450 at a level o f  about 15 pm ol/m g m icrosom al 

protein. N o such activities w ere found with the M V-5 clone in w hich H epG 2 cells were 

infected w ith retrovirus lacking the CYP2E1 cDNA. (B) The m icrosom al fraction o f this 

clone w as able to produce superoxide radical as m easured by ESR  spectroscopy and 

generate increased levels o f  hydrogen peroxide as com pared to  the control clone, M V-5
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cells. M icrosom es from  M V h 2 E l-9  cells could initiate lipid peroxidation with a low  iron 

concentration while m icrosom es from  M V-5 cells essentially showed no lipid peroxidation 

at such low  concen tra tions o f iron catalyst. This suggests that hum an P450-2E1 is 

especially  reactive in production o f reactive oxygen species and in catalysis o f  lipid 

peroxidation at physiologically  relevant low iron concentration. (C ) W hen the cells were 

trea ted  w ith  acetam inophen, a typ ical hepatotoxin , M V h 2 E l-9  cells show ed a dose- 

dependent toxicity as m easured by an LDH leakage m ethod while no toxicity was observed 

w ith M V -5 cells. Cytotoxicity  by acetam inophen required rem oval o f cellu lar GSH with 

BSO. This toxicity could be blocked by 2E1 ligands such as 4-m ethylpyrazole and ethanol, 

by antioxidants such as V -acetylcysteine and by a spin trapping agent, PBN , but not by 

inhibitors o f lipid peroxidation, suggesting the involvem ent o f reactive species such as the 

benzoqu inone im ine w hich are produced  during the P 450-dependent m etabo lism  o f  

acetam inophen. Using 1 4C -labeled acetam inophen, protein adducts were produced in the 

M V h2E l-9  cells. M oreover, this adduct form ation was inhibited by the sam e agents which 

p reven ted  the cy to toxicity  induced  by acetam inophen, suggesting  a close correla tion  

betw een adduct form ation and cytotoxicity . A cetam inophen at a low er concen tration  

inhibited cell proliferation o f  both M V h2E l-9  and M V-5; this anti-proliferative effect o f 

acetam inophen was sim ilar in the two cell lines and was independent o f  CY P2E1. Thus 

acetam inophen has a dual action in the M V h2E l-9  cells, a C Y P2E1-independent effect 

w hich prevents cell proliferation and a CYP2E1 -dependent action which results in cellular 

cytotoxicity. (D) W hen the cells were treated in situ with CCI4 , the CYP2E1 expressed in 

M V h2E l-9  cells was inactivated and then degraded. This CCU-dependent inactivation and 

degradation could be prevented by 2 E 1 ligands but not by antioxidants or inhibitors o f lipid 

peroxidation. These actions o f CCI4  were enhanced in the presence o f cyclohexim ide to 

p rev en t new  en zy m e sy n th e s is . C C I4  w as able to form  adducts  w ith  c e llu la r  

m acrom olecu les suggesting  that the hum an P450-2E1 expressed  in M V h 2 E l-9  cells 

m etabolizes CCI4 , generating reactive m etabolites which directly inactivate and labilize the
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P450 for degradation by proteases, including lysosom al protease, present in the H epG 2 

cells.
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INTRODUCTION

It is well known that excessive alcohol consum ption can directly or indirectly cause 

profound toxic effects in virtually every part o f the body, including the liver, cardiovascular 

system , im m une system , endocrine system  and central nervous system , and result in a 

series o f alcohol related disorders including alcoholic liver d isease such as cirrhosis and 

cancer, m etabolic d isorders such as hypoglycem ia, ketosis, and gout, cen tral nervous 

system  degeneration, cardiovascular disorders, alterations in drug m etabolism , chronic 

peripheral neuropathies, and alcoholic fetal syndrom e (G oedde and A garw al, 1989; Hall, 

1985). The m ost im portant direct toxic effect o f alcohol is on the liver. Chronic alcohol 

abuse is unquestionably am ong the m ost im portant causes o f m orbidity and m ortality from 

liver d isease (alcoholic hepatitis and cirrhosis) in the U nited States (G rant et al., 1988). 

A lcohol-induced liver disease usually involves three histologically distinct types o f lesions: 

alcoholic steatosis (fatty liver), alcoholic hepatitis and fibrosis, and cirrhosis. In 1988 the 

highest m ortality from  cirrhosis occurred in nonwhite m ales (18.3 per 100,000), followed 

by w hite m ales (12.2), nonw hite fem ales ( 8 .6 ), and white fem ales (5.1) (G rant et al.,

1988). Factors contributing to the alcoholic liver dam age include quantity and duration of 

drinking, association o f prior liver diseases such as viral hepatitis, nutritional deficiencies, 

diets and gender difference. Diets that are high in fat, particularly unsaturated fatty acids, 

may increase the susceptibility o f the liver to alcohol-induced dam age by activating fat- 

storing liver cells know n as Ito cells (Takahashi et al., 1989). Serious form s o f alcoholic 

liver disease are more frequent in w om en than men probably because o f higher peak blood 

alcohol levels due, in part, to a decreased gastric alcohol dehydrogenase (Frezza et al., 

1990) and a slightly h igher rate o f  hepatic m etabolism  o f alcohol (M ishra et al., 1989) 

resulting in a higher rate o f production o f acetaldehyde, which m ay play a part in alcohol- 

induced liver injury.
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Potential m echanism s o f  alcohol-induced liver dam age include: 1) production o f 

free radicals, 2) disturbances in antioxidant defense, 3) direct effect o f acetaldehyde, 4) 

m a lp ro d u c tio n  o f  cy to k in es , 5) a lte red  im m uno log ic  rea c tio n s , 6 ) N eu tro p h il 

chem oattraction, etc. A lcohol can also cause liver injury through its effects on production 

o f a variety o f toxic substances or m etabolites from  other xenobiotics taken into the body 

(L ieber, 1988; L ieber, 1990) including DM N , acetam inophen and CCI4 . A lcohol may 

induce oxidative stress by production o f oxygen radicals (D iluzio, 1964; D iluzio, 1968) 

and by lowering the antioxidant defense m echanism ; these actions o f alcohol are m ediated 

presum ably through the ethanol oxidizing enzym e system  in the m icrosom es (L ieber and 

DeCarli, 1968; Lieber and DeCarli, 1970).

The liver microsomal multisubstrate mixed function m onooxygenase (MFO) system 

handles the constant onslaught o f foreign chem icals that are being ingested and absorbed 

everyday. The key enzym atic com ponents o f this system  are the cytochrom e P450 enzym e 

superfam ily  and its N A D P H -dependen t cy toch rom e P450  o x id o red u c ta se  (P450 

reductase). C ytochrom e P450-2E1 (C Y P 2E 11), the ethanol inducible form , has been 

receiving increasing attention because o f its inducibility by acute and chronic alcoholic 

ingestion and its ability o f m etabolizing and activating num erous hepatotoxins in the liver 

(K oop, 1992). The induced CYP2E1 in m an increases the potential risk to low level 

exposure  to those toxins w hich require CYP2E1 for activation  (K oop, 1992); these 

activated toxins will in turn cause injury which may lead to a variety o f  alcohol related 

diseases and cancer. These toxins include industrial solvents such as benzene and carbon 

tetrachloride, drugs such as acetam inophen and isoniazid, carcinogens and procarcinogens 

such as nitrosam ine derivatives, as well as ethanol itself2  (Koop, 1992). A cetaldehyde, the

*CY P is the standard abbreviation  for cy toch rom e P 450 . C Y P2E 1 or 2E 1, w ill a lso  be used through the 
text as the abbreviation for P 4 5 0 -2 E 1 .
2Ethanol is m etab olized  predom inantly by a lcohol dehydrogenase, a N A D + -depcndent en zy m e, and to a 
lesser  extent, by hydrogen peroxide-dependent peroxidatic activ ity  o f  catalase in the liver. C Y P 2 E 1 -  
depend en t ethanol ox idation  constitu tes the third pathw ay w h ich  m ay contribute to as m uch as 1/3 o f  total
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oxidized form  o f ethanol, and m etabolites o f other toxins can directly dam age the targeted 

tissues and cause acute toxic effects and sym ptom s especially when the secondary enzym es 

that degrade these m etabolites are not induced or genetically varied (Goedde and Agarwal,

1989). A ctivation o f  carcinogens such as d im ethylnitrosam ine (Y ang et al., 1985) by 

CYP2E1 has been show n in vitro to result in the form ation o f adducts with D N A  causing 

genotoxicity (N ouso et al., 1992).

Besides the toxic effect produced from the m etabolites from  hepatotoxins oxidized 

by CY P2E1, this isoform  m ay cause toxic effects on targeted tissues through production o f 

oxygen radicals and initiation o f  lipid peroxidation. CYP2E1 has been shown in vitro to be 

a loosely coupled enzym e, w hich produces free radicals such as -0 2 " and o ther reactive 

oxygen  species includ ing  H 2 O 2  in h igher am ounts than any o ther P450 isoform s 

(Ingelm an-Sundberg and Johansson, 1984). In the presence o f  iron, -0 2 ’ and H 2 O 2  may 

serve as precursors o f OH, the m ost reactive species on earth, via Fenton or H aber-W eiss 

types o f  reactions (H alliw ell, 1978; M cCord and Day, 1978). A lcohol has been proposed 

to cause tissue injury via lipid peroxidation presumably initiated by reactive oxygen radicals 

or an iron controlled m echanism  (Diluzio, 1964; Diluzio, 1968). Ethanol may increase the 

production o f oxidative stress include lowering o f the protective antioxidant level including 

vitamin E and reduced glutathione level, damaging m itochondria and im pairing respiration, 

conversion o f xanthine dehydrogenase to xanthine oxidase, form ation o f acetaldehyde and 

hydroxyethyl radical w hich may also initiate lipid peroxidation. Therefore, CYP2E1 is a 

key enzym e that is induced by alcohol adm inistration, activates various hepatotoxins and 

carcinogens in the liver, generates free radicals and o ther reactive oxygen species, and 

directly or indirectly causes dam age to biological m em brane via lipid peroxidation. Hence, 

the chain "alcohol-cytochrom e P450 (2E l)-hepatotoxin-oxygen radical-tissue injury" is the 

them e o f this thesis.

m etab o lism  w h en  the b lood  ethanol concen tration  is h igh . T his pathw ay is to x ico lo g ica lly  the m ost 
im portant a m on g  the three.
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A. Drug Metabolism and Cytochrome P450

A-1. Mixed Function Oxidation System in the Liver - M etabolism  o f various drugs and 

other xenobiotics can be carried out in organs such as the liver, lungs, kidneys and adrenal 

glands. How ever, the m ajor site for such m etabolism  is the liver. M any lipid-soluble, weak 

organic acids or bases are not readily elim inated from  the body and m ust be m etabolized 

and/or conjugated  to com pounds that are m ore polar and less lip id-soluble in the liver 

before being excreted. B iochem ical reactions involved in drug m etabolism  occur in two 

phases in the liver: phase 1 reactions (e.g., oxidation, reduction, hydrolysis) alter chem ical 

reactiv ity  and increase aqueous solubility; phase 2  reactions (e.g., conjugation) further 

increase the solubility to facilitate elimination.

Phase 1 reactions, which is the concern in this thesis, can happen in the m icrosom al 

and nonm icrosom al subcellular fractions. M icrosom es, the subcellular com ponents o f the 

endoplasm ic reticu lum , are the m ajor site for such m etabolism  and con ta in  a set o f  

m em brane-associated enzym es called m ixed-function oxygenases (M FO) because, as it is 

defined, one oxygen atom  in m olecular oxygen is incorporated into a substrate in the form  

o f  a hydroxy l (-O H ) m oiety , and the o ther is inco rporated  in to  w ater. R educed  

nicotinam ide adenine dinucleotide phosphate (NA D PH ) is the preferred reducing agent. 

Several types o f oxidative reactions are involved including hydroxylation, epoxidation, 

dealkylation , deam ination, dehalogenation , and oxidative den itrosation  (M itchell and 

H orning , 1984), m ost o f w hich are cata lyzed  by the com bined  actions o f  N A D PH  

dependent cytochrom e P450 reductase and cytochrom e P450 (Ortiz de M ontellano, 1986; 

Sato and Om ura, 1978).
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A-2. Cytochrome P450 Superfamily - Cytochrom e P450 was first identified as a CO- 

b inding  p igm ent in the liver expressing a characteristic absorbance peak at 450  nm  by 

K lingenberg (K lingenberg, 1958) and G arfinkle (G arfinkle, 1958) in 1958. This pigm ent 

was further characterized as a P450 hem oprotein in the following years by O m ura and Sato 

(O m ura and Sato, 1961; O m ura and Sato, 1964; O m ura and Sato, 1964). As the role o f 

P450 becam e more and more defined, many P450 isozym es have been isolated and purified 

(G uengerich , 1987; Lu and W est, 1979). M olecu lar b io logy, especially  the clon ing  

technology, has accelerated the discovery and characterization o f more enzym es belonging 

to this P450 superfam ily in the past decade (Gonzalez, 1989). Up till now, there are about 

150 isozym es identified, cloned, and sequenced which are classified into 27 fam ilies3, ten 

o f w hich exist in m am m als, six in bacteria (Nebert et al., 1991). The ten m am m alian P450 

fam ilies, containing 18 subfam ilies, can be functionally divided into tw o m ajor classes: 

those involved in synthesis o f steroids and bile acids including fam ilies 7, 11, 17, 19, 21, 

and 27 and those involved in m etabolism  o f xenobiotics including fam ilies 1, 2, 3, and 4. 

T he second class o f P450s is the one involved in drug m etabolism  as the prim ary  

com ponent o f  the M FO  system  in the liver (Gonzalez, 1992). Subfam ily E  o f fam ily 2, or 

P450-2E, is the focus o f the thesis study.

A-3. Substrate Binding Spectra of P450- CO binds to reduced P450, g iv ing a 

characteristic absorbance peak at 450 nm. Substrates can change the optical properties o f 

P450 to create so-called substrate binding spectra. The addition o f various drugs to liver 

m icrosom es produced a blue or red shift in the Soret peak o f m icrosom al P450 as a 

consequence of binding o f the substrate to the oxidized form  of P450 (N arashim hulu et al., 

1965; R em m er et al., 1966). The substrate-induced difference spectra in the Soret region 

have been classified into three m ajor types (Schenkm an et al., 1967): (1) type I spectra,

3T h e  c la ss if ic a tio n  o f  fa m ilie s  and su b fa m ilie s  is based on seq u en ce  h o m o lo g y . A n y  P 4 5 0  m em b er from  
o n e  fam ily  sh ou ld  have greater than 40%  identical am ino  ac id s to any other m em b er w ith in  the fam ily  and  
le s s  than 40%  to any m em ber from  another fam ily . W ithin the sam e fam ily , proteins that ha v e  greater than 
55%  identical am ino  ac id s arc c la ssified  into su bfam ilies
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caused  by substrates such as am inopyrine, phenobarbital, hexobarbital and testosterone, 

display a m axim um  absorbance at 385 - 390 nm  and a m inim um  at ~ 420 nm; (2) type II 

spectra produced by nicotine, pyridine, and aniline have a m axim um  at ~ 430  nm  and a 

m inim um  at 390 nm; (3) the th ird  type, so-called m odified type II spectra, w hich are 

induced  by cortiso l, co rticosterone , cyanide, alcohol, etc ., have a b road  m axim um  

absorbance ranging from  409 - 445 nm  and a m inim um  at 365 - 410  nm  (V ore et al., 

1974). It has been suggested (Y oshida and K um aoka, 1975) that type I changes occur 

when the substrate interacts with the protein m oiety o f a low -spin 4  P450, w hile type II 

changes reflect interaction o f the am ino group o f the substrate with the hem e iron o f either 

h igh-sp in  or low -spin  P450, and m odified  type II spectra result w hen the substrate  

hydroxyl group interacts with the heme o f a high-spin P450. Conversion o f P450 to P420 

(i.e., Soret peak shifts from  450 to 420 nm) results in loss o f substrate-induced spectral 

changes. All the inform ation about substrate b inding spectra and spectral changes are 

characteristic for the interaction between the hem e group, substrates and the holo-enzym e. 

The m agnitude o f the C O -reduced P450 spectrum  can be used to determ ine the expression 

level o f P450 in a transfected cell line.

A-4. Catalytic Mechanism ofP450- Cytochrom e P450 uses oxygen and N A DPH via 

P450 reductase to catalyze the m onooxygenation o f a variety o f substrates. The general 

hydroxylation reaction is

SH + NA D(P)H + 0 2  = SOH + NAD(P)+ + H20  (1)

P450 accepts electrons from  NA D PH  via P450 reductase (and an iron-sulfur protein for 

m itochondrial and bacterial species). However, the m icrosom al system , though preferring

4 Sp in  sta te  here refers to the en ergy  state  o f  ferric iron in the h em e group  w h ic h  is a ffec te d  by the  
distributaion  o f  the liv e  e lectron s in the fiv e  orbitals o f  the 3d su b sh ell. I f  on e  e lectron  is left unpaired it is 
lo w  spin; i f  all fiv e  are unpaired it is h igh  sp in . T he spin state is dependent on  the en ergy  o f  the sy stem  and 
the substrates (ligan d s) present, w h ich  is the cause  the substrate b inding spectra.
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N A D PH  as reductant, can also accept electrons from  NA DH via cytochrom e bs reductase, 

an FA D -containing flavoprotein, which reduces cytochrom e bs. Cytochrom e b 5  norm ally 

transfers electrons to the cyanide-sensitive factor required for fatty acid desaturation, but 

can pass som e o f  its electrons to P450 (Aoyam a et al., 1990) as shown below.

NADPH e'i^' Cytochrome P450 reductase e^>- Cytochrome P450

Ae-

NADH 6 ^  Cytochrome b5 reductase ^  Cytochrome b5

A general m echanism  for m icrosom al cytochrom e P450 catalysis is show n in 

Figure 1 (Coon et al., 1992; G uengerich , 1990). T hough developed from  the soluble 

bacterial P450cam, it has been accepted, with some exceptions, by m ost o f  investigators as 

a m odel for m am m alian P450. Substrate binds to the oxidized P450 with low Km ranging 

from  nanom olar to m illim olar (step 1). This binding, w ith some exceptions (G uengerich, 

1983), changes the spin state o f the P450 from  low to high (W aterm an et al., 1973), which 

can be observed  by substrate b inding spectra (described above) The enzym e-substrate 

com plex  accepts the first e lectron  from  N A D PH  through P450  reductase  (step  2). 

M olecular oxygen binds rapidly to ferrous P450 with a Kd of ~ 10" 6  M and the unstable 

[Fe 2 +- 0 2 ] com plex can be observed by CO binding spectroscopy w hich m easures the 

[Fe 2 +-CO] com plex because C O  has m uch higher affinity  to hem e iron than O 2 . This 

com petition betw een CO and O 2  form s the basis for spectral detection and quantitation of 

P450 in biological system s. The [Fe2 +-0 2 ] com plex can display a resonant structure in 

which an electron is transferred from  the iron to oxygen producing a [Fe3 +- 0 2 ‘] com plex. 

D ecay o f  this com plex produces the ferric P450-substrate interm ediate, w ith release o f 

superoxide radical, a reactive oxygen interm ediate (Kuthan and Ullrich, 1982). The decay 

o f oxygenated P450 appears to be a m ajor source o f superoxide radical (-C>2 "X w hich can 

form  hydroxyl radical ( O H )  in the presence o f iron (discussed in details in Section C), in
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biological system s (K uthan and Ullrich, 1982) and is dependent on efficiency o f input o f 

the second electron and the form  of P450. CYP2E1 has been show n in reconstitu tive 

m em brane systems to produce m ore hydroxyl radical than other P450 isozym es (Ingelm an- 

Sundberg and Johansson, 1984). Enhanced superoxide radical release at this step may be a 

key m echanism  for CYP2E1 causing toxic effects through oxygen radical production. The 

second electron (step 4) m ay com e from  the N A D PH  P450 reductase or from  the reduced 

cy tochrom e bs. D ecay o f peroxy P450 [Fe3 +-0 2 =] produces ferric P450 and hydrogen 

peroxide (H 2 O 2 ). This H 2 O 2  m ay be produced via this decay or via d ism utation o f O 2 " 

(R eaction (5) in Section C). H eterolytic cleavage o f the 0 - 0  bond, aided by the cysteinyl 

th io late ligand (step 5), produces H 2 O and the [F e -0 ]3+ com plex (D aw son, 1988). This 

pow erful oxidant abstracts a hydrogen from  the substrate to yield a substrate radical (R-) 

and the bound equivalent o f a "hydroxyl radical" (step 6 ). Rapid rebinding o f oxygen to the 

substrate  radical (radical recom bination) yields the hydroxylated substrate (step 7) and 

regenerates ferric P450 (step 8 ).



9

ROH RH
> ^ Fe3* '\* k 

(ROH)Fo3* ®  ©  (RH)F<?3̂ — R L00H

/* J W
(R-)(Fe-OH)3* ̂  (RH)Fc2* j f  R'H + LO

2e- f  ©  r  \
h2o ^ - r h U - 0 ) -  X 0 H  X 0 0 H < 9 "

2H. j ( RH)Fe3*(0 i) „  (RH)Fe3+(Oj-)
HC02H ' '  ' '

<I°2

+ CHO / 1

O^-O"' 2 %

Figure 1. O verall schem e for catalytic m echanism  o f  P450. Fe represents the hem e iron 

atom  in the active site, RH  a substrate, and RO H the corresponding  m onooxygenation 

p roduct. R 'L O O H  represen ts a lip id  hydroperox ide and R 'H  and LO  rep resen t the 

corresponding reduction products (alkane and oxoacid, respectively). X O O H  represents a 

peroxy com pound that serves as an alternate oxygen donor to m olecular oxygen (m odified 

from  (Coon et al., 1992)).
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A-5. P450 Reductase - N A D P H -dependen t cy tochrom e P450  reduc tase  is a 

FA D /FM N -containing flavoenzym e which functions, in the P450 system , as an electron 

transfer carrier from  N A DPH to P450. This enzym e, present in the m icrosom al m em brane 

w ith a stoichiom etry o f 1:20 w ith respect to P450, can catalyze production o f m uch more 

■O2 ’ than P450 in the presence o f iron, especially Fe-ED TA  (Fe2+ + 0 2  = Fe3+ + -0 2 ' ,  the 

reductase catalyzes regeneration  o f Fe2+). This -0 2 ’ may lead to -OH through an iron- 

cata lyzed  H aber-W eiss reaction. An enhanced activity o f  this reductase has also been 

reported after chronic ethanol intake (Ekstrom  et al., 1986; Joly et ah, 1973). H ow ever, the 

ex ten t o f  this enhancem ent appears sm all com pared to the changes in cytochrom e P450 

(Ekstrom  et ah, 1986). The ability o f  P450 reductase to generate oxygen radicals in the 

p resence o f  iron com plicates the m easurem ent o f oxygen radical p roduction and lipid 

perox idation  from  cytochrom e P450 after alcohol adm inistration  by the conventional 

conditions. H ow ever, as w ill be show n in this thesis, we w ere able to d istingu ish  the 

con tribu tion  o f  oxygen rad ical p roduction  from  reductase  o r from  P450 by carefu l 

adjustm ent o f iron concentration.

B. Cytochrome P450-2E1

B-1. Functional Implication - Cytochrome P450-2E1 (CYP2E1), the ethanol inducible 

isozym e, was first purified from  rabbits by Koop et al. (K oop et ah, 1982) and later from  

rats (Palakodety et ah, 1988; Patten et ah, 1986; Ryan et ah, 1985), and hum ans (Lasker et 

ah, 1987; W righton et ah, 1986). The cDNA for these enzym es including that o f  the mouse 

has also  been cloned  (Freem an et ah, 1992; Khani et ah , 1987; Song et ah , 1986). 

CYP2E1 is the only enzym e in the CY P2E subfam ily in alm ost all the species exam ined 

except rabbit, which possesses tw o enzym es, 2E1 and 2E2 (Khani et ah, 1988). CYP2E1 

is predom inately expressed in the endoplasm ic reticulum  m em brane o f the liver and, to a 

lesser extent, in the kidneys, lungs, brain, GI tract and peripheral blood lym phocytes. In



the liver, it is distributed predom inately in the pericentral (perivenous or centrilobular) 

region (Biihler et al., 1992; Ingelm an-Sundberg et al., 1988; Tsutsum i et al., 1989). This 

distribution correlates with selective destruction o f  the centrilobular zone o f  the liver by 

tox ins such carbon tetrach loride, acetam inophen or ethanol, w hich are ox id ized  by 

C Y P2E 1. CY P2E1 has been receiv ing  increasing  atten tion  due to its capab ility  o f 

m etabolizing and activating m any toxicologically im portant substrates (Koop, 1992) (see 

T a b le  1 fo r de ta ils). CY P2E1 has a lso  been  suggested  to p lay  a m inor ro le in 

g luconeogenesis by converting  acetone to acetol and m ethy lg lyoxal, w hich  is then 

m etabolized by glyoxylases I and II to produce D -lactate and finally pyruvate (Argeles, 

1986; C aszza et al., 1984; Koop and Casazza, 1985). In the fasting hum an, 11% o f  the 

gluconeogenic dem and could be satisfied by this acetone-derived regeneration pathw ay 

(Reichard et al., 1979). Substrates which are relatively specific for and com m only used for 

experim ental detection o f CYP2E1 include p-nitrophenol (Koop, 1986), aniline (Koop and 

Coon, 1986), as well as dim ethylnitrosam ine (Yang et al., 1985).
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Table 1. Substrates M etabolized by CYP2E1 (m odified from  (Koop, 1992))

Substrates Product Reference

A rom atic  com pounds
Pyridine Pyridine N -ox id e (K im  et a l., 1988)
3-H ydroxypyridine 2,5-D ihydroxypyridine (K im  and N o vak , 1990)
p-N itrophenol 4-N itrocatechol (K oop , 1986)
B enzene P henol (Johansson and Ingelm an-Sundberg, 1988)
P henol H ydroquinone, catechol (K oop  et al., 1989)
A cetam inophen G lutath ione conjugates (R au cy  et a l., 1987)
Pyrazole 4-H ydroxypyrazole (C lejan and C cderbaum , 1990)
C hlorzoxazon e 6-H ydroxychlorzoxazone (P eter et al., 1990)
A n ilin e p -A m in oph en ol (K oop  and C oon , 1986)

H alogenated alkanes and alkenes/alkanes
C hloroform G lutath ione conjugates (Brady et al., 1989)
Pentane product not m easured (T erelius and Ingelm an-Sundberg, 1986)
Ethyl carbarmate 1 ,N -E thenoadenosine (G uengerich  et al., 1991)
T richloroethylene Chloral (G uengerich  et al., 1991)
Enflurane Fluoride (H offm an et al., 1989)

H alothane Trifluoroacetic acid (G ruenke et a l., 1988)
1 ,1 ,1 ,2-T etrafluorothane Fluoride (O lson  et a l., 1990)

A lco h o ls/k e to n es/n itr ile s
E thanol Acelaldehyde (K oop  and C oon , 1986)
Propanol Propionaldehyde (K oop  and C o o n , 1986)
Isopropanol A cetone (K oop  and C o o n , 1986)
G lycerol Form aldehyde (W inters et a l., 1988)
A cetone A ceto l (K oop  and C oon , 1986)
A ceto l M eth y lg ly o x a l (K oop  and C o o n , 1986)
A ceton itr ile Cyanide (Feierm an and Cederbaum , 1989)

N itrosam ines/azocom pou nds
N ,N -D im eth y ln itro sa m in c Form aldehyde/nitrite (Y an g et al., 1990)
N ,N -D ie th y ln itro sa m in e Acetaldehyde (Y an g et al., 1990)
M eth ylazoxym eth an o l M ethanol/form ic acid (Soh n  et a l., 1991)
N -N itrosopyrrolid ine Acetaldehyde (M cC oy  and K oop , 1988)

R edu ctive  substrates
Carbon tetrachloride C hloroform /lip id  peroxidaton (G uengerich  et al., 1991)

t-Butylhydroperoxide M ethane/acetone (V a z  et a l., 1990)

O xygen S uperoxide/perox ide/water (G orsky et al., 1984)
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B-2. Regulation ofCYP2E1 - CYP2E1 expression appears to be regulated at several 

lev e ls  (K o o p  and  T ie rn e y , 1990; P o rte r  and  C oon , 1991). T ra n sc r ip tio n a l 

regu la tion /ac tiva tion  o f CYP2E1 occurs at birth w hich is apparently  associated  w ith 

dem ethy la tion  at the 5' region o f  the gene (Jones et al., 1992; U m eno et al., 1988). 

M essenger RNA levels reach m axim um  6  days after birth and are associated with increased 

2E1 protein and catalytic activity. CYP2E1 m RNA levels and acetone hydroxylase activity 

in the liver o f  pregnant rat were low er than the control suggesting that som e factor(s) 

present during pregnancy may lim it the expression o f CYP2E1 (C asazza et al., 1990). 

Post-transcriptional m RN A  stabilization has been observed in the streptozotocin-induced 

d iabe tic  anim al m odel by nuclear run on assay (Song et al., 1987). T h is  m R N A  

stabilization could be reversed by insulin adm inistration. Increased translational efficiency 

was seen in pyridine treated rats (Kim  and Novak, 1990) presum ably through an increase 

in polysom al 2E1 m RN A  species com pared to m ainly m onom eric species found in saline 

controls.

Post-translational protein stabilization (up to 20-fold) has been show n in a variety 

o f in vivo and in vitro experim ental m odels by various 2E1 ligands such as acetone (Koop 

et al., 1985; Patten et al., 1986), pyrazole (Ingelm an-Sundberg  and Jornvall, 1984), 

im idazole (Ingelm an-Sundberg and Jornvall, 1984; Koop and Coon, 1984), and ethanol 

(Ingelm an-Sundberg  and Jornvall, 1984; Koop et al., 1982; Ryan et al., 1986). It is a 

prim ary  regu la to ry  m echanism  o f the CY P2E1 level in adu lt an im als by ethano l 

adm inistration and is a m ajor factor for alcohol-induced toxicity via C Y P2E 1. This type of 

induction by protein stabilization was initially characterized by a biphasic (half lives o f  7 

and 37 hours) to m onophasic (h a lf live 37 hours) ha lf life shift after acetone treatm ent 

(Song et al., 1989). R ecent observations have suggested that under certain  conditions, 

e.g ., very high blood alcohol levels, ethanol induction o f  CYP2E1 is associated  with 

elevated m RN A  levels and increased transcription. This induction o f CYP2E1 by ethanol
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m ay involve both transcriptional and post-transcriptional m echanism s. The ligand-bound 

enzym e com plexes appear to be protected from  a rapid degradation by uncharacterized 

in tracellu lar proteolytic pathw ays specific for CYP2E1 (K oop and T ierney, 1990). The 

rapid degradative pathway appears to be regulated by horm one-regulated phosphorylation 

o f  CY P2E1 (E liasson et al., 1988; Johansson et al., 1991). Ingelm an-Sundberg and his 

cow orkers recently  p roposed  a potential M gA T P -dependent m icrosom al p ro teo ly tic  

pathw ay which rapidly degrades the CYP2E1 labilized by either phosphorylation or carbon 

tetrachloride treatm ent (E liasson et al., 1990; E liasson et al., 1992). O ther investigators 

found that a ub iquitin-dependent degradation pathw ay could  be involved in the rapid 

degradation o f CYP2E1 labilized by CCI4  (Koop and Tierney, 1990). Therefore, it is still 

unclear so far as to which proteolytic pathway(s) is involved in degrading CYP2E1.

B-3. Cytotoxicity of CYP2E1- As m entioned above, m ost o f the drugs m etabolized 

by cytochrom e P450 becom e m ore water-soluble and are m ore readily excreted; however, 

m etabolism  does not alw ays inactivate the drugs. Som e drugs or o ther xenobiotics are 

activated by P450 to form  m ore reactive or toxic metabolites. CYP2E1 can activate various 

substrates to form  cytotoxic and genotoxic substances. These substrates include industrial 

so lven ts  such  as benzene (Johansson  and Ingelm an-S undberg , 1988) and carbon  

tetrachloride (Johansson and Ingelm an-Sundberg, 1985), drugs such as acetam inophen 

(M organ et al., 1983; Raucy et al., 1987) and isoniazid, anesthetics such as halothane 

(G ruenke  et a l., 1988) and en flu ran e  (H offm an  et al., 1989), c a rc in o g en s  and 

procarcinogens such as dim ethylnitrosam ine (Y ang et al., 1985), azoxym ethane (Sohn et 

al., 1991) and nitrosopyrrolidine (M cCoy and Koop, 1988), as well as alcohols (K oop, 

1992) (Table 1).

The other m echanism  by w hich CYP2E1 may cause toxic effects is production o f 

reactive oxygen interm ediates such as superoxide radical (from  the decay o f the resonance
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form  o f  [Fe2 +-C>2 ] after the third step in the P450 catalytic m echanism  described above in 

Section  1), w hich m ay result in production o f  hydroxyl radical and initiation,,of lipid 

peroxidation and eventually toxicity. Indeed, chronic alcohol intake has been shown in rats 

to enhance the production o f reactive oxygen species such as superoxide (Boveris et al., 

1983; E kstrom  and Ingelm an-S undberg , 1989), hydrogen  perox ide  (E kstrom  and 

Ingelm an-Sundberg , 1989; L ieber and D eC arli, 1970; Thurm an, 1973), and hydroxyl 

rad ical (D icker and C ederbaum , 1987; K lein et al., 1983) by iso la ted  m icrosom es. 

H ow ever, it is unclear w hether production  o f the reactive oxygen species in e thanol- 

induced m icrosom es can be directly attributed to C Y P 2E 1. The concepts and chem istry o f 

these reactive oxygen intermediates are summ arized below.

C. Reactive Oxygen Species and Their Measurement

A free radical is a species which contains an unpaired electron in an outer orbital. 

Such radicals may be neutral, e.g., vitam in E , glutathione radical; positively charged, e.g., 

paraquat radical; or negatively charged, e.g., superoxide radical (C ederbaum , 1992). Free 

radicals are very reactive because o f the tendency o f the unpaired electron to pair w ith 

another electron. It is now clear that the toxicity o f m olecular oxygen is not due to oxygen 

per se, w hich by itself possesses w eak reactivity, but is due to the production o f reactive 

oxygen interm ediates such as superoxide radical (-0 2 "), hydrogen peroxide (H 2 O 2 ), and 

the hydroxyl radical (O H ) (Cederbaum , 1992).

C-1. Interrelationships between -Of,  m0H, and H2O2 - As described  in the P450

c a ta ly s is  m echan ism , a lo o se ly -co u p led 5 enzym e such as CY P2E1 m ay genera te

superoxide radical (-0 2 ')  and hydrogen peroxide (H 2 O 2 ) from  [Fe3 +- 0 2 ~] and [Fe3 +-0 2 =]

5 P 4 5 0  e n z y m es  such  as C Y P2E 1 are considered  " loosely-coupled"  b ecause it co n su m es N A D P H  ev en  in 
the ab sen ce  o f  its substrates. T he e lectron s from N A D P H  are used  to reduce o x y g e n  m o lec u les  producing  
free radicals. O ther P 4 5 0  en zy m es such  as bacterial cam phor P 4 5 0  do not co n su m e N A D P H  in the absen ce  
o f  cam phor, and therefore arc tightly-coupled .
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respectively. P450 reductase, in the presence o f iron, can also catalyze the form ation o f  

•O 2 " by donating  one electron to  the oxygen m olecule (described above). These O 2 " 

rad icals can produce hydroxyl radical (O H ), the m ost reactive oxygen species in the 

world, by a H aber-W eiss type of reaction (Halliwell, 1978; M cCord and Day, 1978):

A lthough therm odynam ically feasible, this reaction is kinetically very slow  and therefore 

has been replaced by the proposed metal-catalyzed Haber-W eiss reaction (reaction 3 and 4). 

Reaction 4  is also called the Fenton reaction.

In both reactions, iron acts as a redox cycling catalyst. Tw o -0 2 '  dism ute spontaneously or 

as catalyzed by superoxide dism utase (SOD ), to produce H 2 O 2  (reaction 5), w hich can be 

further degraded into H 2 O via catalatic or peroxidatic m odes o f catalase (reaction 6 a and 

6 b), or via the G SH  peroxidase system  (reaction 7). GSH can be regenerated from  GSSG 

by GSH  reductase.

•0 2" + H 2 0 2  =  OH + O H ' + 0 2 (2)

Fe 3 +(Cu2+) + 0 2'  = Fe2 +(Cu+) + 0 2  

Fe 2 +(Cu+) + H 2 0 2  = Fe 3 +(C u2+) + -OH + O H '

(3)

(4)

•O2 + '02  + 2H+ = O2 + H2O2 (5)

H 2O 2 +  H 2O 2 =  2 H 2 O  +  O 2 (6 a)

H 2 0 2  + A H 2  = 2H 20  + A (6 b)

H 2 0 2  + 2GSH = 2H 20  + GSSG (7)



17

C-2. Electron Spin Resonance Spectroscopy- M easurement o f free radical production 

has been carried out extensively using spectrophotom etry, HPLC and gas chrom atography 

and using  chem ical com pounds w hich react w ith the radicals as the probe. The ESR 

technique, how ever, has been claim ed to be more sensitive and specific and is the only 

m ethod to  detect certain  radicals such as the hydroxyethyl radical. Therefore, ESR  was 

chosen as the m ethod to be used in this study to m easure production o f -0 2 " and -OH from  

the HepG 2 clones. The basic theory about ESR is briefly sum m arized below.

An electron possesses a spin m agnetic m om ent that can assum e tw o orientations in 

space and thus should  in teract w ith a m agnetic field. In m ost chem ical com pounds, 

electrons are paired so that the net m agnetic m om ent is zero and there is no condition o f 

resonance for absorbance or radiation. How ever, there do exist substances that possess an 

unpaired  electron  such as certain  ions o f transition  elem ents, excited  photochem ical 

interm ediates, m olecules like O 2  that have a triplet ground state, as well as free radicals. 

Such substances are called  param agnetic  and m any can be detected  by electron  spin 

reso n an ce  (E SR ) o r e lec tron  pa ram ag n e tic  resonance  (E PR ) spectro sco p y . The 

param agnetic m om ent o f the unpaired electron in these substances can be split into two 

nonequal energy sublevels under an applied m agnetic field. Resonance occurs w hen the 

m agnetic frequency v corresponds to the energy o f separation o f the two electron sublevels 

AE, AE = g(3H = hv where h is the Plank constant, (3 is the Bohr m agneton w hich equals 

eh /4 7 tm , H is the strength o f m agnetic field and g is a factor w hich identifies the radical 

(A therton, 1979; W ertz and Bolton, 1974).

A norm al ESR spectrum  consists o f a c luster o f  lines, called  hyperfine structure 

(see Figure 9 for exam ple), w hich are a result o f  the interaction o f the m agnetic m om ent 

o f the unpaired electron and the m agnetic fields o f nearby spinning nuclei. Splitting pattern 

and the distance betw een individual lines are characteristic o f each radical. The num ber o f
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lines per c luster is determ ined by the num ber o f  possib le orientations o f the m agnetic 

m om ent o f  the particular nucleus w ith which the electron interacts. In general, i f  the spin 

quantum  num ber o f  the nucleus is n, the ESR spectrum  has a cluster o f  2n + 1 lines of 

equal intensity. The spacing betw een adjacent lines o f  a cluster is constant for a particular 

cluster but differs for each m olecular type. If there are n equivalent nuclei that the unpaired 

electron interacts with, the spectrum  consists o f n + 1 lines, whose intensity distribution is 

given by the coefficients o f the binom ial distribution (Atherton, 1979; W ertz and Bolton, 

1974).

In b io logical system s, h ighly reactive species such as -0 2 '  and -OH are very 

difficult to detect directly by ESR  because o f  their very low steady-state concentration. 

How ever, such reactive radicals can be detected by em ploying the spin-trapping technique 

(M anzen and Haire, 1990; M otley and M ason, 1989). The principle of spin-trapping is that 

the unstable reactive free radical reacts with the spin-trap, e.g., DM PO , PBN and 4-PO BN  

for detection o f oxygen radicals, to produce a product w hich is relatively m ore stable, 

therefore  has a longer life tim e, and can accum ulate  to a m easurab le  concen tra tion  

(Finkelstein et al., 1980; Yam azaki et al., 1990). ESR and spin trapping techniques are the 

basis for detection o f superoxide and hydroxyl radical production in this study.

C-3. Lipid Peroxidation - O ne im portant m echanism  by w hich reactive oxygen 

in term ediates dam age cells appears to be via peroxidation o f m em brane lipids (D iluzio, 

1964; D iluzio, 1968). The basis for lipid peroxidation is that the allylic divinyl m ethane 

groups o f  polyunsaturated fatty acids are very sensitive to hydrogen abstraction by -OH 

and o ther oxidants to yield the lipid radical, L-. Propagation of L- via in teraction w ith 

oxygen and with other lipids readily occurs with the subsequent breakdow n o f m em brane 

lipids before term ination (Farber e t al., 1990; H orton and Fairhurst, 1987; T ribble et al.,

1987). M etals such as iron often play a central role in the lipid peroxidation process (Aust



19

et al., 1985; Ryan and Aust, 1992). A ntioxidants such as vitam in E, w hich is present in 

m ost biological m em branes, can also react w ith lipid radicals to cause chain term ination 

(C ederbaum , 1992).

Initiation LH + -X (a radical or oxidant) = L- + H 2 O (8)

L- +  0 2  = LOO- (9)

Propagation L O O -+ LH = LOOH + L- (10)

LO OH + Fe2 + = L O -+ Fe3 + + O H ' (11)

LO OH + Fe3+ = LOO- +  Fe2+ + H+ (12)

Termination LOO- + L- = LO OL (13)

L- + Vit E  = LH + Vit E- (14)

A lthough extensive investigation has been done in the past tw enty years on lipid 

peroxidation produced by ethanol in in vivo m odels (D iluzio, 1964; D iluzio, 1968) and 

various in vitro and reconstitutive experim ents with ethanol-treated m icrosom es, NA DPH 

P450 reductase, P450 and reductase plus P450 (Cederbaum , 1987; Cederbaum , 1989), the 

ability o f ethanol to cause lipid peroxidation is still controversial (Dianzani, 1985) probably 

because o f num erous variables existed in the experimental system  and the actual param eters 

being m easured (Cederbaum , 1989). Therefore, it is im portant to re-evaluate this theory in 

ano ther system  containing only C Y P2E1, w hich is the only know n e thanol-inducib le  

enzym e in m icrosom es. This system  was created by em ploying m olecular approaches. 

L ip id  perox idation  was m easured by assaying for T B A -reactive substances such as 

m alondialdehyde, which is a m ajor breakdow n product o f lipid hydroperoxides (Buege and 

Aust, 1978).
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D. Expression of Cytochrome P450

M ost o f  the investigations o f  hum an CYP2E1 were perform ed with isolated liver 

m icrosom es, which contain various other, characterized or uncharacterized, form s o f P450, 

or w ith  the pu rified  enzym e, w hich  lacks the in tegrity  o f the natural m em branous 

env ironm ent for the P450 because m am m alian  cy tochrom e P450 is associa ted  w ith 

m em branes o f m icrosom es or m itochondria, where it can interact with P450 reductase. The 

efficiency o f  this interaction m ay be very im portant because in naturally  existing loosely 

coupled enzym es such as CY P2E1, free radicals can be generated presum ably due to slow 

transfer o f the second electron from  the reductase or cytochrom e bs which m ay result from  

inefficient coupling w ithin the com plex. In addition, in reconstituted system s, the m ost 

effective ratios o f  reductase and P450 are very different than the ratios ex isting  in the 

endoplasm ic reticulum , generally 1 reductase per 10 or 20 P450s (M iwa and Lu, 1978). To 

determ ine the true b iochem ical properties o f the enzym e it w ould  be advantageous to 

develop a pure enzym e system  free o f other forms o f P450. This could be accom plished by 

the in vitro expression  technology. A num ber o f system s have been used to express 

m am m alian cytochrom e P450 in bacteria, yeast, insect cells, and m am m alian cells via 

transfection  or transform ation  o f  p lasm id D N A  or infection  o f  recom binan t viruses 

including vaccinia virus, and baculovirus (W aterm an, 1991). Stable expression o f  P450 

has also been accom plished using Chinese ham ster cells (Doehm er and Oesch, 1991) and a 

hum an B lym phoblastoid cell line (Crespi, 1991).

In the present study, the retrovirus m ediated stable transduction (B attu la, 1989; 

N ouso et al., 1992) was used to express hum an CYP2E1 in H epG 2, a hum an hepatom a 

derived  cell line, because o f the precise transm ission o f the recom binant viral D N A 

sequences into the target cells (Battula, 1989). The reason we chose the HepG 2 cell line is 

that it is a hum an liver-derived cell line containing the P450 reductase and cytochrom e bs.
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H epG 2 does not produce significant (spectrally detectable) am ounts o f P450 (Patten et al., 

1992; W axm an et al., 1991). How ever, there have been some reports show ing that HepG2 

cells have certain  cataly tic  ac tiv ities presum ably from  endogenous cy tochrom e P450 

isoform s. These activities include catalyzing m etabolism  o f benzopyrene (D iam ond et al., 

1980), ethoxyresorufin , pentoxyresorufin and benzoxyresorufin (G rant et al., 1988) and 

e th o x y co u m arin  (S assa  e t a l., 1987) to  p o la r p ro d u cts , and  co n v e rs io n  o f  2- 

am inoanthrecene, benzidine, acetylbenzidine and aflatoxin B j to m utagenic derivatives 

(Zhou et al., 1986). These activities from  HepG 2 cells w ere very low as com pared to 

co rrespond ing  ac tiv ities  from  hum an liver sam ples. For exam ple, a ry lhydrocarbon  

hydroxylase and 7-ethoxycoum arin  de-ethylase activities from  H epG 2 cells were a few  

pm ol/hr/m g m icrosom al proteins (Sassa et al., 1987). There was also a report show ing 

expression o f P450-3A  in H epG 2 cells (Schuetz et al., 1993). H ow ever, there have not 

been  any reports show ing the constitu tive  expression  o f  CY P2E1 in H epG 2 cells. 

Therefore, HepG2 was chosen as the target cell line to express the hum an CY P2E1. In this 

study, m icrosom es o f  successfully  transduced clones were used to characterize CYP2E1 

biochem ical properties, including oxygen radical production and lipid peroxidation. Intact 

cells from  the clone were also used to test other properties associated with CYP2E1 as well 

as cytotoxicity  in situ caused by hepatotoxins. The transient expression system s such as 

SV 40-C O S cell (C lark and W aterm an, 1991) o r vaccinia virus (G onzalez et al., 1991), 

although o f  value, are not as appropriate for aspects o f this study w hich requires a long­

term production o f  the enzym e in a stable environm ent without interference which m ight be 

caused by the process o f expulsion of the plasm id or cell death.

E. Hepatotoxicity of Acetaminophen

Acetam inophen (APAP) is a widely used over-the-counter drug w ith analgesic and 

antipyretic activity. A lthough considered safe at recom m ended therapeutic doses, APAP,
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when adm inistered in excess, can cause severe centrilobular hepatic necrosis (Black, 1984; 

H inson, 1980; P rescott, 1983). A t a norm al dosage level, the m ajority  o f  A PA P is 

m etabolized via g lucuronidation and sulfation in the liver and excreted  out o f  the body 

(Jollow  et al., 1973; M itchell et al., 1973). A sm all am ount o f  A PA P is m etabolized 

through a third m etabolic pathw ay, in which A PA P is bioactivated by hepatic cytochrom e 

P450 to form  a reactive interm ediate, 7V-acetyl-p-benzoquinone im ine (N A PQ I), w hich is 

believed to play an im portant role in A PA P-induced toxicity (Dahlin et al., 1984; Potter et 

al., 1973; Raucy et al., 1989). At typical doses o f APAP, only a trace am ount o f N A PQ I is 

form ed; this reactive m etabolite can be conjugated with and reduced by intracellular GSH 

and therefore d isplays no significant toxicity. H ow ever, at high dosage levels, or under 

cond itions o f enhanced  activation  by cy tochrom e P450, in tracellu lar G SH  is rapidly 

depleted  (A lbano et al., 1985; M oore et al., 1985) and can no longer com pensate for the 

m assive production o f NAPQI, which subsequently can initiate lipid peroxidation (Albano 

et al., 1983; Younes et al., 1986), form  adducts w ith cellu lar proteins (Pum ford et al.,

1989), dam age nuclear D N A (H ongslo et al., 1988), and eventually  alter in tracellu lar 

hom eostasis; these effects result in severe necrosis o f  the liver (Landon et al., 1986; M oore 

et al., 1985; Ray et al., 1993).

Several P450 isozym es includ ing  C Y P1A 2 (R aucy et al., 1989), C Y P3A 4 

(T hum m el et al., 1993), and CY P2E1 (R aucy et al., 1989) have been show n by 

experim ents involving antibody inhibition and reconstitutive systems with purified enzym es 

to be responsible for the bioactivation o f APAP. These three isozym es were also confirm ed 

in a transient transfection study using a vaccinia virus expression system  to have high 

A PA P m etabolic activity  com pared  to eight o ther hum an P450 isozym es w hich were 

expressed  (Patten et al., 1993). In anim al m odel studies, adm inistration  o f  ethanol, a 

CYP2E1 inducer, increased binding and m etabolism  o f A PA P in the rat (Prasad et al.,

1990). Sim ilarly , isoniazid, another CYP2E1 inducer, potentiated A PA P hepatotoxicity
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(Burk et al., 1990). Perfused livers from  ethanol-treated rats show enhanced vulnerability 

tow ard A PA P and extensive GSH depletion in the perivenous region w here CYP2E1 is 

induced (Anundi et al., 1993). H epatic necrosis has been observed in chronic alcoholics 

after therapeutic doses o f APAP adm inistration (Pezzano et al., 1988). A PA P toxicity in the 

k idneys o f m ale m ice has also recently  been correlated with CYP2E1 (Hu et al., 1993). 

T herefore, CY P2E1 appears to be a key com ponent w hich activates A PA P and hence 

m ediates APAP toxicity in vivo and in vitro.

To investigate further the potential cytotoxic effect o f APAP via bioactivation solely 

by hum an CY P2E1 under con tro lled  conditions, the M V h 2 E l-9  cell line, w hich was 

established in this study to express hum an CYP2E1 in HepG2 cells, was used. The control 

M V -5 cell line, w hich was infected  w ith retrovirus lacking the 2E1 cD N A  and did not 

d isplay  detectable CYP2E1 on im m unoblots or catalytic activity  w ith typical CYP2E1 

substrates, was used as a control cell line identical to M V h2E l-9  except for the expression 

o f CY P2E1. The interaction o f APAP with these two cell lines was therefore com pared to 

assess the contribution by CYP2E1 to changes in cellu lar viability and cell proliferation 

induced by APAP. The m echanism  of APAP toxicity was evaluated by studying the effect 

o f  CY P2E1 ligands and inh ib ito rs, an tiox idan ts, and by m easu ring  p ro te in  adduct 

form ation.

F. Degradation of Cytochromes P450

The cytochrom es P450 are a superfamily o f hundreds of hem oproteins that serve as 

the term inal ox idases in the m etabo lism  o f  a variety  o f  endogenous substra tes and 

xenobiotics (Gonzalez, 1989). The various forms of P450 are different in their distinct and 

yet overlapping substrate specificities and their characteristic regulation o f expression at 

d ifferen t levels (G onzalez, 1989; Porter and Coon, 1991). C ytochrom e P450 2E1, the
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alcohol-inducible isozym e, has been shown to be able to m etabolize and activate m any 

toxicologically  im portant com pounds such as acetam inophen, D M N  and C C l4 (K oop, 

1992). As a poorly -coupled  enzym e, CY P2E1 is able to genera te  reactive  oxygen 

interm ediates and initiate lipid peroxidation which may directly contribute to alcoholic 

hepatotoxicity  (A lbano et al., 1988; A lbano et al., 1991; E kstrom  et al., 1986; G orsky et 

al., 1984).

Regulation o f CYP2E1 expression has been extensively studied and shown to occur 

at various levels including gene transcription, post-transcrip tional m RN A  stabilization, 

transla tional, and post-transla tional enzym e stabilization (G onzalez, 1989; P orter and 

Coon, 1991). The post-translational regulation of CYP2E1 is reflected by the balance o f the 

enzym e stabilization and degradation. Although most CYP2E1 substrates induce its enzym e 

activity and protein by stabilizing the holoenzym e, some o f  these substrates labilize and 

enhance enzym e degradation. For exam ple, treatm ent o f adult rats in vivo or cultured 

hepatocytes in situ w ith acetone or ethanol increased 2E1 half-life (Song e t al., 1989), 

whereas sim ilar treatm ent o f  m ice with CC14  and 3-am inotriazole resulted in rapid loss o f 

PN P hydroxylase activity and CYP2E1 protein (Tierney et al., 1992). W hile CC14  can 

cause rapid loss o f enzym e activity for several P450s including 1A, 2C and 2E1, it only 

induces a significant loss o f protein for 2E1 (Sohn et al., 1991). The m echanism  by which 

CCI4  labilizes CYP2E1 is not clear and may involve m etabolites produced via bioactivation 

o f CCI4  or CCl4 -induced lipid peroxidation or nonspecific CCLj-induced cytotoxicity.

In this study, we will use our M V h2E l-9  cell line, which constitutively expresses 

hum an CYP2E1 in HepG 2 cells, to initiate studies on the C C ^-induced  inactivation and 

degradation o f  CY P2E1. This cell line expresses CYP2E1 at a level o f  about 15 pm ol per 

mg microsom al protein, and m icrosom es isolated from  these cells are catalytically active in 

oxidizing PNP, DM N, aniline and ethanol. The control M V-5 cell line, which was infected
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with retrovirus lacking the 2E1 cDN A, did not display detectable CYP2E1 on im m unoblots 

or catalytic activity with the above substrates. W e found that CCI4  could inhibit m icrosom al 

PN P oxidation and induce 2E1 degradation; the latter could be com pletely  or partially  

prevented by 2E1 ligands such as 4-M P, D M N and ethanol. A dduct form ation from  R e ­

labeled CCI4  was m easured to evaluate reactivity o f the CCI4  m etabolites. These results 

suggest that the hum an C Y P2E1, like its counterpart in rat, m ay be lab ilized  by CCI4  

m etabolic interm ediates produced via 2 E 1 and subjected to a proteolytic system  present in 

the H epG 2 cells.
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MATERIALS AND METHODS

A. Materials and General Methods

A-1. Bacterial Strains and Growth Conditions - Several bacterial strains w ere used in 

this study. X L 1-B lue (S tratagene), E. coli strain (recA l, e n d A l, gyrA 96, thi-1, hsdR17, 

supE 44, re lA l, lac, [F 1 p roA B , lacIqZ A M 15, T n lO (te tr)]) is com m only  used  for 

transform ation and propagation o f  plasm id constructs. It carries the F' episom e encoding 

for pili that allow s infection by filam entous M 13 phage or the pB luescrip t II phagem id 

vecto rs. T he F ' ep isom e con ta in s the lacIqZ A M 15 m uta tion  w h ich  p ro v id es  a -  

com plem entation o f the p-galactosidase gene, which allow s blue/w hite color selection o f 

recom binant colonies or plaques on plates supplem ented with X-gal and IPTG (Bullock et 

al., 1987). X L l-B lu e  was grow n on LB plates o r LB liquid  m edium  w ith o r w ithout 

appropriate amount o f antibiotics such as 60 pg/m l o f  ampicillin.

A-2. Cell Lines and Culture Conditions - N IH  3T3-derived am photropic retrovirus 

packag ing  cell line, PA 317 (M iller and B uttim ore, 1986) w as p rov ided  by Dr. H. 

Stulhm ann (M ount Sinai School o f  M edicine, New York, NY). This cell line, containing 

helper virus D N A that has several alterations in addition to deletion o f the packaging signal, 

features high titer o f virus production but extrem ely low titer o f production helper virus 

after introduction o f retrovirus vector. HepG2, a hum an liver carcinom a cell line (Aden et 

al., 1979), was provided by Dr. G. A cs's laboratory (M ount Sinai School o f  M edicine, 

N ew York, NY). PA317 and HepG 2 were grown in Dulbecco's m odified Eagle's m edium  

(DM EM ) and minimum  essential m edium  (M EM ) respectively supplem ented with 1 % PSN 

antibiotics m ixture (G ibco/BRL) and 10% fetal ca lf serum (Sigm a). For selection o f G418 

resistance, 0.5 m g/m l and 0.4 m g/m l of the active com pound o f G418 (G ibco/B R L) were
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used on PA 317 and HepG2 respectively. H alf concentration o f G418 was used to m aintain 

the selected pools and clones.

A-3. Subcloning I: Digestion, DNA Fragment Purification and Ligation - All plasm ids 

were digested with the appropriate amount o f restriction endonuclease and buffer purchased 

from  either New England Biolabs or Prom ega at suggested tem perature and for a sufficient 

period o f  time. DNA insert in agarose gels was purified by the m ethod o f  V ogelstein et al. 

(V ogelstein and Gillespie, 1979) with GeneClean II kit (BIO 101) and, for TB E containing 

gel, the TBE m odifier solution. Briefly, agarose gel slab containing the DN A is added into

3 volum es o f N al solution, m elted at 50°C for about 5 m inutes. C om pletely resuspended 

glass m ilk (5 p i for 5 p g  or less D N A ) was added into the mixture. The D N A -bound glass 

m ilk was washed three times with the washing solution provided with the kit before elution 

w ith sterile H 2 O at 50°C. V ectors linearized with one restriction enzym e w ere extracted 

w ith phenol-ch loroform  and directly  precipitated  with 2.5 volum es o f ethanol plus 0.1 

volum e o f 3 M sodium  acetate, pH 5.2, at -20°C for overnight or -70°C for at least 1 hour 

without further gel purification. Ligation was carried out with an insert to vector m olar ratio 

o f  3:1 w ith Klenow enzym e (New England Biolabs) in the provided buffer at 12 - 16°C for

4 hours to overnight.

A-4. Subcloning II: Transformation - Com petent bacteria were m ade according to the 

m ethod o f H anahan (Hanahan, 1983). Briefly, bacteria grown in SOB m edium  to the early 

log phase (i.e., reaching O .D . 6 0 0  o f  0.4) were harvested and centrifuged at 3 ,000 rpm  in a 

Sorvall RCS centrifuge with the SS34 rotor at 4°C. Bacterial pellets were treated with 1/3 

volum e o f FSB, left on ice for 1 hour, and centrifuged as before at 4°C . The final pellets 

w ere resuspended in 1/12 volum e o f FSB and im m ediately kept at -70°C. The quality of 

com peten t bacteria  w ould d irectly  effect transform ation  efficiency  and therefore  the 

procedures should be carefully followed. Am picillin agar plates were prepared in advance
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by adding am picillin stock (50 m g/m l) to cooled (around 55 - 60°C) autoclaved LB -agar 

solution to m ake a final concentration o f 60 pg/m l, followed by im m ediately pouring into 

petri dishes (about 25 ml per plate). For transform ation, an appropriate am ount o f  ligation 

reaction was m ixed with 50 - 100 pi o f com petent bacteria which had been treated with |3- 

m ercaptoethanol (0.2%  final concentration) for 30 m inutes, heat-shocked at 42°C  for 1 

m inute, and shaken at 37°C  for 1 hour w ith an additional 0.9 ml o f  SO C m edium . The 

m ixture was then briefly centrifuged to condense the bacteria into about 0 . 1  ml, which was 

then spread onto am picillin agar plates. O vernight incubation at 37°C  should  result in 

am picillin resistant colonies. If  color selection for pBLU Escript plasm id was desired, prior 

treatm ent o f the am picillin agar plates with 4 p i 20 mg/ml X-gal and 40 p i 20 mg/ml IPTG 

was required before transform ation. W hite (not blue) colonies should be the ones w ith the 

plasm id containing insert.

A-5. Plasmid DNA Preparations - Tw o m ethods for plasm id preparations were used 

in this study for different purposes. M ini-prep was a m odified quick alkaline lysis method. 

Briefly, 3 ml o f an overnight-cultured bacteria pellet was resuspended in 100 p i Solution I 

(0.9%  glucose, 25 mM  Tris, and 10 mM  ED TA , pEl 8.0) supplem ented w ith 10 p i 50 

m g/m l lysosym e stock for 10 m inutes on ice. Then 200 pi o f Solution II (0.2 N NaO H  and 

1% SDS) were added to the m ixture to break the bacterial cell wall and release the protein 

and DNA. Finally, 200 pi o f Solution III (3 M potassium  acetate) was added and incubated 

on ice with the m ixture for about 15 m inutes, which was then centrifuged to rem ove m ost 

o f the m acrom olecules except the plasm id DNA, RN A and some proteins. T reatm ent with 

RN ase A at 37°C  for 1 hour and proteinase K at 37°C  for 1 hour fo llow ed by further 

phenol-chloroform  extractions and ethanol precipitation degrades and rem oves m ost o f the 

contam inants (RNA and proteins).
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Large-prep was the alkaline lysis/CsCl density gradient centrifugation m ethod of 

plasm id D N A preparation that results in a large am ount of high quality supercoiled plasm id 

DNA, which can be used for transfection in tissue culture. The initial steps were sim ilar as 

described for the m ini-prep. Briefly, for 500 ml culture, 20 ml o f  solution I and 40 ml of 

solution II and III were needed. At Solution III step, the crude p rep  w as loaded  into 

ultracentrifuge tubes with 1 m g/m l CsCl solution and 20 fig/ml ethidium  brom ide. Tubes 

were sealed and centrifuged at 38,000 rpm  in a T i-60 rotor at 20°C for 48 hours. Plasm id 

bands were co llected , ex tracted  w ith isopropanol to  rem ove eth id ium  brom ide, and 

precipitated w ith 2 volum es o f ethanol at - 20°C overnight. The concentration o f DN A  was 

determ ined by O.D. at 260 nm  and 1 O.D. unit equals 50 m g/m l DNA. The quality o f the 

preparation can be checked by the ratio o f O.D.260/O-D.280 ( 1 - 8  is considered good) for 

protein contam ination and by gel electrophoresis for supercoilicity. The quality o f  plasm id 

DN A for transfection is extrem ely  im portant as it directly determ ines the transfection 

efficiency.

B. Stable expression of human cytochrome P450-2E1 in HepG2 cells

Stable expression o f hum an CYP2E1 in HepG 2 cells consists o f several steps 

(Figure 2) w hich can be divided in three blocks: 1) construction o f the retrovirus shuttle 

vector consisting o f human CYP2E1 cDNA; 2) transfection and selection o f packaging cell 

lines/pools w hich produce the recom binant retrovirus contain ing  2E1 cD N A ; and 3) 

infection and isolation o f HepG2 clones that express CYP2E1 protein.
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C onstruction o f  exp ressio n  vector  conta in ing  C Y P 2E 1 c D N A

I
T ransfection  o f  retrovirus packagin g  ce ll lin e P A 3 17 

S elec tio n  o f  G 418-resistan t p o o ls  o f  transfectants

4
H arvesting  o f  recom binant retrovirus 

In fection  o f  targeting ce ll lin e  H epG 2  

S e lec tio n  o f  G 418-resistan t H ep G 2 c lo n es

4
T estin g  fo r C Y P 2 E l expression

Figure 2. Strategy for construction o f  HepG 2 cell lines expressing hum an cytochrom e 

P450-2E1, including construction o f the expression vector, the transfection step and the 

infection step.
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B-1. Construction of the Expression Vector- Plasm id p91023(B )-IIE l (U m eno et al.,

1988), con ta in ing  a 1.65 kB fu ll-leng th  hum an cy tochrom e P450IIE 1 (C Y P 2E 1) 

com plem en tary  D N A , was k indly  provided  by Dr. F. J. G onzalez (N ational C ancer 

Institu te , B ethesda, M D ). The retrovirus shuttle vector, pM V 7 (H ousey et al., 1988; 

K ieschm eier et al., 1988), was kindly provided by Dr. R. S. K rauss (M ount Sinai School 

o f  M edicine, N ew  York, NY). This M oloney m urine leukem ia virus (M oM uLV ) based 

p lasm id  contains a R N A  packaging signal, a m odified herpes sim plex virus thym idine 

kinase (TK) prom oter driven bacterial N eor gene for selecting stable expression clones and 

tw o, £ce>RI and H ind lll, cloning sites dow n-stream  to the 5' LTR prom oter. The full- 

length CYP2E1 cD N A  insert was excised by digesting p91023(B )-IIE l w ith E coR I and 

subcloned into the fscoRI site o f  pM V7. The subclone containing the cD N A  insert in the 

sense orientation, assured by restriction m apping with Bam Hl and Kpnl, was designated 

as pM V 7-2E l (Figure 3).
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EcoRI Bam H I EcoRI

CYP2E1

5'LTR EcoRI

K pnl
Bam H I

Figure 3. Partial restriction m ap and construction strategy o f pM V 7-2E l plasm id. The 

M oM uLV  long term inal repeats (LTR) are shown as em pty boxed arrows. The m odified 

herpes sim plex virus thym idine kinase (TK) prom oter and direction are show n as shaded 

arrow . The bacterial neom ycin phosphotransferase (N EO ) gene, am picillin  resistance 

(AM P) gene, and polyom a virus origin o f replication (Py Ori) are also shown as indicated. 

Full-length  hum an CYP2E1 cD N A  was inserted  into E coR I site o f  pM V 7 expression 

vector.
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B-2. Transfection of the Packaging Cell Line - Plasm id pM V 7-2E 1, the subclone with 

the insert in the correct orientation assured by restriction m apping, and pM V7 were used to 

transfect the PA 317 packaging cell line to generate stable transfected  pools producing 

M V2E1 virus w ith CYP2E1 insert and the control M V virus w ithout CY P2E1 cD N A , 

respectively. T ransfection o f PA 317 was carried out by the calcium  phosphate m ethod 

(A usubel et al., 1990) with m inor m odifications. B riefly, 20 p g  o f  either p lasm id D N A 

precip ita ted  w ith 125 m M  calcium  phosphate in 19 m M  HEPES buffer (pH 7.08) was 

applied onto about 30% confluent PA317 cells in 90 m m  dishes for 5 hours. T ransfected 

cells were grown to confluence and then split with 1:10 ratio into selecting DM EM  m edium  

con ta in ing  0.5 m g/m l G 418. R esistan t co lonies w ere form ed in about 10 days. For 

preparing  the recom binant virus, pooled clones from  both transfections w ere grow n to 

subconfluence before changing to normal m edium  without G418 for tw o days. V irus stock 

was m ade by harvesting and sterilizing the m edium  through a 0.4 m m  m icrofilter and kept 

at -70°C.

B-3. Infection of HepG2 Cells - Virus infection (Ausubel et al., 1990) o f HepG 2 cells 

was carried  out by applying 3ml o f  undiluted M V2E1 virus stock (1:10 diluted for M V 

control virus stock) onto 30% confluent cells in 90 m m  dishes for 3 hours w ith 8  m g/m l 

polybrene (Sigma). Infected cells were grown to confluence before splitting at a 1:10 ratio 

into selecting M EM  m edium  containing 0.4 mg/ml G418. Resistant colonies were form ed 

in about 2 w eeks. C lones w ere isolated by ring isolation, grow n to large scale, and 

maintained in M EM  containing 0.2 mg/ml G418.

0 -4. Selection of Virus Transduced Clones and Western Blot Analysis - To select the 

clones that express the m ost CYP2E1 protein, W estern blot analysis (Laem m li, 1970; 

T ow bin  et al., 1979) was carried  out w ith m icrosom es prepared  from  the C Y P2E 1- 

transduced and control clones (for preparation o f m icrosom es see below ) using a 1 0 %
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runn ing  and 4%  stacking  po lyacry lam ide  gel. E lectrophoresis  and e lec tro tran sfe r 

p rocedu res w ere done w ith  the B ioR ad m ini-P R O T E A N  II system . N itrocellu lose  

m em brane (Schleicher & Schuell) with transferred protein was incubated with anti-hum an 

CY P2E1 polyclonal antibody provided by Dr. J. M. Lasker (M ount Sinai M edical Center, 

N ew  York, NY), and alkaline phosphatase conjugated goat anti-rabbit antibody as second 

an tibody , and developed  by the N B T -B C IP  m ixture (P rom ega). In  be tw een  each 

incubation , ex tensive (about 5 tim es) w ashes w ith 10 m M  TB S, pH 8.0 w ith 0.05%  

Tw een were perform ed to lower the nonspecific recognition.

B-5. Southern Blot analysis of Integrated Copy of Viral DNA - High m olecular weight 

genom ic DN A was extracted from  HepG 2 clones by a standard D N A  extraction m ethod 

(Sam brook et al., 1989). The genom ic DNA was com pletely digested w ith Kpnl, which 

cuts once w ithin each LTR o f the integrated copy o f  viral DNA, and BamHl, w hich cuts 

once in the CYP2E1 cDNA but not anyw here else in the integrating region o f the vector 

(Figure 3). D igested DNA was run on 0.6%  agarose gel and transferred onto a BA S-NC 

supported nitrocellulose m em brane (Schleicher & Schuell), which was pre-hybridized with 

bu ffer contain ing  50%  form am ide at 42°C  for at least 2 hours, and then hybrid ized in 

buffer containing 50%  formamide with either human CYP2E1 cD N A  or bacterial Neo gene 

probe w ith 106  cpm /m l at 42°C  for overnight. All DNA probes were labeled w ith a - 3 2 P- 

dC T P (NEN) with Klenow enzym e (New England Biolabs) by the random  prim er labeling 

m ethod (Feinberg and V ogelstein, 1983) and purified through a G -50 quick spin colum n 

(B oehringer M annheim ) to rem ove the unincorporated radioactive isotopes and random  

prim ers from  the reaction buffer. Southern blot analysis w ould provide inform ation as to 

w hether the CYP2E1 cDNA was successfully transduced into the HepG 2 cells, w hether 

there were potential alterations such as deletion in the integrated copy o f CYP2E1 (with 

Kpnl d igestion), and the copy num ber (with BamWl digestion).
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B-6. Northern Blot Analysis of RNA Transcripts - PolyA  RN A was isolated w ith a 

m R N A  m ini purification kit (Pharm acia) from  the CYP2E1 transduced clones and control 

clones according to the m ethod o f  Chirgw in et al. (Chirgw in et al., 1979). Tw o |ig  o f 

polyA  RN A  was electrophoresed on a 1% denaturing agarose gel contain ing  3% (v/v) 

form aldehyde. RN A was transferred to nitrocellulose m em branes and hybridized to either 

3 2 P-labeled  hum an CY P2E1 cD N A  or bacteria l N eo gene probe (described  above). 

N orthern blot analysis would provide information as to whether HepG2 itself had CYP2E1 

expression  from  its endogenous copy o f  the gene and w hether the transduced  clones 

express the correct size o f the CYP2E1 RNA.

B-7. Microsome Preparation - S table-transduced HepG 2 clones were grow n in the 

m aintaining m edium  in the presence o f 2 mM  4-m ethylpyrazole (Larson et al., 1991) till 

confluence. Cells were washed once with phosphate buffered saline, pH 7.4 and harvested 

by scraping and subsequent sonication for 45 seconds. The sonicated  sam ples were 

centrifuged at 7,000 g (10,000 rpm  in Ti-50 rotor) for 10 m inutes to rem ove unbroken cells 

and large subcellu lar particles. The supernatan ts w ere transferred  to new  tubes and 

centrifuged at 100,000 g (37,000 rpm  in T i-50 rotor) for 60 m inutes to bring dow n the 

m icrosom al fraction. The m icrosom al pellets were rinsed and resuspended in 125 m M  KC1 

and 10 m M  potassium  phosphate , pH 7.4, w ith a D ounce hom ogenizer. The final 

m icrosom es w ere stored in the sam e buffer containing 20%  glycerol and kept at -70°C . 

Protein concentration was determ ined by the m ethod of Low ry et al. (Lowry et al., 1951). 

with known concentration o f BSA as standard.

B-8. Quantitation of Expressed CYP2E1 - M icrosom es from the transduced clones as 

well as the control clones were m easured for total P450 content (presum ably  from  the 

transduced 2E1) by CO binding spectrum  using the m ethod o f Om ura and Sato (Om ura and 

Sato, 1964a; O m ura and Sato, 1964b) and by quantitative W estern blot analysis. For CO
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binding spectrum , 2.5 m g/m l m icrosom al protein in 0.2 ml 100 m M  potassium  phosphate 

buffer, pH 7.4, containing 0.5%  sodium  cholate plus 20%  glycerol in sam ple cuvette were 

very gently bubbled with C O  for about 30 seconds. A few m g o f  fresh sodium  dithionite 

(Sigm a) were added to both sam ple and reference cuvette, and the spectrum  from  500 to 

400  nm  was recorded on a Perkin-E lm er 554 dual beam  spectrophotom eter. The sam ple 

and reference cuvettes were corrected for baseline with both cuvettes before bubbling with 

CO to com pensate for any differences betw een them . The difference in O.D. from  490 to 

450 w as used to calculate the concentration o f P450. The extinction coefficient is 91 m M ' 

•cm ' 1 (O m ura and Sato, 1964a; O m ura and Sato, 1964b).

S ince the P450  exp ression  level m ay be too low  to accu ra te ly  assess by 

spectrophotom etry, quantitative W estern blot analysis was used in com bination w ith P450 

spectrum  to m easure the yield o f  expressed CYP2E1. Different am ounts o f purified human 

CY P2E1 protein  standard  (from  Dr. J. M. L asker, M ount Sinai M edical C enter) was 

loaded on the sam e gel with sam ple m icrosom es. W estern blot technique was carried out 

according to the m ethod described above. Im m unoreactive proteins were quantified  by 

scanning the blots w ith a LKB U ltroScan XL densitometer.

B-9. Assays o f Enzyme Activities - Enzym atic activity o f  the transduced clones was 

determ ined  in the m icrosom al fraction by m etabolism  o f  p -n itropheno l (PN P) to p- 

nitrocatechol, aniline to p-am inophenol, N -dim ethylnitrosam ine (DM N) to form aldehyde, 

and ethanol to acetaldehyde. Reactions were carried out with 0.2 mM  PNP, 1 m M  aniline, 

4  m M  DM N, or 100 mM  ethanol in Eppendorf tubes in 0.1 M potassium  phosphate buffer, 

pH  7.4 (50 mM  Tris buffer, pH 7.4, for ethanol oxidation), initiated w ith 1 m M  NA DPH, 

reacted  at 3 T C  for 60 m inutes except where stated, and stopped by 0.3 volum e o f 20%  

trichloroacetic acid (1 N HC1 for the ethanol reaction). The sam ples for PNP, aniline, or 

D M N were centrifuged and aliquots o f the supernatant are assayed for a) p-n itrocatechol by
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add ing  0.1 ml o f  10 N N aO H  per ml supernatan t and im m ediately  determ in ing  the 

absorbance at 546 nm; b) assayed for p-am inophenol by an incubation at room  tem perature 

w ith 0.2 ml o f 2.5 M sodium  carbonate per ml o f supernatant and 0.1 ml o f a 5%  phenol in 

2.5 M NaOH solution in the dark for 30 m inutes, followed by im m ediately determ ining the 

absorbance at 630 nm; c) assayed for form aldehyde by an incubation with an equal volume 

o f N ash reagent (Nash, 1953) at 60°C for 10 m inutes and determ ining the absorbance at 

412  nm . A ce ta ldehyde  p roduced  from  ethano l o x idation  was m easu red  by gas 

chrom atography on a H ew lett Packard 5840A  gas chrom atograph using a carbow ax 20M  

colum n. O perating conditions were: colum n, 50°C; inlet 100°C; detector 150°C; nitrogen 

flow , 35 m l/m in. Concentrations o f  p-nitrocatechol,/?-am inophenol, and form aldehyde are 

calculated  using extinction coefficients o f 9.5, 15, and 8  m lV H cn r 1 respectively (M ieyal 

and B lum er, 1976; Reinke and M ooyer, 1985; W erringloer, 1978).

Inhibition by CYP2E1 antibodies was carried out by pre-incubation o f the antibody 

w ith the com plete system  for 5 m inutes at 37°C  before adding  N A D PH  (C lejan  and 

C ederbaum , 1992). O ther CY P2E1 specific inhibitors such as d iethy ld ith iocarbam ate 

(DDC) at 0.1 m M , a relative specific inhibitor for CY P2E1; 4-m ethylpyrazole (4-M P) at 1 

m M , a good ligand of 2E1; ethanol at 100 mM, a good substrate for 2E1; and m iconazole at 

0.2 m M , a general P450 inhibitor were used to test the specificity o f the PN P reaction for 

the hum an CYP2E1.

B-10. In Situ PNP Metabolism - T ransduced  H epG 2 clones w ere grow n in the 

com plete M EM  medium without phenol red (Gibco/BRL) till confluence before additions of 

sterile PN P to a final concentration o f 0.4 mM  into the culture dishes for 24 hours, p- 

Nitrocatechol produced from  PN P secreted to the m edium  was assayed according to the in 

vitro m ethod with m icrosom es described above.



C. Characterization of generation of reactive oxygen species and initiation of lipid 

peroxidation in the human CYP2E1 transduced HepG2 clones

C-1. ESR Assay of Superoxide Radical Production6- Superoxide generation  was 

determ ined by assaying the generation o f stable nitroxide radicals form ed in the reaction o f 

hydroxy lam ines w ith  O 2 ’ (R ashba et al., 1990). The hydroxylam ine, 4 -oxo-2 ,2 ,6 ,6 - 

te tram e th y lp ip e rid in e -1 -h y d ro x y l (4 -oxo-T E M PO H ) w as syn th esized  and pu rified  

(K rinitskaya and Volodarskii, 1982) and dissolved in triply distilled, chelex-treated water. 

4-oxo-TE M PO H  reacts with -0 2 ’ to form  4-oxo-TEM PO  radical, which is very stable and 

easily  m easured  by ESR, g iving a characteristic  three line spectra. M icrosom es from  

M V h 2 E l-9  and M V-5 clones (usually 1 m g per ml) were incubated in 100 m M  potassium  

phosphate  buffer, w hich had been passed through C helex-100 resin to rem ove m etal 

im purities, pH 7.4, plus 10 mM  o f  hydroxylam ine at room  tem perature. Reactions were 

initiated by the addition o f N A D PH  to a final concentration o f 1.2 mM . The sam ples were 

im m ediately  transferred  to a W G -812Q  flat quartz cuvette (W ilm ad) and spectra were 

recorded on a B ruker ESP 300 spectrom eter equipped with a 4102ST  probe. K inetics o f 

the reaction were m onitored as a function o f time by m easuring the increase o f the intensity 

o f  the second com ponent o f  the three line nitroxide spectrum . A standard spectrum  was 

recorded w ith a stable nitroxide radical, 4-oxo-TEM PO  (Aldrich). Instrum ent settings for 

the spectra w ere as follow s: sw eep w idth 70.0  G, sw eep tim e 20.97 sec, m odulation 

am plitude 0.5 G, m icrow ave pow er 11 mW . For the calculations o f the rate o f superoxide 

radical production, only the SO D -inhibited part o f the nitroxide radical accum ulation was 

taken into consideration since SO D should compete with the nitroxide for -0 2 '.

6 E S R  assays o f  superoxidc radical production and hydroxyl radical production w ere carried out in 
co llab oration  w ith  Dr. Julia  R ashb a-S tep , w h o  w as a postdoctoral fe llo w  in the lab.
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C-2. ESR Assay of Hydroxyl Radical Production5 - P roduction  o f  O H  w as 

determ ined by assaying the form ation o f  the PO BN -H ER adduct as described (G onthier et 

al., 1991; Pou et al., 1992). In this system , -OH produced from  the clones reacts with 

ethanol to produce hydroxyethyl radical (HER), which form s a stable PO BN -H ER radical 

w ith PO BN  spin trap which can be detected and m easured by ESR. Reactions were carried 

out in 0.1 M potassium  phosphate buffer, pH 7.4, 0.05 mM  iron chelate, 30 m M  PO BN 

(Sigm a), 100 m M  ethanol, 0.05 m M  sodium  azide, about 2 mg o f m icrosom al protein in a 

final vo lum e o f  0.5 m l. A zide added  in  the system  w as used to  inh ib it po ten tia l 

contam inating catalase which rem oves H 2 O 2  (reaction 6 a and 6 b in Introduction), which is 

required for production o f  -OH in the system. Reactions were initiated by the addition o f 

N A D PH  to a final concentration o f 1.2 mM. K inetics o f  the reactions were follow ed by 

m easuring the intensity o f the m axim um  of the 3rd low field line o f the ESR spectra o f the 

6 -line PO B N -H ER  adduct. Instrum ent settings w ere the sam e as above and the spectra 

w ere recorded about 20 seconds after initiating the reaction by N A D PH . The phosphate 

buffer and w ater used to prepare solutions were passed through Chelex-100 resin.

C-3. Assay for Production of Hydrogen Peroxide - The production o f  hydrogen 

peroxide was determ ined by m easuring the form ation o f form aldehyde from  the oxidation 

o f  m ethanol by the catalase com pound I com plex (H ildebrandt e t al., 1978). Reactions 

w ere carried out in 200 mM  KC1, 50 m M  Tris, pH 7.4, 100 mM  m ethanol, 300 units of 

catalase (or 1 m M  sodium  azide), and about 2.5 m g m icrosom al protein o f the clone in a 

final volum e o f 100 (il. Reactions were initiated by the addition o f N A DPH (1.2 mM final 

concentration) and term inated by the addition o f 30 pi o f 20%  TC A . The generation of 

form aldehyde was assayed by the N ash reaction (Nash, 1953) and m easured at 412 nm. 

Catalase used in the reaction was to com plete the oxidation o f methanol to form aldehyde by 

its peroxidatic mode o f action (reaction 6 b in Introduction). Azide used in the control group 

is an inhibitor o f catalase which m ay be present as a contam inant in isolated m icrosom es.
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R ates o f  H 2 O 2  production  w ere calcu lated  from  the net d ifference in form aldehyde 

production betw een sam ples incubated in the presence o f  azide but w ithout catalase (to 

evaluate  form aldehyde arising from  -OH dependent or cy tochrom e P-450 dependent 

oxidation o f m ethanol) from  the sam ples incubated in the absence o f azide but presence o f 

catalase. Extinction coefficient is 8  m M '* c n r 1 (W erringloer, 1978).

C-4. Measurement of Lipid Peroxidation - L ipid  perox idation  w as assayed  by 

m easuring production o f  T B A -reactive m etabolites such as m alondialdehyde, w hich are 

b reakdow n products o f  lip id  peroxides (B uege and A ust, 1978). E xperim ents w ere 

perform ed in E ppendorf tubes contain ing 50 mM  Tris-H C l, pH 7.4, 5 pM  Fe-A TP, for 

m ost experim ents, 1 m M  N A D PH , and about 2.5 m g/m l m icrosom es in a final volum e of 

0.1 ml. Reactions were initiated by adding NADPH and term inated after incubation at 37°C 

for 30 m inutes by addition o f  0.3 volum es o f  30%  ice cold TCA. A fter centrifugation, 

aliquots o f the supernatants were m ixed with equal volum e o f  TBA (7.3 mg/m l) and heated 

at 100°C for 10 m inutes. After cooling on ice for 2 m inutes, absorbance was determ ined at 

535 nm  (N iehaus and Jam uelson, 1968) and the concentration o f  T B A -reactive product 

was calculated using an extinction coefficient o f 156 m M ~*cnr1 (Wills, 1969).

D. Cytotoxicity of Acetaminophen in Human P450 2E1-transduced HepG2 Cells

D-1. LDH Leakage Assay - Cells w ere subcultured at about 2 0 % confluence in 35 

m m  6 -w ell culture plates and grow n for 2 days before treatm ent w ith A PA P and other 

chem icals. In m ost cases, cytotoxicity was assayed three days after the treatm ent by a LDH 

leakage method. Briefly, culture m edium  was first saved; then the cells were trypsinized, 

pelletted, resuspended in 1 ml PBS, and sonicated for 10 seconds to prepare the total cell 

extract. LDH activity in both culture medium and the total cell extract was determined using
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the LD H-20 Diagnostic kit. LDH leakage was calculated by dividing the LDH activity in the 

culture m edium  by the LDH activity in the total cell extract and is expressed as this ratio.

D-2. Measurement of Radioactive APAP Adduct Formation - C ells were subcultured 

into 35 m m  6  well plates and grow n to about 80%  confluence. Cells w ere treated w ith 2 

|iC i/m l l4 C-labeled A PA P in the presence or absence o f B SO  and/or o ther chem icals, and 

grow n for an additional 24 hours. Cells were then harvested and sonicated in 1 ml PBS. 

T otal cellu lar proteins were precipitated  with 0.3 ml 20%  TC A  and radioactive protein 

adduct was m easured according to Streeter e t al. (Streeter et al., 1984). Briefly, precipitates 

were washed once in an equal volum e with 80%  m ethanol, three times w ith ethanol-diethyl 

ether (3:1) m ixture, and once again with 80% m ethanol. The final pellets were dissolved in 

0.2 ml o f  1 M sodium  hydroxide. A  one-half aliquot was neutralized with 0.1 volum e o f  10 

M  HC1, thoroughly m ixed with 4 ml o f  Soluscint liquid scintillation cocktail and counted in 

a Beckm an liquid scintillation counter. The other half was saved for protein estimation.

For cell fractionation experim ents, M V-5 and M V h2E l-9  cells were grown to -80%  

confluence before being treated w ith 2 pC i/m l 1 4C -labeled APAP in the presence o f  100 

|lM  B SO  for 24 hours. Cells w ere then harvested and sonicated in PBS buffer for 45 

seconds. The total cell extracts were centrifuged at 600 g for 10 m inutes to yield the nuclear 

pellet and the post-nuclear supernatant. The supernatant was centrifuged at 8,000 g for 10 

m inutes to provide the m itochondrial pellet, and the post-m itochondrial supernatant was 

centrifuged at 1 0 0 , 0 0 0  g for 1 hour to give the m icrosom al pellet and the cytosolic fraction. 

0.25 m g protein o f  each fraction was precipitated w ith TCA , washed as described above 

and counted in a Beckman liquid scintillation counter.
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E. CCU-induced Degradation of Human Cytochrome P450 2E1 in the Transduced 

HepG2 Cells

E-1. Assay for 2E1 Inactivation and Degradation in situ - M V h2E l-9  and M V -5 cells 

w ere grow n in 100 m m  dishes to  about 80% confluence. Cells were treated w ith 2 mM 

C C l4 (o r 10 m M  A PA P) in the absence or presence o f 0.1 pg /m l PM A  and, w here 

indicated, other chem icals, and grow n for an additional 24 hours (or 48 hours for A PA P 

treatm ent). C ells w ere then harvested  and sonicated  in 10 ml PBS. M icrosom es were 

prepared by centrifugation o f the sonicated cell extracts at 1 0 0 , 0 0 0  g for 60 m inutes and 

resuspended  in PBS. P rotein  conten t was determ ined by the m ethod o f  Low ry et al. 

(Lowry et al., 1951). Inactivation o f  2E1 was determ ined by assaying for m icrosom al PN P 

ox idation  w hile degradation o f 2E1 was evaluated by assaying the conten t o f 2E1 by 

W estern blot analysis.

E-2. Assay for CYP2E1 Degradation in MVh2E1-9 Microsomes - M Vh2E 1 -9 cells were 

grow n to confluence and treated w ith 0.1 pg/m l PM A for 24 hours. M icrosom es were then 

prepared and a concentration o f 2.5 mg/ml was incubated with the indicated additions in 10 

m M  phosphate buffer (pH 7.5) in a final volum e of 100 pi. Reactions were initiated w ith 1 

m M  N A D PH , allow ed to continue for 4 hours, and stopped by an addition o f PA G E gel 

loading buffer and heat inactivation. One fifth o f the reaction was loaded to each lane for 

W estern blot analysis o f  the 2E1 content.

E-3. Measurement of Radioactive CCI4 Adduct Formation - Cells w ere subcultured 

into 35 m m  6  well plates and grow n to about 80% confluence. Cells w ere treated with 1 

m M  1 4C -labeled  CCI4  in the presence o f BSO and/or other chem icals, and grow n for an 

additional 24 hours. The BSO was added to lower GSH levels and thereby enhance protein 

adduct form ation. C ells were then harvested and sonicated in 1 ml PBS. Total cellu lar
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proteins were precipitated with 0.3 ml o f 20%  trichloroacetic acid and radioactive protein 

adducts were m easured according to Streeter et al. (Streeter et al., 1984). Briefly, the TCA 

precipitates were washed once in a equal volum e with 80% m ethanol, w ashed three tim es 

w ith an ethanol-diethyl ether (3:1) m ixture, and once again w ith 80% m ethanol. The final 

pe lle ts w ere d isso lved  in 0.2 m l o f 1 M sodium  hydroxide. A one-ha lf a liquo t was 

neutralized with 0.1 volum e o f 10 M  HC1, thoroughly m ixed with 4 ml o f Soluscint liquid 

scintillation cocktail and counted in a Beckm an liquid scintillation counter. The o ther half 

was saved for protein estimation.
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RESULTS

A. Stable Expression of Human Cytochrome P450-2E1 in HepG2 Cells and 

Characterization of Catalytic Activities.

A-1. Transduction of 2E1 into HepG2 Cells - A fter infection o f  H epG 2 cells w ith the 

recom binant retrovirus M V2E1 and the subsequent G418 selection, 38 clones were isolated 

and grow n separately. W estern blot analysis was carried out to m easure the expression 

level o f  CYP2E1 protein in the m icrosom al fraction o f these clones. 20  o f  these clones 

expressed varying am ounts o f CYP2E1 protein and 4 o f them  (M V h2E l-9 , 15, 19, and 37) 

appeared to express the most. All four clones produced a protein band at 54 kD (lanes 5 to 

8 ) that com igrated w ith the CYP2E1 band from  hum an liver m icrosom es (lane 2) (Figure 

4). All control M V clones infected with M V virus lacking the 2E1 insert (two are shown in 

Figure 4) as well as uninfected  ElepG2 cells did not produce this band. The varying 

intensity o f the CYP2E1 band in different clones in the W estern blot suggested differential 

expression o f the protein in different clones. Clone M V h2E l-9 , which seem s to express the 

most, was chosen for further characterization.
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Figure 4. W estern blot analysis using anti-hum an P450-2E1 IgG for detection o f  P450- 

2E1 expression in the transduced HepG 2 clones. Forty m icrogram s (4p.g for hum an liver 

m icrosom es) o f m icrosom al protein was loaded onto each lane. Lane 1, H epG 2 cells; lane 

2, hum an liver m icrosom es; lanes 3 and 4, M V -3 and -5 contro l c lones; lanes 5-8, 

M V h2E l-9 , -1 5 ,-1 9 , and -37, respectively.
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A-2. Analysis of the Integrated CYP2E1 DNA in the Transduced Clones - To

dem onstrate  that the CYP2E1 protein  detected  above was tru ly  from  the transduced  

CY P2E1 D N A , Southern blot analysis was carried  out. D N A  isolated  from  different 

clones and H epG 2 cells was d igested  w ith K pnl, w hich cuts once w ithin each  LTR 

(K ieschm eier et al., 1988) (Figure 3) and hybridized with the CYP2E1 cD N A  probe. The 

resu lt show ed one band at about 4.8 kb (Figure 5B), w hich was present in all four 

M V2E1 clones (lanes 4  to 7) but absent in the control M V clones (lanes 2 and 3) o r HepG2 

(lane 1) cells indicating that an unaltered DNA copy was integrated into the genom e o f each 

MV2E1 clone. Southern blot analysis o f the same set o f DNA digested with BamH\, which 

cuts once in the CY P2E1 cD N A  (U m eno et al., 1988) but not anyw here e lse in the 

in tegrating (LTR to LTR) region o f the vector (K ieschm eier et al., 1988) (Figure 3), 

show ed no m ore than 2 exogenous bands in the M V2E1 clones (lanes 4 to 7 in Figure 

SA) indicating only one copy o f the CYP2E1 DNA was introduced into the genom e in all 

four M V2E1 clones. All o ther bands present in all lanes in Figure 5 resu lt from  the 

endogenous copy o f CYP2E1 gene and are consistent with the restriction m ap o f CYP2E1 

genom ic sequence (U m eno et al., 1988). T herefore, the varying am ount o f  CY P2E1 

protein detected in the W estern b lot in the four different clones appears to be due to the 

insertional effect o f the integration site rather than to a different copy number.
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Figure 5. Southern  blot analyses o f CYP2E1 transduced clones. Ten m icrogram s o f 

genom ic D N A  w hich was extracted  from  the transduced clones and H epG 2 cells was 

digested with Bam H I (A) or Kpnl (B) and loaded onto each lane. The integrated viral DNA 

was identified by hybridization w ith a 3 2 P-labeled hum an CYP2E1 cD N A  probe. For both 

(A) and (B): lane 1, HepG 2 cells; lanes 2 and 3, M V-3 and -5 control clones; lanes 4-7, 

M V h2E l-9 , -1 5 ,-1 9 , and -37, respectively.
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A-3. Analysis of RNA Transcripts by Northern Blot - It has been show n by several 

groups that HepG 2 cells do not norm ally express spectrally-detectable cytochrom e P450- 

2E1 (Patten et al., 1992; W axm an et al., 1991). To test w hether this is true for CYP2E1 at 

the transcriptional level in com parison to the transduced clones, Northern blot analysis was 

carried out using transduced M V2E1 clones, control M V clones as well as H epG 2 cells. 

O nly the transduced M V2E1 clones show ed varying am ount o f  R N A  detected  by the 

CYP2E1 cDN A probe (lanes 4  to 7, Figure 6B). N either control M V clones (lanes 2 and 

3) w ithout 2E1 insert nor HepG 2 cells (lane 1) showed detectable CY P2E1 RN A  (Figure 

6B). Different RNA species on these blots may be due to splicing events, particularly from 

the cryptic term ination site in the vector (K ieschm eier et al., 1988) and polyadenylation 

sites at the 3' end o f  the CYP2E1 cD N A  insert (Song et al., 1986). N orthern blot analysis 

with the sam e set o f RNA but hybridized with the neor gene probe detected bands in both 

transduced M V2E1 clones and control M V clones but not in H epG 2 cells (Figure 6A). 

T K  prom oter generates the second RN A species detected by neo1' probe. These results 

dem onstrated that the successfully transduced clones including control ones w ithout 2 E 1 

insert expressed the corresponding RN As, full-length as well as spliced form s, from  the 

recom binant virus and that only CY P2E1-transduced clones showed CYP2E1 RNA. None 

o f these clones nor HepG2 cells expressed detectable CYP2E1 RNA from  the endogenous 

copy of the CYP2E1 gene, which should be around 1.7 kb.
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Figure 6. N orthern  blot analyses o f  CYP2E1 transduced clones. Tw o m icrogram s o f 

poly(A ) R N A  isolated  from  the transduced clones and H epG 2 cells was run  on a 1% 

denaturing agarose gel. Viral RN A  transcripts were identified by hybridization w ith either a 

3 2 P-labeled hum an CYP2E1 cD N A  probe (B) or bacterial N EO  DN A probe (A). Lane 1, 

HepG 2 cells; lanes 2 and 3 control clones M V -3 and-5, respectively; lanes 4-7 clones 

M V h2E l-9 , -15, -19, and -37, respectively.
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A-4. Quantitation of P450 in MVh2E1-9 Clone - CO reduced difference spectroscopy 

was used in an attem pt to m easure the P450 level in the transduced clones. H ow ever, as 

found by others (C lark and W aterm an, 1991; M inow a et al., 1990), due to the high 

turbidity and low expression level, the spectral quantitation was found to be inaccurate and 

poorly  resolved. T herefore, P450-2E1 was quantitated  by W estern blot analysis after 

preparing a standard curve w ith purified hum an P450-2E1 (kindly provided by Dr. J. M. 

L asker, M ount Sinai M edical C enter, New York, NY) (Figure 7). The final P450-2E1 

content in M V h2E l-9  clone was estim ated to be 10 pm ol/m g o f m icrosom al protein. This 

level o f CYP2E1 protein is considerably less than that in human liver microsomes.
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Figure 7. Q uantitation o f CYP2E1 expressed in M V 2E1-9 clone. Q uantitative W estern 

blot. L anes 1 - 4 were loaded w ith 0.25, 0.5, 1 and 2 pm ol o f hum an CY P2E1 protein 

respectively. Lanes 5 was loaded with 50 |ig  o f  microsom al protein from  M V 2E1-9 clone.
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A-5. Enzyme Activity o f the Transduced Clones - A com plete in vitro  system  

con tain ing  m icrosom es from  the M V h 2 E l-9  clone, PN P and N A D PH  catalyzed  PN P 

hydroxylation in a linear reaction for at least 30 m inutes (Figure 8A). This reaction was 

dependent on the am ount o f  m icrosom al protein and substrate concentration (Figure 8B 

and C). A Linew eaver-B urk plot o f the substrate dependence was linear (Figure 8D) 

w ith  an apparent Km o f  about 110 pM  and apparent V max o f  about 0.1 nm ol/m in/m g 

m icrosom al protein. These values are in agreement with published data w ith CYP2E1 from  

other anim al m odels. This w ould be equivalent to a V max o f about 10 nm ol/m in/nm ol 

P450-2E1.

Oxidation of PN P by the hum an CYP2E1 was weakly inhibited by the anti-rat 2E1 

antibody but was very sensitive to inhibition by anti-hum an 2E1 antibody (Table 2). Pre- 

im m une IgG had no effect. The PN P activity was specifically inhibited by anti-hum an 2E1 

indicating that the PN P catalytic activity was due to the expressed  C Y P2E1. The PN P 

activity  was also inhibited by 0.1 mM  diethyldithiocarbam ate (D D C), a relative specific 

inh ib ito r for 2E1; by 4-m ethylpyrazole (4-M P), a good ligand o f  2E1 (Feierm an and 

C ederbaum , 1986); by ethanol, a good substrate for 2E1 (M organ et al., 1982); and, to a 

lesser ex ten t, by m iconazole, a general inhibitor for P450 (Table 3). B esides PN P, 

m icrosom es from  the M V h 2 E l-9  clone w ere a lso  capab le  o f  o x id iz ing  D M N  to 

form aldehyde, aniline to p-am inophenol, and ethanol to acetaldehyde (Table 4). These are 

effective substrates for P450-2E1. O xidation o f DM N by M V h 2 E l-9  (Table 4) and by 

hum an liver m icrosom es (0.25 nm ol/m in/m g m icrosom al protein , Table 8) was about 

th ree-fo ld  low er than rates o f PN P oxidation by the clone (Table 4) and hum an liver 

m icrosom es (0.87 nm ol/m in/m g m icrosom al proteins, Table 8). These results differ from 

the com parable PN P and DM N oxidizing activities found with liver m icrosom es from  

pyrazole-induced rats (data not shown) suggesting that the hum an 2E1 m ay be a better 

catalyst of PN P oxidation relative to DMN oxidation as compared to the rat 2E1.
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Figure 8. In vitro m etabolism  o f  p -n itropheno l by m icrosom es from  the C Y P2E 1- 

transduced clone M V2E1-9 (see M aterials and M ethods for in vitro PNP assay). (A) Tim e 

course o f PN P m etabolism . 5 m g/m l m icrosom al protein concentration was used in 0, 10, 

20, and 30 m inute reactions. (B) Protein concentration dependence. Reaction tim e was 30 

m inutes. (C) Substrate concentration dependence. Various am ounts o f PN P were used in 

reactions w ith 2.5 m g/m l m icrosom al protein concentration and for 45 m inute reactions. 

(D) Lineweaver-Burk plot for substrate concentration dependent reactions (C).
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T able 2. E ffect o f  A ntibodies on M icrosom al PN P  
H ydroxylase A ctivity o f M VH2E1-9 Cells

Reaction
Concentration

m g/nm olP450

Enzyme Activity in nmol/min/mg (Activity%)

Rabbit
Preimmune

Anti­
rat 2 E 1

Anti­
hum an 2 E 1

Control - 0.059 (100% ) 0.059 (100% ) 0.048 (100% )

Antibody 1 0.060 ( 1 0 1 %) 0.048 (81%) 0.021 (43% )
2 0.059 (100% ) 0.041 (70% ) 0.013 (26% )
4 0.058 (99%) 0.039 (67% ) 0.008 (16% )
8 0.059 (100% ) 0.036 (62% ) 0.004 (9% )

The oxidation o f PN P by m icrosom es from clone M V h2E l-9  was determ ined as 
described under M aterials and M ethods in the presence o f the indicated amounts 
o f  antibody (preim m une, anti-rat P450-2E1 IgG, or anti-hum an P450-2E1 IgG) 
Num ber in parentheses refer to percent o f control activity.
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Table 3. E ffect o f Chem ical Inhibitors 
on M icrosom al PN P H ydroxylase A ctiv ity  o f  M VH2E1-9 C ells

Addition Concentration Activity (nmol/min/mg) Activity%

Control - 0.06 1 0 0 %

- 1 % (vol) methanol 0.052 87%
Miconazole 0.2 mM , 1% methanol 0.032 53%

DDC 0.1 mM 0.004 7%
4-M P 1.0 mM 0.005 8 %

Ethanol 100 m M 0 . 0 1 2 18%

The oxidation o f  PNP by m icrosom es from clone M V h2E l-9  was determ ined as 
described under M aterials and M ethods in the presence o f the indicated concentrations 
o f the com pounds. Num bers in parentheses refer to percent o f control activity.
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T able 4. C om parison o f the O xidation o f Substrates by M icrosom es 
from  C Y P2E l-transduced  H epG 2 Clones

Enzyme Activity (nmol/min/mg)

Substrate Concentration MV-3 MV-5 M V2E1-9 M V2E1-15 M V2E1-19 M V2E1-37

PN P 0.2 mM 0 . 0 0 2 0.004 0.059 0 .025 0 .032  0 .066

DMN 4 mM - < 0 . 0 0 2 0.018

Aniline 1 mM - < 0 . 0 0 2 0.019

Ethanol 100 mM - < 0 . 0 0 2 0.085

The oxidation o f 0.2 mM  PNP, 4 m M  DM N, 1 mM  aniline and 100 m M  ethanol was carried 
out as described in M aterials and M ethods using microsom es from clones infected with virus 
lacking the P450-2E1 cDNA (MV-3 and -5) or containing the P450-2E1 cD N A  (M V h2E l-9 , 
15, 19, 37).
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The three o ther clones w hich were shown to express CYP2E1 protein (Figure 4) 

and R N A  (Figure 6) w ere also catalytically  active w ith PN P (Table 4). H ow ever, the 

control M V clones which were infected with virus lacking the 2E1 insert were essentially 

inactive in oxidizing PNP (Table 4). Control M V-5 clone was also ineffective in oxidizing 

D M N , aniline, and ethanol (Table 4).

A-6. In Situ Metabolism of PNP - The ability o f  intact transduced H epG 2 clones to 

oxidize PN P was determ ined. T ransduced clones M V h2E l-9  and -15 and control M V-3 

and -5 were incubated w ith PN P for 24 hours and the m edium  was assayed for secreted p- 

nitrocatechol. Experim ents w ere also carried out in the presence o f  4-M P to inhibit any 

observable activity  and thus link the activity to P450-2E1. Very low or non-detectable 

p roduct w as found in m edia from  the control clones. 4 -M P -sensitive  P N P  oxidation 

activity was at least an order o f m agnitude higher w ith the transduced clones (Table 5). 

This result form s the basis for in vivo m etabolism  of hepatotoxin and cytotoxicity  studies 

with the transduced clones in the proposed experim ents below.
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Table 5. In Situ M etabolism  o f PNP  
and Effect o f 4-M P in the Transduced Clones

Experiment

PN P M etabolism  (nm ol/24hr/dish)

Concentration
(mM)

MV-3 MV-5 M V h2El-9 M V h2El-15

Control - 0 0.5 2 . 1 2.3

4-M P 2 0 0.3 0 0 . 2

4-M P sensitive 0 0 . 2 2 . 1 2 . 1

The oxidation o f  PN P by the control clones (MV-3 and -5) and the 2E1-transduced clones 
(M V h2E-9 and -15) was determ ined in situ as described under M aterials and M ethods.
Effect o f 4-M P was also evaluated and the 4-M P sensitive rates reflect the CY P2E1-dependent 
activity o f the transduced P450.
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B. Characterization of Generation of Reactive Oxygen Species and Initiation of Lipid 

Peroxidation in the Human CYP2E1-transduced HepG2 Cells

B-1. Superoxide Production - As described  in B ackground  and M ethods and 

E xperim ental D esign, chronic alcohol intake has been show n in rats to  enhance the 

production o f  reactive oxygen species such as superoxide (Boveris et al., 1983; E kstrom  

and Ingelm an-Sundberg, 1989), hydrogen peroxide (E kstrom  and Ingelm an-Sundberg , 

1989; L ieber and D eC arli, 1970; T hurm an, 1973), and hydroxyl rad ical (D icker and 

C ederbaum , 1987; K lein e t al., 1983), by isolated  m icrosom es im ply ing  the e thanol- 

inducible m icrosom al enzym e CYP2E1 may be responsible for these increases. To evaluate 

this further, ESR was used to assay -0 2 '  production by m easuring stable nitroxide radicals 

form ed from  the reaction o f -0 2 ’ w ith hydroxylam ines (Rashba et al., 1990). Incubation o f 

m icrosom es from  clone M V h2E l-9  with NA D PH  plus the hydroxylam ine detector resulted 

in a three line signal with identical splitting characteristics as the 4-oxo-TE M PO  standard 

(F ig u re  9A -a). This signal was strongly inh ib ited  (60 - 65% ) by added SO D  (F ig u re  

9A -b) indicating that it was largely (^"-dependen t. The control M V -5 clone displayed a 

w eak signal, barely discernible above background levels (F ig u re  9A-c). This w eak signal 

was substantially  ^ '- in d e p e n d e n t  as SO D produced 10 to 20%  inhibition (F ig u re  9A- 

d). By following the kinetics o f the intensity o f the middle peak as a function o f time, rates 

o f - 0 2 ' production  were linear over a 10 m inute tim e period (F ig u re  9B ) and w ere 

calcu lated  (SO D -sensitive portion) to be about 0.03 and 0.3 nm ol/m in/m g protein  for 

m icrosom es from  M V -5 and M V h 2 E l-9 , respectively . T herefo re , -0 2 '  w as indeed 

produced m ore in the CYP2E1 transduced M V h2E l-9  clone com pared to the control M V-5 

clone.

T he redox cycling agent paraquat reacts w ith m icrosom es in the p resence  o f 

NA D PH  with a resulting increase in -0 2 '  production. This interaction o f paraquat occurs
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Figure 9. N itroxide radical (N R) production from  the interaction o f 1-hydroxy-2 ,2 ,6 ,6- 
tetram ethyl-4-oxo-piperidine w ith superoxide radical from  m icrosom es. (A) ESR  spectra 

w ith m icrosom es (a) M V 2E1-9 clone, (b) M V 2E1-9 plus SOD, (c) C ontrol M V -5 clone, 

and (d) M V -5 plus SOD. Results show spectra obtained after 10 m inutes o f reaction. (B) 

Tim e course for the production o f nitroxyl radical.
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prim arily  w ith N A D PH -cytochrom e P450 reductase. W hen 2 m M  paraquat was added to 

the system , the rate o f the nitroxide radical form ation was increased dram atically, about 1 0  

tim es for M V h2E l-9  clone and 100 times for M V-5 control clone. Rates of -0 2 '  production 

in the presence o f paraquat were sim ilar for the two m icrosom al preparations, m ost likely 

reflecting  the com parable activities o f  the reductase. (Paraquat can be catalyzed by the 

reductase to give rise to paraquat radical, which donates an electron to m olecular oxygen to 

genera te  -0 2 ') .  C onven tional assays o f  the reductase  by de te rm in ing  reduction  o f 

cytochrom e C indicated similar reductase activity in M V h2E l-9  and M V-5 clones.

B-2. Hydroxyl Radical Production - Hydroxyl radical ( OH) production was m easured 

by detecting PO B N -H ER  adduct form ation in the presence o f Fe-ED TA  (G onthier et al., 

1991; Pou et al., 1992). The signal for PO B N -H ER  adduct has six lines (Figure 10A). 

In the absence o f  Fe-ED TA , very low rates were observed for both control (M V -5) and 

transduced  (M V h2E l-9 ) clones indicating -OH is not produced in the absence o f iron 

catalyst in both m icrosom es. How ever, when 50 pM  Fe-ED TA  was added into the system, 

sim ilar high rates w ere observed for both control (M V -5) and transduced (M V h2E l-9 ) 

clones (Figure 10A and B). These data indicate that -OH production in the presence o f 

Fe-ED TA , like the paraquat reaction above, is due to the P450 reductase and not CYP2E1. 

In con trast to paraquat, Fe-E D T A  plays a dual function, i.e., production  o f  -0 2 '  and 

conversion  o f  -0 2 '  to -OH via the iron-catalyzed H aber-W eiss reaction. The chelated  

ferrous iron, in the presence o f P450 reductase, readily donates one electron to oxygen to 

m ake -0 2 ' ,  which can then undergo an iron-dependent H aber-W eiss reaction to becom e 

•OH. The result o f  the experim ent at 50 pM  Fe-ED TA  also confirm s that N A D PH - 

reductase activity is sim ilar for control and transfected cells. Future experim ents to study 

other more physiologically-relevant iron chelates e.g., Fe-A TP and Fe-histam ine, rem ain to 

be conducted.
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Figure 10. ESR spectra (A) and tim e course (B) o f PO BN -H ER adducts by m icrosom es 

as an index of hydroxyl radical production.
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B-3. Hydrogen Peroxide Production - H 2 O 2  can be produced in m icrosom es from  

dism utation o f  -02" o r directly from  the peroxygenated P450 com plex. The production of 

H 2 O 2  was determ ined by m easuring the form ation o f  form aldehyde from  the oxidation o f 

m ethanol by the catalatic mode o f action o f catalase com pound I com plex (H ildebrandt et 

al., 1978). M icrosom es from  clone M V-2E1-9 generated H 2 O 2  in the presence o f  N A D PH  

with a rate o f about 0.25 nm ol/m in/m g protein (T ab le  6). Surprisingly, m icrosom es from  

the control clone M V-5 also produced H 2 O 2  at a rate o f  about 0.12 nm ol/m in/m g (T ab le  

6). Since the control clone did not produce significant am ount o f -0 2 ' (F ig u re  9), m ost o f 

the H 2 O 2  produced is likely to arise from  two electron reduction o f oxygen rather than from 

dism utation o f  -02 '. The difference betw een the two clones should reflect the contribution 

by the expressed CY P2E1. A ddition o f substrates for CYP2E1 did not stim ulate H 2 O 2  

production in M V-5 clone (as expected) but also had no effect in M V h2E l-9 . Inhibition by 

ethanol probably reflects the ability o f ethanol to compete with methanol for catalase-H 2 0 2 -

B-4. Lipid Peroxidation from the Transduced Clones - L ipid peroxidation o f  the 

M V h 2 E l-9  clone w as assayed by m easuring production o f th iobarb ituric  acid  (TBA ) 

reactive metabolites, e.g., m alondialdehyde (MDA), which are breakdow n products o f lipid 

peroxides and an index o f lipid peroxidation (Buege and Aust, 1978). Fe-A TP, w hich is 

very reactive in prom oting m icrosom al lipid peroxidation, was used as the iron catalyst. 

W hen the concentration o f Fe-A TP was high (25 p,M), M DA production was identical in 

m icrosom es from  M V h2E l-9  and M V-5 (F ig u re  11). Since chelated iron could interact 

w ith the reductase as well as P450, the com parable rates o f  production o f TB A -reactive 

material with both microsom al preparations were interpreted to reflect prim arily interaction 

o f iron with the reductase when the concentration o f iron was high. An iron titration curve 

was therefore carried out. As show n in F ig u re  1 1 , little or no lipid peroxidation could be 

detected w ith Fe-A TP concentration up to 3 pM . L ipid peroxidation rem ained very low 

with the control M V-5 clone when the concentration o f Fe-ATP was raised to 4 or 5 |iM
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Table 6. Production o f H ydrogen Peroxide  
from  the C Y P 2E l-transduced  and Control C lones

Assay Addition
Results

Concentration
MV-5 M V h2E l-9

O. D .412
Azide 1 mM 0.008 0.017

Catalase 3000 U/ml 0 .160 0.321
Catalase - Azide - 0 .152 0 .304

Activity (nmol/min/mg)
Control 0.127 (100% ) 0.253 (100% )

P N P 0.2 mM 0.136 (107% ) 0.271 (107% )
4-M P 1 mM 0.123 ( 97% ) 0.225 ( 89% )

Aniline 1 mM 0.201 (158% ) 0.266 (105% )
Ethanol 100 mM 0.046 ( 36% ) 0.101 ( 40% )

H ydrogen peroxide production was determined as described under M aterials and M ethods 
using 2.5 mg of m icrosom al protein/m l and a 1-hour tim e course. Experim ents were 
carried out in duplicate, in the absence and presence o f the indicated additions. Results refer 
to the net activity found in the presence o f  catalase (3000 units/ml) m inus that found in 
the presence o f 1 mM sodium  azide.
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Figure 11. Lipid peroxidation in M V h 2 E l-9  and control M V -5 clones. C oncentration  

cu rve  for the stim ulation  for N A D P H -dependen t lip id  pe rox ida tion  by ferric-A T P . 

Production of TBA-reactive material (malondialdehyde) was determ ined using m icrosom es 

from  M V-5 and M V h2E l-9  clones
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iron (F ig u re  11). H ow ever, a large increase in the production o f  TB A -reactive m aterial 

w as observed  w ith m icrosom es from  the transduced  clone M V h 2 E l-9  at Fe-A T P  

concentrations o f 4 and 5 (J.M (F ig u re  11). Thus a clear d ifference in lipid peroxidation 

betw een the two m icrosom al preparations can be found at low but not high concentrations 

o f  iron. Future experim ents w ill be directed tow ards assays o f  o ther iron chelates and 

ferritin, and reduction o f the iron chelates will be determ ined. The effect o f inhibitors o f 

CYP2E1 will also be determined.

To attem pt to evaluate the nature o f the reactive oxygen species responsible for the 

T B A  production  (i.e ., X in lip id  perox idation  described  in B ackground) in clone 

M V h 2 E l-9 , and that the e levated  activ ity  at 4 o r 5 jiM  F e-A T P  indeed  reflec ted  

peroxidation , the effect o f an tiox idants was determ ined. P roduction o f T B A -reactive 

m aterial in the presence o f 5 p M  Fe-A TP was com pletely inhibited by the antioxidants 

trolox, a vitam in E analog, and propylgallate, and strongly prevented by GSH (T ab le  7). 

T here was no sign ifican t effect by SO D, catalase  o r e thanol suggesting  that free or 

accessible - 0 2 ',  H 2 O 2  and -OH did not play a m ajor role in the overall m echanism  o f lipid 

peroxidation in the m icrosom es from  M V h2E l-9  at a 5 pM  iron concentration (T ab le  7). 

The possibility that SOD or catalase penetrate to hydrophobic m em brane sites o f -02" or 

H 2 O 2  production cannot be ruled out.

A com parison o f  activities by CYP2E1 and hum an liver m icrosom es is show n in 

T ab le  8. The significance o f these activities will be presented further in D iscussion.
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T able 7. Inhib ition  o f L ipid P eroxidation  o f M V h 2 E l-9  C ells

Addition Concentration Activity (pmol/min/mg) Activity%

Control - 54.5 100%

Trolox 0.1 m M 0 0%
PPG 0.05 m M 0 0%
G SH 5 mM 16.4 30%
SOD 100 U/ml 64.3 111%

Catalase 2600 U/ml 44.8 82%
Ethanol 50 mM 50.7 93%

The NADPH-dependent production o f TBA-reactive material by m icrosom es from  clone 
M V h2E l-9  was determined in the presence o f 5 JJ.M ferric-ATP and in the absence 
or presence o f the indicated additives.



T able 8. C om parison  o f C atalytic A ctiv ities  from  M V h2E l-9  and H um an Liver M icrosom es

M V h 2 E l-9 H u m a n  L iv er

A c tiv ity -----  ------------------- ----------------- ---------------- --------- MV2E1-9:

. ------------------------- - --
n m o l / m i n /m g n m o l /  m i n /  n m o l P450 n m o l /  m in /  m g n m o l / m i n /n m o l  P450

P N P 0.059 5.9 0.87 2.56 2.3

D M N 0.018 1.8 0.25 0.74 2.4

S u p e ro x id e 0.26 26 0.49 1.44 18

H y d ro g e n  p e ro x id e 0.25 25 0.81 2.38 10

L ip id  p e ro x id a tio n 0.042 4.2 0.202 0.594 7.1

T h e  in d ic a te d  re a c tio n s  w e re  c a rr ie d  o u t  u s in g  m ic ro so m e s  fro m  c lo n e  M V h 2 E l-9  (P450-2E1 c o n te n t o f  0.01 n m o l /m g  

o f  p ro te in )  o r  f ro m  h u m a n  liv e r  (P450 c o n te n t o f  0.34 n m o l /m g  p ro te in ) . A ll re a c tio n s  w e re  c a rr ie d  o u t  in  d u p lic a te . 

R e su lts  w i th  th e  h u m a n  liv e r  m ic ro so m e s  a re  th e  a v e ra g e  fro m  th re e  d if fe re n t sa m p le s . L ip id  p e ro x id a tio n  w a s  

carried out w ith 0.005 m M  ferric-A TP as the iron catalyst.



C. Cytotoxicity of Acetaminophen in Human CYP2E1-transduced Clones

C-1. Inhibition of Cell Proliferation by APAP in MV-5 and MVh2E1-9 Cells - Since high 

concentrations o f  A PA P m ay have a direct toxic effect, e.g., inh ib iting  m itochondrial 

function  (N azareth  et al., 1991), we first exam ined  cell p ro liferation  changes upon 

adm inistration o f APAP. A sim ilar num ber o f M V-5 and M V h2E l-9  cells w ere seeded in 

35 m m  6-well plates and grow n for 2 days. W hen 40%  confluence was reached, the cells 

were treated with different concentrations o f APAP, and harvested 48 hours later. The cells 

w ere counted using a hem acytom eter. Surprisingly, at a relatively low concentration (1.25 

m M ), A PA P inhibited about 50%  of the cell proliferation as determ ined by cell num ber 

change. The inhibition o f cell proliferation was nearly com parable in M V-5 and M V h2E l-9  

ce lls  a lthough  the la tte r  w ere som ew hat m ore a ffec ted  ( F ig u re  12). A P A P at 

concentrations o f 1.25 m M  to 10 m M  during the 48-hour incubation did not exert any 

cytotoxic effect as observed under the m icroscope. H ow ever, at 20 m M , A PA P caused 

significant toxicity in both M V-5 and M V h2E l-9  cells as determ ined by the percentage of 

floating cells vs. attached cells (data not shown). This inhibition o f cell grow th by A PA P 

appears to be independent o f G SH  since the anti-proliferative effect was identical in the 

absence or presence o f treatm ent w ith BSO for both cell lines, e .g ., 2.5 m M  A PA P 

inhibited cell replication 62% and 70%  for M V-5 and M V h2E l-9  cells, respectively in the 

absence o f BSO, and 66% and 72%  respectively after treatm ent with 100 pM  BSO.
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Figure 12. Effect o f A PA P on cell proliferation. M V h 2 E l-9  and the control M V -5 cells 

w ere seeded in 35 m m  6-well plates and grown for 2 days to reach about 40%  confluence. 

Cells were treated with different concentrations o f  APAP and incubated for an additional 48 

hours. Cells w ere then trypsinized, pelletted  and resuspended in 1 ml PBS. C ells were 

counted tw ice using a hem acytom eter and the average is shown as percentage o f  the non­

treated control, which was taken as the 100% value.
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C-2 . Requirement of GSH Depletion for APAP Cytotoxicity - It has been show n by 

several groups that APAP-induced toxicity involves bioactivation o f  A PA P by cytochrom e 

P450 and that CYP2E1 contributes significantly to APAP bioactivation (Dahlin et al., 1984; 

Potter e t al., 1973; Raucy et al., 1989). To evaluate this effect for hum an CYP2E1 in our 

culture m odel, M V-5 and M V h2E l-9  cells were treated with 5 mM  A PA P for four days in 

the absence or presence o f BSO and LDH leakage was m easured as an index o f cell toxicity 

(Figure 13). BSO  treatm ent (100 pM) caused an approxim ate 90%  depletion o f  G SH  in 

both cell lines. In the presence o f 100 pM BSO, APAP showed a toxic effect on M V h2E l- 

9 cells w hereas no significant LD H  leakage was found with M V-5 cells. In the presence o f 

100 pM BSO, A PA P caused about a 5-fold increase in the LDH leakage index com pared to 

the non-BSO  treated control for the M V h2E l-9  cell line whereas LDH leakage was sim ilar 

in the absence or presence o f  B SO  with the M V-5 cells. In the absence o f BSO , A PA P 

caused  a com parable low LDH leakage in both M V-5 and M V h 2 E l-9  cells. Therefore, 

G SH  depletion is required for A PA P toxicity in M V h2E l-9  cells w hereas no such toxicity 

is observed in M V-5 cells.

Cytotoxicity  by A PA P in the presence o f BSO  in M V h2E l-9  cells also correlated 

with m orphological changes observed under the phase contrast m icroscope. As show n in 

Figure 14, treatm ent with 5 mM  A PA P and 100 pM  BSO for four days caused significant 

cell death in M V h2E l-9  cells but not in M V-5 cells.
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Figure 13. Requirem ent for G SH  depletion for A PA P cytotoxicity  in M V h 2 E l-9  cells. 

M V h 2 E l-9  and the control M V-5 cells were seeded in 35 m m  6-well plates and grow n to 

about 40%  confluence. Cells were treated with 5 mM  A PA P in the absence or presence o f 

50 or 100 pM  BSO for four days. LDH activity was determ ined in both the culture m edium  

and the total cell extract. The ratio o f LDH activity in the culture m edium  to that o f  the 

extract is expressed as LDH leakage. In the absence o f APAP, there was little LDH leakage 

even after BSO treatment.
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F ig u re  14. M orphological changes in M V h 2 E l-9  cells upon treatm ent w ith A PA P. 

M V h2E l-9  and the control M V-5 cells were treated with 5 mM APAP and 100 pM  BSO as 

described in Figure 2. Pictures were taken at day four under a phase contrast m icroscope 

(200x). A) M V-5 cells. B) M V h2E l-9  cells.
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C-3. Characterization of APAP Cytotoxicity in MVh2E1-9 Cells - To characterize the 

cytotoxic effect o f  APAP, tim e course and dose-dependent experim ents were conducted. 

The APAP-induced cytotoxicity as determ ined by LDH leakage was observed in M V h2E l- 

9 cells three days after the treatm ent w ith 5 m M  A PA P in the presence o f 100 p M  BSO 

w hereas no significant toxicity  was seen in M V-5 cells even after four days (Figure 

15A). A t day 5, A PA P toxicity in M V h2E l-9  cells was doubled com pared to days 3 and 4; 

how ever, toxicity in M V-5 cells also increased to  a significant level (Figure 15A) at this 

tim e point.

The cytotoxic effect o f  various concentrations o f A PA P added in culture in the 

p resence  o f 100 pM  B SO  for th ree days w as also  studied (Figure 15B). At low 

concentrations (below 2.5 m M ) there was no significant toxicity in e ither cell line. At 5 

m M , A PA P caused significant toxicity in M V h2E l-9  cells but not in M V-5 cells. W hen the 

A PA P concentration was increased to 10 mM , toxicity in M V h2E l-9  cells was doubled 

com pared to 5 mM  treatm ent, w hereas toxicity in M V-5 cells was only slightly increased 

(Figure 15B). T herefore, based  upon these tim e course and dose response studies, 

treatm ent o f the cells with 5 or 10 m M  A PA P in the presence o f  100 pM  BSO for three 

days was the condition chosen for subsequent experim ents in the present study.
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Figure 15. C haracterization o f A PA P cytotoxicity  in M V h 2 E l-9  cells. A) T im e course. 
M V -5 and M V h 2 E l-9  cells were grow n to about 30%  confluence, treated  w ith 5 m M  
A PA P in the presence o f 100 |iM  BSO  and grown for the indicated periods o f  tim e. LDH 
activity  was determ ined on the m edium  and the total cell extract. B) D ose-dependence. 
Cells were grown and treated with the indicated concentrations o f A PAP in the presence of 
100 pM  BSO for four days. LDH leakage was then determined.
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C-4. Role of CYP2E1 in APAP Cytotoxicity - Since the only apparent d ifference 

betw een M V h2E l-9  and M V-5 cells is the expression o f CYP2E1 in the former, but not the 

latter, it w ould appear that the cytotoxicity  caused by A PA P in M V h 2 E l-9  is due to the 

presence o f CYP2E1 in these cells. To validate the role o f CYP2E1 in APAP cytotoxicity in 

the M V h2E l-9  cells, several 2E1 ligands or inhibitors were added to M V-5 and M V h2E l-9  

cells along with 10 m M  APAP and 100 (iM BSO. Results are shown in T a b le  9. 4-M P, a 

good ligand o f 2E1 and an effective inhibitor o f CY P2E1-catalyzed oxidation o f  substrates 

(Feierm an and C ederbaum , 1986), com pletely prevented the cytotoxicity  produced by 

A PA P in the M V h 2 E l-9  cells w hen added to a final concentration o f  2 mM. 4-M P at a 

concentration o f 0.5 m M  was also effective. Ethanol, another ligand and substrate o f 2E1 

inhibited A PA P toxicity 71%  at 25 m M  and 75%  at 100 mM . These two agents did not 

evoke LD H  leakage nor cause any change in M V-5 cells. DA S, a m echanism -based 2E1 

inh ib ito r (B rady et al., 1991), com pletely  prevented  A PA P toxicity  w hen added  at a 

concentration o f 0.1 m M , but had a som ew hat less protective effect at a higher (0.4 m M ) 

concen tra tion , perhaps because DAS itse lf is toxic to the cells at this concentration . 

H ow ever, DAS was not toxic to M V-5 cells at this concentration im plying that the potential 

toxic effect o f  DA S m ay be m ediated  by its in teraction  w ith  CY P2E1 or w ith the 

bioactivation o f A PA P by the P450.

C-5. Effect of Antioxidants on APAP Cytotoxicity - To further characterize the nature 

o f A PA P-induced cytotoxicity, several antioxidants were added with 5 m M  A PA P and 100 

|iM  BSO. As shown in Table 10, /V-acetylcysteine produced a concentration-dependent 

inhibitory effect on the A PA P-induced cytotoxicity in M V h2E l-9  cells; V -acetylcysteine 

was also protective against the low LDH leakage produced by A PA P in M V -5 cells. At 

concentrations o f 2 or 8 mM, V-acetylcysteine reduced the APAP-induced LDH leakage by 

50%  and 80% , respectively. PBN, a spin trapping agent, which has been shown to protect 

against toxicity caused by reactive radicals (Paracchini et al., 1993), had a protective effect
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T able 9. E ffect o f CY P2E1 L igands on A PA P C ytotoxicity

Addition
LDH Leakage (ratio)

Concentration (mM)
MV-5 M V h2E l-9

N one - 0 .24 7 .74

4-M P 0.5 0.23 0 .24
2.0 0 .26 0.25

DAS 0.1 0 .24 0 .24
0 .4 0 .24 1.06

Ethanol 25.0 0.21 2.23
100.0 0.25 1.90

M V h2E l-9  cells and the control MV-5 cells were grown in 35 mm 6-well plates to 
about 30%  confluence. Cells were then treated with 5 mM APAP in the presence o f 
100 pM  BSO and the indicated additions for three days. LDH activity was m easured 
in both culture medium and the cell extract, and the ratio o f the activity in the m edium  
to that in the cell extract was taken as the index o f LDH leakage.
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T able 10. E ffect o f A ntioxidants on A PA P C ytotoxicity

Addition
LDH Leakage (ratio)

Concentration (mM)
MV-5 M V h2El-9

None - 0 .15 1.95

N-Acetylcysteine 0 .5 0.11 1.60
1.0 0.09 1.25
2 .0 0 .10 0 .86
4 .0 0.08 0 .67
8 .0 0.07 0 .43

Propylgallate 0 .025 0.11 2.35
0 .050 0 .09 2.87
0 .100 0.09 4 .69

PB N 0.25 0 .10 1.22
0 .5 0 0.09 1.02
1.00 0.07 0.88

M V h2E l-9  cells and the control M V-5 cells were grown in 35 m m  6-well plates to 
about 30%  confluence. Cells were then treated with 5 mM APAP in the presence of 
100 pM  BSO and the indicated addition for three days. LDH activity was m easured 
in both the culture medium and the cell extract.
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against the A PA P toxicity in M V h2E l-9  cells. At 1 mM , PBN inhibited about 50%  o f the 

A PA P-induced toxicity. Propylgallate, a classical inhibitor o f lipid peroxidation, did not 

prevent the A PA P toxicity in M V h2E l-9  cells; in fact some increase in LD H  leakage was 

observed.

C-6. Inhibition of Microsomal PNP Oxidation by APAP - The ability o f 4-M P, ethanol 

and DAS to prevent APAP-induced cytotoxicity in M V h2E l-9  cells suggests that CYP2E1- 

m ediated oxidation o f APAP to toxic m etabolites w hich can be scavenged by G SH , N- 

acetylcysteine or PBN is involved in the overall pathw ay o f A PA P cytotoxicity. To show 

that A PA P was interacting with CYP2E1 expressed in M V h2E l-9  cells, the effect o f APAP 

on the oxidation o f PN P by m icrosom es isolated from  these cells was com pared to its effect 

on PN P oxidation by rat liver microsomes. Although rates o f PN P oxidation differ between 

the tw o m icrosom al preparations, the APAP inhibition curve o f PN P oxidation is identical 

(F ig u re  16). A t 10 m M , A PA P produced about 40%  inhibition o f the PN P oxidation by 

both m icrosom al preparations. PN P oxidation by m icrosom es from  M V h 2 E l-9  cells was 

previously show n to be sensitive to inhibition by 4-M P, ethanol, d iethyldithiocarbam ate 

and antibody against CYP2E1 (T ab le  2 and 3) indicating its dependence on CYP2E1.

C-7. APAP Adduct Formation in MVh2E1-9 Cells - Radioactive 14C-labeled APAP at a 

final concentration o f 2 pC i/m l was added to M V h2E l-9  and M V-5 cells in the absence or 

presence o f 100 (iM BSO. Cells w ere harvested 24 hours later and total protein adducts 

w ere determ ined by counting radioactivity in the TC A -precipitable fraction. As shown in 

T a b le  11, a sm all am ount o f labeled  adducts was found in M V -5 cells w hich was 

com parable in both non-BSO -treated and BSO -treated cells (9.3 and 11.9 pm ol/m g o f  cell 

protein, respectively). A dduct form ation in M V-5 cells was not affected by 4-M P, GSH, 

A-acetylcysteine, ethanol or PBN suggesting that these low counts may reflect nonspecific
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F ig u re  16. Inhibition  o f m icrosom al oxidation o f  PN P by APAP. PN P oxidation  was 

assayed with m icrosom es from  rat liver or M V h2E l-9  cells treated with 0.1 pg/m l PM A  for 

24 hours in the presence o f  different concentrations o f  APAP. Protein concentration was 1 

m g/m l for rat liver m icrosom es and 2.5 m g/m l for M V h 2 E l-9  m icrosom es. Each point 

represents results from  duplicate experim ents. Activity was expressed as percentage o f  the 

non-A PA P-treated  control; control values in the absence o f A PA P w ere 2.2 and 0.15 

nm ol/m in/m g m icrosom al protein for rat liver m icrosom es and M V h 2 E l-9  m icrosom es, 

respectively.
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T able 11. A PA P A dduct F orm ation and E ffect o f V arious A dditions

Addition Concentration
(mM)

APAP Adduct (pm ol/m g protein)
BSO

(lOOpM) MV-5 M V h2El-9 M V h2E l-9  - MV-5

N one _ _ 9.3 20 .4 11.1
4-M P 2 - 5 .9 9.8 3.9

N one _ + 11.9 46 .4 34.5
4-M P 2 + 10.1 8.5 -1 .6
N-acetylcysteine 2 + 8.9 18.9 9 .9
Ethanol 100 + 8.6 14.8 6.2
PB N 1 + 13.2 16.4 3.2

M V h2E l-9  and the control M V-5 cells were grown to about 80% confluence in 35 m m  6-well 
plates. Cells were treated with 2 [iCi/ml 14C-labeled APAP in the absence or presence o f 
100 |lM  BSO plus the indicated com pounds and grown for an additional 24 hours. Cells were 
then trypsinized, pelletted and sonicated. Total cellular radioactively-labeled protein adduct 
was m easured as decribed in M aterials and M ethods.
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binding o f  14C -labeled A PA P to the cellu lar protein. Increased  adduct form ation (20.4 

pm ol/m g o f  cell protein) was detected  in M V h 2 E l-9  cells com pared to M V -5 cells (9.3 

pm ol/m g o f cell protein) in the absence o f BSO; and this increase was in tensified  when 

B SO  was present (46.4 com pared to 11.9 pm ol/m g o f  cell protein) (T ab le  11). A 2.5-fold 

increase in adduct form ation was observed when GSH  was depleted from  the M V h2E l-9  

cells confirm ing the ability o f GSH  to bind reactive A PA P m etabolites such as N A PQ I 

(A lbano et al., 1985; M oore et al., 1985).

Im portantly, the addition o f  various chem icals w hich were effective in preventing 

A PA P cytotoxicity  proved to be effective in inhibition o f the A PA P adduct form ation in 

M V h 2 E l-9  cells (T ab le  11). 4 -M P at a 2 m M  concentration low ered the adduct form ation 

in M V h 2 E l-9  cells to the level found in M V-5 cells, i.e., 4-M P com pletely prevented the 

elevated production o f A PA P adducts in the M V h2E l-9  cells. N -acetylcysteine at 2 mM, 

ethanol at 100 m M , and PBN at 1 m M  produced about 71% , 82%  and 91%  inhibition o f 

the C Y P 2E 1-dependen t adduct form ation  respectively . N one o f  these agents caused 

significant changes in M V-5 cells.

C-8. Intracellular Localization of APAP Adduct - To investigate where inside the cell 

A PA P-protein adducts were produced, the total cell extracts from  M V h2E l-9  cells and the 

control M V-5 cells that were treated with 14C-labeIed APAP for 24 hours were fractionated 

by differential centrifugation. The difference in counts of the TCA  precipitated radioactivity 

o f various fractions isolated from  the M V h2E l-9  and M V-5 cells was assum ed to reflect 

A PA P-protein adducts produced by the C Y P2E1-dependent pathw ay. As show n in T ab le  

12, this net d ifference was 552 cpm /m g o f protein for the total cell extract. W hile there 

appeared to be a slight enrichm ent o f adducts in the nuclear and m itochondrial fractions, all 

fractions displayed counts at least equivalent to the starting extract, suggesting that APAP- 

protein adducts were formed to sim ilar extents in all subcellular compartm ents.
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T able 12. Subcellu lar F ractionation o f 14C -labeled  
A PA P-Protein  A dducts

APAP-Protein Adducts (pm ol/m g protein)
Fraction -----------------------------------------------------------------------------------

MV-5 M Vh2E 1 -9 M V h2E 1 -9 - M V-5

Total extract 22.1 55.5 33.4
Nuclear 22.1 72 .0 49 .9
Post-nuclear 22.5 52.8 30.3
M itochondrial 32.5 75 .4 42 .9
Post-m itochondrial 25 .0 55.3 30.3
M icrosomal 24 .0 56.5 32.5
Cytosolic 13.6 45 .6 32.0

M V-5 and M V h2E l-9  cells were treated with 2 pCi/m l 14C-labeled APAP in the 
presence of 100 pM  BSO for 24 hours. Cell extracts were fractionated, precipitated 
with TCA, washed and counted as decribed in M aterials and M ethods. The counts o f 
M V h2E l-9  minus M V-5 were calculated and represent the CYP2E1-dependent 
APA P-protein adducts.
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C-9. Role of Calcium on Anti-proliferation and Cytotoxicity ofAPAP in MVh2E1-9 Cells

- Since loss o f calcium  regulation has been proposed to be the final com m on pathw ay in 

many m odels o f cell death, experiments were carried out to evaluate the effects o f a calcium  

channel b locker, verapam il, and a calcium /calm odulin  antagonist, ch lorprom azine, on 

A PA P toxicity in M V h2E l-9  cells. First, we examined whether these two agents altered the 

anti-proliferative effect o f A PA P on M V-5 and M V h2E l-9  cells. Cells were treated with 

either 5 |iM  verapam il or 1 |iM  chlorprom azine in the presence o f 1 m M  A PA P for three 

days. 1 m M  A PA P produced a 35% decrease in M V-5 cell counts and a 47%  decrease in 

M V h2E l-9  cell counts after 3 days o f treatm ent in the absence o f BSO. N either verapam il 

nor chlorprom azine protected against the APAP inhibition o f proliferation o f both cell lines 

(Table 13). U nder m ore drastic conditions, e.g., incubation with 10 m M  A P A P in the 

presence o f  BSO, cell proliferation was inhibited by about 85% with both cell lines and 

verapam il o r chlorprom azine again did not prevent this effect o f  A PA P (Table 13). H igher 

concentration o f these agents caused significant toxicity in both M V-5 and M V h2E l-9  cells 

and could not be used.

Secondly , the M V -5 and M V h 2 E l-9  cells  w ere treated  w ith  verapam il or 

ch lorprom azine in the presence o f  10 m M  A PA P and 100 |iM  B SO  for three days to 

evaluate the effect o f the two agents on the cytotoxic effect o f APAP. APAP increased LDH 

leakage by 3.5- and 8-fold for M V -5 and M V h2E l-9  cells, respectively. V erapam il and 

ch lorprom azine produced a sm all non-significant protective effect against the A PA P- 

induced increase in LDH leakage o f M V h2E l-9  cells but not MV-5 cells (Table 13).



Table 13. Effect of Calcium Antagonists on the Antiproliferative 
and Cytotoxic Effect o f APAP

Cell Count (xlOOO) LDH Leakage (ratio)

BSO Addition

M V-5 M V h2E l-9  M V-5 M V h2E l-9

A

0 None 1300 (100%) 1341 (100%)

1 m M  APAP 869 (65%) 716 (53%)

1 mM  APAP + 5 jiM  Verapam il 621 (46%) 725 (54%)

1 mM  APAP + 1 |iM  Chlorprom azine 603 (45%) 670 (50%)

B

100 |iM  None 1368 (100% ) 1530 (100%) 0.075 0.082

10 mM  APAP 209 (15%) 199 (13%) 0.263 0.624

10 mM  APAP + 5 |iM  Verapam il 245 (18%) 233 (15%) 0.279 0.488

10 mM APAP + 1 |iM  Chlorpromazine 231 (17%) 216 (14%) 0.261 0.531

M V-5 and M V h2E l-9  cells were incubated w ith the indicated additions in the absence (A) or presence (B) 

o f 100 (iM BSO for 3 days. Cells were counted w ith a hem ocytom eter or LD H  leakage was determ ined (B).
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D. Inactivation and Degradation of the Expressed CYP2E1 in the Transduced 

HepG2 Cells

0-1. Induction ofCYP2E1 Expression by PMA in MVh2E1-9 Cells - Since the expression 

of the transfected CYP2E1 is relatively low (15 pm ol/m g m icrosom al protein) in M V h2E l- 

9 cells, a variety o f  chem icals w ere tested to determ ine if  any these com pounds could 

increase the 2E1 expression in this system . As shown in T able 14, ethanol, all trans- 

retinoic acid, dibutyryl cA M P and interleukin 6 increased the 2E1 expression by 60%  to 

100% as determ ined  by an increase in the oxidation o f PN P by iso lated  m icrosom es. 

Increased  activity  by retinoic acid, d ibutyryl cA M P and IL -6 is presum ably  m ediated 

through transcrip tional activation  o f the viral LTR prom oter w hile that o f  ethanol is 

probably due to stabilization o f the P450 2E1 itself against degradation (Song et al., 1986). 

PM A  added in culture increased the 2E1 expression by about 250%  at concentrations 

rang ing  betw een 0.04 jug/ml to 1 |Ug/ml (T able 14). A s will be d iscussed  below , the 

increased enzym e activity was correlated w ith the increase in 2E1 protein content. In most 

o f the fo llow ing experim ents, PM A  at a concentration o f 0.1 pg/m l was added to the 

culture m edium  in order to stim ulate 2E1 expression in the system . T reatm ent o f M V-5 

cells, w hich lack the cDN A for 2E1, with the agents shown in Table 14 did not result in 

an induction o f  the endogenous CYP2E1 gene.
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T able 14. Induction  o f E xpression  o f  the T ransfected  P 450-2E 1  
by Com pounds Added in Culture

Addition Concentration PNP Activity (pmol/min/mg) Stim ulation by addition (%)

Control - 39 -

Ethanol 30 mM 62 60
Retinoic Acid 0.1 mM 79 104
db-cAM P 0.5 mM 82 1 1 0 .
IL - 6 lO U /m l 79 104

PMA 0.04 (ig/ml 133 240
0 . 2  |ig /m l 141 262

1 |ig/m l 134 244
5 pg/m l 1 1 1 185

M V h2E l-9  cells were treated with the indicated additions to attempt to find the condition 
that m axim izes the 2E1 expression. Treatm ent was carried out in situ for 24 hours. 
M icrosom es were isolated for each treatm ent and PN P activity was assayed with 2.5 mg 
m icrosom al protein/m l, 0.2 mM  PNP, and 1 mM  NA DPH in 0.1 M phosphate buffer for 
60 m inutes.
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D-2. Inactivation and Degradation of CYP2E1 by CCI4 Added in Culture - M V h 2 E 1 -9 

cells were treated w ith 2 m M  CCI4  in the absence or presence o f 0.1 (ig/m l PM A  for 24 

hours. M icrosom es were isolated and oxidation o f PN P was determ ined. In the absence o f 

PM A , CCI4  treatm ent caused an approxim ate 35% loss o f enzym e activity  (Figure 17, 

colum ns 5 and 6 ). In the presence o f  PM A, CCI4  caused a m ore prom inent (-5 0 % ) loss o f 

2E1 enzym e activity (Figure 17, colum ns 7 and 8). These results indicated that treatm ent 

w ith CCI4  caused an inactivation o f CYP2E1. To evaluate whether the inactivated CYP2E1 

w as degraded, W estern blot analysis to assay the content o f CYP2E1 protein was carried 

out. In the M V h 2 E l-9  cells, anti-hum an CYP2E1 IgG  recognized a 54,000 kD protein 

(Figure 18, lane 5). T reatm ent w ith PM A increased the intensity  o f  this band (Figure 

18, lane 7) analogous to the increase in PN P oxidation caused by PM A. Treatm ent with 

CCI4  caused a decrease in C Y P 2 E 1 protein (Figure 18, lane 6 com pared to lane 5, o r lane 

8  com pared to lane 7); the decrease in CYP2E1 protein was sim ilar to the decrease in PNP 

oxidation and m ore pronounced after the PM A treatment.

Since the experim ents w ere carried out in continuous culture, new 2E1 protein is 

be ing  syn thesized  during  the 24 hour treatm ent w ith  PM A  and CCI4 ; th is new ly- 

synthesized protein m ay m ask the true effect o f CCI4  on 2E1 inactivation and degradation. 

To evaluate the net effect o f CCI4  on 2E1 degradation, cyclohexim ide was used to block 

new protein synthesis. Under this condition, 2E1 enzym e activity and protein were lowered 

in the M V h 2 E l-9  cells (Figures 17 and 18, lanes 1 and 3 com pared to lanes 5 and 7). 

Inactivation and degradation o f CYP2E1 by CCI4  was m ore pronounced in the presence of 

cyclohexim ide as PN P oxidation and the content o f CYP2E1 were decreased by -7 0 %  in 

the absence o f PM A (Figures 17 and 18, lanes 1 and 2) and by -9 0 %  in the presence o f 

PM A  (Figures 17 and 18, lanes 3 and 4) after the treatm ent w ith CCI4 . S ince PN P 

hydroxylase activity and 2E1 protein content m easured by W estern blot were low ered to 

com parable levels by CCI4 , it appears that
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F igure 17. Effect o f  treatm ent o f  M V h2E l-9  cells w ith CCI4  on the oxidation o f  PNP. 

M V h2E l-9  cells were grown in the absence (lanes 5 to 8 ) or presence (lanes 1 to 4) o f  10 

|iM  cyclohexim ide under the following conditions: no other addition (lanes 1 and 5); 2 mM  

C C I4  (lanes 2 and 6 ); 0.1 ftg/ml PM A (lanes 3 and 7); PM A plus CCI4  (lanes 4 and 8 ). 

C yclohexim ide was added at the sam e time to the cultures as was PM A  and CCI4 . A fter 24 

hours, m icrosom es were isolated and the oxidation o f PN P was determined.
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Figure 18. Effect o f treatm ent o f  M V h2E l-9  cells w ith CCI4  on the content o f CY P2E1. 

M V h 2 E l-9  cells were grown in the absence (lanes 5 to 8 ) o r presence (lanes 1 to 4) o f 10 

jiM  cyclohexim ide under the following conditions: no other addition (lanes 1 and 5); 2 rnM 

C C I4  (lanes 2 and 6 ); 0.1 fig/m l PM A  (lanes 3 and 7); PM A plus CCI4  (lanes 4  and 8 ). 

A fter 24 hours, m icrosom es w ere isolated and the content o f 2E1 was determ ined using 

W estern blot analysis. 50 jug m icrosom al protein was loaded in each lane.
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2E1 protein labilized by CCI4  is rapidly rem oved by an intracellu lar proteolytic system  

present in the HepG2 cells.

D-3. Lack of Inactivation of CYP2E1 in situ by APAP - W e have observed in the above 

section that m icrosom al oxidation o f PN P in vitro was also inhibited by A PA P, analogous 

to the CCI4  inh ib ition . W e therefo re  investiga ted  w hether A PA P, like CC I4 , could  

inactivate CYP2E1 in situ. M V h 2 E l-9  cells were incubated w ith 10 m M  A PA P in the 

absence and presence o f BSO for 2 days. M icrosom es were isolated, and PNP hydroxylase 

activity  determ ined. As shown in Figure 19, in situ incubation o f M V h 2 E l-9  cells with 

A PA P, in contrast to CCf*, did not result in inhibition o f  PN P oxidation suggesting that 

A PA P did not inactivate CYP2E1. These results contrast the effects o f two hepatotoxins on 

labilizing and inactivating CYP2E1 in situ.

D-4. Inhibition of Microsomal PNP Oxidation In Vitro by CCI4 - The effect o f CC14  on 

2E1 degradation requires initial bioactivation o f  CCI4  by the P450. To show  that CCI4  was 

in teracting with CYP2E1 expressed in the M V h2E l-9  cells, the effect o f  CCI4  on PN P 

oxidation in the isolated  m icrosom es o f M V h 2 E l-9  cells was evaluated. As show n in 

Figure 20, CCI4  caused a dose-dependent decrease o f  m icrosom al PN P oxidation  in 

M V h2E l-9  cells. At a concentration o f 0.25 mM, CCI4  inhibited about 50%  of m icrosom al 

PN P oxidation. To test w hether the in vitro incubation w ith CCI4  caused degradation o f 

C Y P2E1, W estern  b lots were carried  out w ith sam ples incubated in the absence and 

p resence  o f  C C I4  (Figure 21). In contrast to the degradation  found in situ, in vitro 

addition o f  CC14  did not cause CYP2E1 degradation (lanes 1 and 2) even after addition o f 

A TP plus M g2+ (lane 4). Under conditions o f extensive lipid peroxidation, e.g., addition of 

ferric-A TP, there was degradation o f CYP2E1 (Figure 21, lane 3). The ability o f CCI4  to 

prom ote lipid peroxidation by the isolated m icrosom es was evaluated  by studying the 

formation o f thiobarbituric acid-reactive components. Control rates o f microsom al lipid
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F igure 19. Effect o f A PA P on the CYP2E1 enzym e activity . M V h 2 E l-9  cells  were 

treated  w ith 10 m M  A PA P in the absence o r presence o f  100 pM  B SO  for 2 days. 

M icrosom es w ere isolated for each treatm ent. PN P assay was done w ith 2.5 m g/m l 

m icrosom al protein, 0.2 mM  PN P, 1 mM  N A D PH  in 0.1 M potassium  phosphate buffer 

for 60 m inutes.
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F igure 20. Effect o f in vitro addition o f  CCI4  on the oxidation o f  PN P by m icrosom es 

iso lated  from  M V h 2 E l-9  cells. The oxidation o f 0.2 m M  PN P w as determ ined  in the 

presence o f the indicated concentrations o f CCI4 .
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F ig u re  21. E ffect o f  CCI4  and  ferric -A T P  on C Y P2E1 co n ten t in M V h 2 E l-9  

m icrosom es. M icrosom es w ere prepared from  the M V h 2 E l-9  cells that w ere grow n to 

confluence follow ed by treatm ent w ith 0.1 pg/m l PM A for 24 hours. M icrosom es were 

incubated in phosphate buffer (lane 1), plus 2 mM  CCI4  (lane 2), 50 (iM ferric-A TP (lane 

3), or 2 m M  CCI4  and 10 m M  M g/A TP, and reacted  for 4  hours in the presence o f 

N A D PH . W estern  b lot w ith an ti-hum an CYP2E1 antibody was then  carried  out to 

determined the content o f 2 E 1 .
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peroxidation were low, and these low rates, in contrast to ferric-ATP, were not elevated by 

CCI4  (data not shown).

D-5. Characterization of CCU-induced Inactivation and Degradation of2E1 in MVh2E1-9 

Ceils - To further characterize the relationship betw een the necessity  for bioactivation o f 

CCI4  by human C Y P2E 1 and the C C ^-enhanced inactivation and degradation o f 2 E 1 itself, 

several 2E1 substrates w hich w ould com pete w ith CCI4  for CYP2E1 w ere added  along 

with 2 mM  CCI4  and PM A to the m edium  and the cells were cultured for 24 hours. In the 

absence o f substrates, the treatm ent w ith CCI4  caused a 40%  loss o f PN P activity and 2EI 

con ten t (Table 15 and Figure 22). This loss in PN P ox idation  was p revented  by the 

com petitive  substrates; if  com pared to the corresponding  no CCI4  control, the loss in 

enzym e activity could be prevented about 6 6 % by 4 mM DM N , 6 8 % by 2 m M  4-M P and 

74%  by 100 m M  ethanol (Table 15). The degradation o f CYP2E1 as reflected by the loss 

in CY P2E1 content was also prevented to sim ilar levels by these agents (Figure 22). 

Table 19 shows the arbitrary units o f the densitom etry scans, CCI4  produced about 54%  

degradation o f  CYP2E1 and alm ost com plete protection w as afforded by 4-M P, ethanol 

and DM N. U nder the same condition, A -acetylcysteine did not prevent degradation o f the 

CCl4-labilized CYP2E1.
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T able 15. E ffect o f 2E1 L igands and Substrates on CC14-induced  
Loss of PNP A ctivity in M V h 2E l-9  Cells

Addition
PN P Activity (pmol/min/mg) Ratio o f PN P Activity

^oncenirauon ~
(-) CC14 (+) CC14 (+)CC14/(-)CC14

Control _ 130 81 0 .62
DM N 4 mM 126 1 1 0 0.87
4-M P 2 mM 194 171 0 . 8 8

Ethanol 100 mM 171 154 0 .90

M V h2E l-9  cells were treated with the indicated additions in the absence or presence o f 
CC14 for 24 hours w ith 0.1 (ig/ml PM A. M icrosom es were isolated from  each treatm ent. 
The assay for PN P oxidation was carried out with 2.5 mg/ml m icrosom al protein, 0.2 m M  
PN P and 1 m M  NA DPH for 60 m inutes.
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F ig u re  22. E ffec t o f  CY P2E1 ligands and an an tiox idan t on the C C U -in d u c e d  

degradation o f CYP2E1 in M V h2E l-9  cells. M V h2E l-9  cells were incubated in the absence 

and presence o f 2 m M  CCI4  (lanes 2 and 3) along with either 2 mM  4-M P (lanes 4 and 5), 

4  m M  DM N (lanes 6  and 7), 100 mM  ethanol (lanes 8  and 9), or 2 m M  N -acetylcysteine 

(lanes 10 and 11) for 24 hours. M icrosom es were prepared and the content o f CYP2E1 

was determ ined by W estern blot analysis as described in M aterials and M ethods. 50 n g  o f 

m icrosom al protein was loaded to each lane. Lane 1, hum an liver m icrosom es (5 |ig  

protein).
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Since it has been reported  that lab ilization  o f CYP2E1 by oxidative stress is 

required for the subsequent inactivation and degradation o f the enzyme, the effect o f  several 

antioxidants on the actions by CCI4  on 2E1 was evaluated. 7V-acetylcysteine, a sulfhydryl 

com pound, at a concentration o f 2 mM  appeared to prevent the loss o f 2E1 enzym e activity 

by about 75%  (T a b le  16). H ow ever, it low ered  the control PN P oxidation  rate. 77- 

A cetylcysteine did not prevent the loss o f CYP2E1 protein produced by CCI4  (F ig u re  

22). PB N  (1.25 m M ), a spin trapping agent, and propylgalla te  (0.1 m M ), a classical 

inhibitor o f  lipid peroxidation, did not have any protective effect (T a b le  16). A lthough 

CCI4  did not stim ulate m icrosom al production o f TBA -reactive com ponents, incubation o f 

the m icrosom es w ith N A DPH plus ferric-A TP did. U nder such conditions o f m icrosom al 

lipid peroxidation, there was a loss in CYP2E1 content (F ig u re  21)

D-6. CCI4 Adduct Formation in MVh2E1-9 Cells - To show further that CCI4  is indeed 

m etabolized by 2 E 1 and can interact w ith intracellular m acrom olecules, radioactive R e ­

labeled CCI4  at a final concentration o f 1 mM  was added to M V h2E l-9  and the control M V- 

5 cells and adduct form ation was determ ined after TC A  precipitation. As show n in T a b le  

17, M V-5 cells produced 27.8 pm ol/m g cell protein, and these counts w ere com pletely 

insensitive to 4-M P, indicating they were not dependent on CYP2E1. E ither these counts 

reflect non-specific  counts or adduct form ation via CCI4  b ioactiva tion  by C Y P2E 1- 

independent pathways. There was an increase in adduct formation in the M V h2E l-9  cells to 

40.4 pm ol/m g cell protein, and im portantly, this increase was com pletely prevented by 4- 

M P. The inhibition by 4-M P links the increase in CCI4  adduct form ation to  C Y P2E 1- 

dependent activity. W hen m icrosom es isolated from  M V-5 and M V h 2 E l-9  cells were 

reacted with 1 4C-labeled CCI4  in vitro, the adduct form ation in the M V-5 m icrosom es was 

insensitive to 4-M P and ethanol indicating that it was not CY P2E1-dependent. There was 

an increase in adduct formation with the m icrosom es from  the M V h2E l-9  cells, and the net 

increase (5.8
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Table 16. E ffect o f A ntioxidants on CC14-induced  
Loss o f PN P A ctivity in M V h 2E l-9  Cells

Addition
PNP Activity (pmol/min/mg) Ratio o f  PN P Activity

(-) CC14 (+) CC14 (+)CC14/(-)CC14

Control - 58 42 0.72
PB N 1.25 mM 85 58 0 . 6 8

PPG 0.1 mM 59 35 0 .60

M V h2E l-9  cells were treated in situ with the indicated agents including the spin trapping 
agent PBN and the antioxidants N-acetylcysteine and PPG for 24 hours in the absence 
or presence o f CC14 with 0.1 |ig /m l PMA. M icrosomes were isolated for each treatm ent 
and oxidation o f PN P was determ ined.
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Table 17. CC14 A dduct Form ation in H epG 2 Cells 
and in Isolated M icrosom es

Reations Addition
CC14 adducts (pmol/mg protein) C Y P 2E 1 -dependent 

adducts 
(cpm /m g protein)MV-5 M V h2El-9

A. Intact cells CC14 27.8 40.4 1 2 . 6

CC14+4-MP 29.8 25.8 -4 .0

B. M icrosom es CC14 23.8 29.6 5 .8
CC14+4-MP 2 1 . 8 2 0 . 2 - 1 . 6

CC14+ethanol 25.1 22.9 -3 .2

A. M V h2E l-9  cells were treated in situ with 1 mM  14C-Iabeled CC14 in the absence or 
presence o f 2 mM 4-M P for 24 hours. Cells were harvested and cell extracts were 
prepared. 0.5 mg o f  cell extracts were precipitated with TCA, washed and counted as 
described in M aterials and M ethods.
B. M icrosom es from  M V h2E l-9  cells were treated in vitro with 1 mM  14C-labeled CC14 
or CC14 plus 2 mM  4-M P or CC14 plus 100 mM  ethanol for 4 hours. The reactions were 
then TCA-precipitated, washed and counted as above.
The difference in counts o f M V h2E l-9  and M V-5 cells were calculated as CYP2E1- 
dependent CC14 adduct formation.
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pm ol/m g cell p ro tein ) w as com pletely  b locked by 4-M P and ethanol, ind ica ting  its 

dependence on CYP2E1 (Table 17)

D-7. Effect of Protease Inhibitors on CCIfinduced degradation of CYP2E1. -To attempt 

to identify the degradative system  that hydrolyzes 2E1 after labilization by CCI4 , a variety 

o f  pro tease  inh ib ito rs w ere used. As show n in Table 18, E-64 and leupep tin , tw o 

representative serine protease inhibitors, were not effective against the CCl4 -induced loss 

o f  PN P hydroxylase  activ ity , suggesting these p ro tease inh ib itors did not affect the 

inactivation o f  CYP2E1 by the activated CCI4 . How ever, the ~ 50% loss o f 2E1 protein, as 

m easured  by W estern  b lot (Figure 23), was low ered to  17% and 15% by E-64 and 

leupeptin respectively. This loss o f  2E1 protein was also significantly prevented to 28%  

and 23% by N H 4 CI and chloroquine, two other lysosom al protease inhibitors, respectively 

(Figure 23 and Table 19), suggesting that CCU -induced degradation o f  CYP2E1 m ay at 

least in part be dependent on lysosom al proteases.
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Table 18. E ffect o f Proteas Inhib itors on CC14-induced  
Loss o f PN P A ctivity in M V h 2E l-9  Cells

Addition
PN P Activity (pmol/min/mg) Ratio o f PN P Activity

Concentration -
(-) CC14 (+) CC14 (+)CC14/(-)CC14

Control _ 94 54 0 .57
E-64 0.1 mM 87 57 0 . 6 6

Leupeptin 0.1 mM 92 43 0.47

M V h2E l-9  cells were treated in situ with the indicated proteas inhibitors in the absence 
or presence o f 2 mM  CC14 for 24 hours with 0.1 |4.g/ml PM A. M icrosom es were then 
prepared and PNP oxidation was determined.
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F ig u re  23. E ffect o f protease inhibitors on the CCL^-induced degradation o f CY P2E1 in 

M V h 2 E l-9  cells. M V h 2 E l-9  cells were incubated in the absence and presence o f  2 mM  

C C I4  (lanes 2 and 3) along with either 0.1 mM  E-64 (lanes 4 and 5), 0.1 m M  leupeptin 

(lanes 6  and 7), 5 mM  N H 4 CI (lanes 8  and 9), or 50 pM  chloroquine (lanes 10 and 11) for 

24 hours. M icrosom es w ere prepared and the content o f CYP2E1 was determ ined  by 

W estern blot analysis as described in M aterials and M ethods. 50 pg  o f m icrosom al protein 

was loaded to  each lane. Lane 1, hum an liver m icrosom es (5 pg  protein).
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T able 19. E ffect o f 2E1 L igands and Pro teas Inhib itors on  
CC14-induced Loss 2E1 C ontent in M V h 2E l-9  Cells

Addition
Density (arbitrary unit) Ratio

Concentration
(-) CC14 (+) CC14 (+)CC14/(-)CC14

A.

(-) - 1.659 0 .76 0 .46
4-M P 2 mM 1.933 1.609 0.83
DMN 4 mM 0.811 0 . 8 6 1.06
Ethanol 100 m M 1.462 1.264 0 . 8 6

' N-Acetylcysteine 2 mM 1.45 0.56 0 .39

B.

(-) - 2 . 0 0 2 0.986 0 .49
E-64 0.1 mM 1.577 1.311 0 .83
Leupeptin 0.1 mM 1.574 1.332 0 .85
NH4C1 5 mM 1.377 0.985 0 .72
Chloroquine 50 juM 1.231 0.948 0 .77

M V h2E l-9  cells were treated in situ with the indicated additions in the absence or presence 
o f 2 m M  CC14 for 24 hours with 0.1 fig/ml PM A. M icrosom es were then prepared and 2E1 
protein was assayed by W estern blot and densitometry scanning.
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DISCUSSION

A. Stable Expression of Human CYP2E1 in HepG2 Cells and Characterization of 

Catalytic Activities

H um an cytochrom e P450-2E1 has been transien tly  expressed  in tw o culture  

system s, CO S cells through transfection  (U m eno et al., 1988) and H epG 2 cells via 

recom binant Vaccinia virus infection (Patten et al., 1992; W axm an et al., 1991), as well as 

in E. Coli (W inters and C ederbaum , 1992) in a catalytic active form . A  stable cell line 

constitu tive ly  expressing  P450-2E1 has been reported in w hich hum an CY P2E1 was 

successfu lly  transduced into rat liver epithelial cells and m ouse N IH 3T 3 cells using 

recom binan t retroviral infection. The expressed  CYP2E1 ox id ized  D M N , producing  

covalent adducts o f the carcinogen with cellular DN A (Nouso et al., 1992). H epG 2 cells 

were selected as the target cell line in this study to stably express the human CY P2E1. This 

rep licating  cell line originates from  hum an neoplastic liver tissue (A den et al., 1979), 

expresses several liver-specific  cell functions (Javitt, 1990), w as show n to catalyze 

oxidation o f  certain  drug substrates (Sassa et al., 1987), contains N A D PH -cytochrom e 

P450 reductase  and cy tochrom e b5, and has a very low or nondetectab le  level o f 

endogenous P450-2E1 (Aoyam a et al., 1990; Patten et al., 1992; W axm an et al., 1991).

H um an cy tochrom e P450-2E1 w as stably  transduced  in to  H epG 2, a hum an 

hepatom a cell line, by a recom binant retrovirus expression system. Southern blot analysis 

showed a successful integration o f a single copy of unaltered viral DNA into the genom e of 

each transduced clone tested. W estern blot analysis indicated that the transduced clones 

produced a protein band at 54 kD, which is the sam e m olecular w eight as CYP2E1 in 

hum an liver m icrosom es. N orthern blot analysis detected the CYP2E1 RN A transcripts 

from  the exogenously transduced copy o f the CYP2E1 gene. In both Northern and W estern
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blot analyses, H epG 2, as well as the control clones, show ed no CYP2E1 RN A  transcripts 

or protein indicating CYP2E1 is not expressed in HepG2 cells. Southern blot analysis for 

H epG 2 cells and the control clones, however, show ed an unaltered endogenous copy o f 

CYP2E1 suggesting that non-expression o f  CYP2E1 in HepG 2 cells is due to an apparent 

lack o f  certain  factors required for the basal transcription o f the endogenous 2E1 gene 

rather than alteration o f the gene itself.

The successfully  C Y P2E1-transduced HepG 2 clones show ed varying degrees o f 

catalytic activities tow ards classic 2E1 substrates. The control clones o r H epG 2 cells did 

not express such activ ities. It is noticed that PN P hydroxylase activ ity  is about 3-fold 

higher than DM N activity. This difference was also observed in a separate experim ent with 

hum an liver m icrosom es, 0.87 and 0.25 nm ol/m in/m g m icrosom al protein for PN P and 

DM N activities respectively (T ab le  8 ), whereas in rat liver m icrosom es these two activities 

are about the same. This 0.25 nm ol/m in/m g DM N activity by human liver m icrosom es is in 

agreem ent w ith other reports w ith norm al hum an sam ples (W righton et al., 1986). Since 

anti-hum an CYP2E1 antibody alm ost com pletely wiped out PN P activity in hum an liver 

m icrosom es (data not shown) and 2E1 was the predom inant, if not sole, catalyst o f  DM N 

oxidation  in rat liver m icrosom es (Y ang et al., 1985), it is h ighly suggested  that the 

differential activities for PNP and DM N in the two species indicate that hum an CYP2E1 is 

a better PN P catalyst than rat 2E1 and the quantitative difference in catalytic activities may 

be due to the qualitative differences o f the 2E1 structure in the two species. The structural 

differences could also, at least partially, explain the differential inhibitory effects o f PN P 

activity by an ti-2E l antibodies from  the two species, i.e., anti-hum an 2E1 inhibits PN P 

activity  from  M V h 2 E l-9  clone better than anti-rat 2E1 antibody (T ab le  2 a n d  3). This 

w as also in agreem ent with the result from  a separate PN P inhibitory experim ent w ith 

hum an and rat liver m icrosom es by the two antibodies. Therefore, the expressed hum an 

CYP2E1 had the general 2E1 characteristics observed in human liver m icrosom es and, as



107

expected, was m ore like hum an 2E1 than rat 2E1 especially in the enzym e activities. The 

d ifferences in the m olecular structure and b iochem ical properties o f  CY P2E1 am ong 

different species should be further investigated.

In sum m ary, a hum an liver derived cell line has been established which stably and 

constitutively expresses the hum an CYP2E1 isoform. This cell line should prove valuable 

in studies designed to evaluate the oxidation o f  potential substrates fo r 2E1 in a native 

m icrosom al environm ent and to assess the potential toxicity associated with the oxidation of 

these substrates, as described below  for acetam inophen. Current studies in our laboratory 

are assessing the cytotoxicity produced by ethanol (D. W u), halothane (D. Feierm an) and 

m itom ycin (Q. Chen) in these cell lines. The cell line will also be o f value in studying the 

ability o f ligands to stabilize the expressed CYP2E1 against degradation, e.g., as shown 

for ethanol and 4-M P (Table 14 and 15) and which is shown in more detail in (Carroccio 

et al., 1994), and in determ ining the half-life o f the expressed protein under a variety o f 

conditions. These cell lines may also be used as starting points for attem pts to increase the 

level o f CY P2E1, e.g., by re-infecting with the retrovirus in order to obtain m ore copies 

integrated into the cells, or by infecting w ith a second retrovirus containing the CYP2E1 

cDN A plus a different marker for antibiotic resistance.

B. Characterization of Generation of Reactive Oxygen Species in MVh2E1-9 Cells

Chronic alcohol consum ption has been shown in rats to enhance the production of 

reactive oxygen species such as superoxide (Boveris et al., 1983; Ekstrom  and Ingelm an- 

Sundberg, 1989), hydrogen peroxide (Ekstrom  and Ingelm an-Sundberg, 1989; L ieber and 

D eC arli, 1970; Thurm an, 1973), and hydroxyl radical (D icker and C ederbaum , 1987; 

Klein et al., 1983), by isolated m icrosom es. Since CYP2E1 is the m ajor ethanol-inducible 

enzym e found in m icrosom al system s, and is a loosely coupled enzym e which produces
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oxygen radicals such as -0 2 '  and H 2 O 2  (see catalytic m echanism  o f P450), it m ay by itse lf 

con tribu te  to  the a lcohol liver in jury . Indeed, we detec ted  a 2-fo ld  e levated  H 2 O 2  

production in CY P2E1-transduced clone than in the control M V-5 clone. Interestingly, the 

net d ifference in H 2 O 2  production betw een the tw o m icrosom al preparations (about 0.13 

nm ol/m in/m g protein) is about one half the net difference in -0 2 '  production betw een the 

tw o m icrosom al preparations (about 0.27 nm ol/m in/m g protein). This suggests that m ost of 

the increase in H 2 O 2  production in  M V h2E l-9  m icrosom es is due to the increase in -0 2 “ 

production, i.e., m ost o f  the elevated production o f H 2 O 2  is derived from  dism utation o f 

•O2 " (reaction 5 in Background). W hen these results were expressed on a total P450 basis, 

the total H 2 O 2  production from  the M V h2E l-9  clone was about 10-fold m ore than norm al 

hum an liver m icrosom es (T ab le  8). The elevated O 2 '  production in the M V h 2 E l-9  clone 

detected  by the sensitive ESR  technique was 18-fold higher than that detected in hum an 

liver m icrosom es in term s o f  nm ol 2E1 (T a b le  8). O xidation o f  P N P  and D M N  by 

m icrosom es from  M V h2E l-9  cells was 2- to 3-fold higher than hum an liver m icrosom es 

w hen expressed  on a total P450  basis. This w as expected  since all the P450 in the 

M V h 2 E l-9  cells is CY P2E1, a good catalyst for the oxidation o f these drugs, w hereas 

several P450 isoform s are present in hum an liver m icrosom es, som e o f w hich m ay not be 

good catalysts for PN P and D M N  oxidation. Since drug oxidation was only 2 to 3 fold 

higher, the 1 0 -fold higher H 2 O2  production and 18-fold higher -0 2 '  production indicate the 

effectiveness o f CYP2E1 in generation o f reactive oxygen species relative to  a m ixed 

population o f P450 enzym es found in hum an liver m icrosom es. The -0 2 " generated from  

M V h 2 E l-9  m icrosom es should  produce -OH through the iron-catalyzed  H aber-W eiss 

reaction  (reaction 3 and 4 in B ackground). W e did not detect -OH production  w ithout 

addition o f  iron. But, w hen Fe-ED TA  was added, -OH production was so high that there 

w as no d iffe rence  betw een the transduced  and con tro l c lones. A s m en tioned  in 

Introduction, iron or o ther redox cycling agents plays an im portant role in generation o f 

reactive oxygen species and initiation o f lipid peroxidation (A ust et al., 1985; H alliw ell,
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1978; M cCord and Day, 1978). This iron redox balance may be regulated by iron-reducing 

enzym es such as P450 and/or P450 reductase. It is also know n that P450 reductase is an 

excellent reductant o f Fe-EDTA , at least at high concentration o f iron. Therefore, addition 

o f  high concentrations o f iron to the system  can largely reflect inform ation about P450 

reductase. The effect o f lower concentrations o f iron, and use o f other iron chelates will be 

evaluated in future studies.

S im ilarly , we observed  a  high activ ity  in lipid peroxidation  in both  C Y P2E 1- 

transduced and control clones w ith a high concentration o f added iron, which indicates that 

the peroxidative activity in both system s was already saturated at this concentration o f iron. 

T herefore, we did a titration to study the effect o f  low concentrations o f  iron on lipid 

peroxidation to see if any difference could be picked up under unsaturating conditions. 

Indeed, a significant difference was observed betw een the two clones when the added iron 

w as around  a few  p M  F e-A T P  (F ig u re  11). T his resu lt suggests that at a m ore 

physiological low iron concentration P450-2E1 is a better catalyst for lipid peroxidation 

than P450 reductase. This suggests that chronic alcohol consum ption m ay cause tissue, 

especially  liver, injury through induction o f CY P2E1, the ethanol-inducible form  o f  P450 

in the presence o f  physiologically relevant concentration o f nonheme iron.

The production o f -0 2 ” and H 2 O 2  in M V h2E l-9  m icrosom es was not affected by 

the addition o f  effective substrates for the catalytic activity o f C Y P2E 1. W ith cytochrom e 

P450cam from  Pseudomonas putida, the redox potential o f the hem e iron becom es m ore 

positive  w hen substra te  binds (Poulos and Raag, 1992; S ligar and G unsalus, 1976); 

reduction o f the P450 becomes therm odynam ically m ore favorable when substrate is bound 

w hich ensures that consum ption o f  reducing equivalents and oxygen activation occur only 

in the p resence o f substra te  (Poulos and Raag, 1992; S ligar and G unsalus, 1976). 

M am m alian liver m icrosom al P450s do not appear to be as tightly coupled as the P450cam
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(G orsky et al., 1984; Porter and Coon, 1991). The lack o f effect o f substrates on -0 2 '  and 

H 2 O 2  production by m icrosom es containing the expressed CYP2E1 could be a reflection o f 

the spin state o f the CY P2E1; w hen isolated, CYP2E1 is in high spin state (K oop et al., 

1982), w hich apparently  results in transfer o f  electrons from  the reductase even in the 

absence o f substrates. W e have not yet been able to assess the spin-state o f  the expressed 

hum an CYP2E1 in M V h2E l-9  m icrosom es because o f its low content.

For lipid peroxidation, it is still unclear and controversial regarding the im m ediate 

initiator(s) o f the reaction. However, chelated iron, especially Fe-ATP, and reducing agent 

N A D PH  (H ochstein and Ernster, 1963) as well as N A D PH  reductase (Pederson and Aust, 

1972) are required. Cytochrom e P450 has also been shown to enhance lipid peroxidation in 

reconstitu tive system s (Ekstrom  and Ingelm an-Sundberg, 1984; M orehouse and Aust, 

1988). The oxidizing species responsible for initiation o f lipid peroxidation in m icrosom al 

system s has been suggested to be -OH, ferryl, or perferryl types o f  oxidants, or ferrous- 

ferric oxygenated com plexes w ith m axim al effectiveness when ferrous-ferric redox states 

are equivalent (Braughler et al., 1986; M inotti and Aust, 1987; Ryan and Aust, 1992). We 

show ed in this thesis that cytochrom e P450-2E1, the m ost leaky P450 enzym e, could 

in itiate  a h igh lipid peroxidation  in the m icrosom es from  C Y P2E 1-transduced  hum an 

hepatom a cells in the presence o f low iron concentrations. This lipid peroxidation could not 

be inh ib ited  by SOD or catalase im plying -0 2 ", -OH and H 2 O 2  are not required  in this 

reac tion . T herefore, the m echanism  for C Y P2E 1-enhanced  lip id  pe rox ida tion , e .g ., 

reduction o f the iron catalyst, degradation o f lipid hydroperoxides, still rem ains to be 

answ ered.



C. Cytotoxicity of Acetaminophen in MVh2E1-9 Cells

The prim ary goal o f this series of study was to investigate the toxicity o f A PA P in a 

hum an liver cell line w here the m ajor or only significant cytochrom e P450 isoform  is 

hum an CY P2E1. The previous extensive studies on APAP toxicity were m ostly carried out 

in anim al m odels where many P450 isozym es are present, several o f w hich are capable o f 

m etaboliz ing  A PA P, e.g., 2E1, 1A2 and 3A4 (Patten et al., 1993; R aucy et al., 1989; 

Thum m el et al., 1993). D irect linkage betw een APAP m etabolism  by hum an CYP2E1 and 

A PA P cytotoxicity  has not been conclusively dem onstrated in a controlled culture system  

with a hum an liver-derived cell line. Recently, M apoles et al. established a stable cell line, 

D B -7, that expresses hum an CY P2E1 in neuroblastom a P C -12 cells and show ed that 

A PA P could cause cytotoxicity in the transfected cells but not in the parental P C -12 cells 

(M apoles et al., 1993). W e utilized our hum an hepatom a H epG 2 subline, M V h2E l-9 , that 

w as tran sduced  w ith  hum an CY P2E1 cD N A  using  a re trov irus shuttle  vec to r and 

constitutively expresses the hum an CYP2E1 to study A PA P cytotoxicity in a hum an liver 

derived  cell line. An advantage o f  this m odel is the stable, constitu tive expression  o f 

C Y P2E1, in contrast to the rapid decline in this isoform  in cell culture. A PA P induced 

cytotoxicity in M V h2E l-9  cells but not in the control M V-5 cells. Since the only difference 

betw een these two cell lines is the expression o f functionally active CY P2E1, these results 

indicate that hum an CYP2E1 indeed plays an important role in A PAP-induced cytotoxicity. 

The A PA P-induced  toxicity  in th is system  requires G SH  depletion (F ig u re  12). This 

differs from  the P C -12 m odel, in which GSH depletion was not essential to reveal A PA P 

toxicity (M apoles et al., 1993). This could be explained by the fact that P C -12 cells have 

low G SH  contents relative to HepG 2 cells and therefore are considerably m ore vulnerable 

than HepG2 cells to reactive species produced inside the cell.
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CYP2E1 has been shown to m etabolize A PA P to a reactive interm ediate, NA PQ I, 

that can covalen tly  bind to thiol groups o f ce llu lar pro teins and cause cy to tox icity  

(V erm eulen et al., 1992). P roof that the cytotoxicity  produced by A PA P is due to the 

presence o f CYP2E1 in M V h2E l-9  cells is the fact that CYP2E1 ligands such as 4-M P, 

com petitive  substrates such as ethanol and inhibitors such as DAS prevented A PA P- 

induced toxicity  in M V h 2 E l-9  cells (Table 9). The effect o f ligands and substrates on 

CY P2E1-catalyzed activities in cell cultures is complex; the same com pound, under certain 

conditions, may inhibit or may display an enhancing effect on APAP toxicity. For example, 

in one study, isoniazid inhibited A PA P toxicity (Anundi et al., 1993), but in another study, 

it potentiated the toxicity (Burk et al., 1990). This can probably be explained by the dual 

effect o f 2E1 ligands on the content or activity o f CYP2E1 and hence on the bioactivation 

o f A PA P by CY P2E1. One effect by ligands is to stabilize the P450 against degradation; 

this should enhance the A PA P toxicity. The second effect is to com pete with and thereby 

inhibit the m etabolism  o f  substrates like A PA P by CY P2E1; this should b lock  A PA P 

toxicity. The final balance betw een the tw o w ould determ ine the direction o f  the ligand 

effect on the A PA P toxicity in vivo or in cell culture. A lthough 4-M P and ethanol were 

found to increase the content o f CYP2E1 in the M V h2E l-9  cells probably by stabilizing the 

2E1 against degradation, these agents, nevertheless, prevented the A PA P cytotoxicity  in 

our system  (Table 9) presum ably due to their com petitive inhibition o f  A PA P m etabolism , 

as validated by studies on adduct form ation (Table 11).

The m olecular m echanism  underlying the hepatotoxic effect o f  A PA P has been 

extensively studied since the initial studies by M itchell and co-workers (Jollow et al., 1973; 

M itchell et al., 1973; Potter et al., 1973). It has been generally  accepted that covalent 

binding o f  the reactive m etabolites o f A PA P to thiol groups o f  proteins follow ing GSH 

depletion initiate the A PA P-induced hepatotoxicity (V erm eulen et al., 1992). Recently, 

Pum ford et al. estab lished  an im m unochem ical m ethod to detect 3 -(cyste ine-S -y l)-
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paracetam ol adducts to serum  protein and dem onstrated a good correlation betw een adduct 

form ation and hepatotoxicity in vivo (Pumford et al., 1989). In the present study, depletion 

o f  G SH  increased  A PA P adduct form ation  in M V h 2 E l-9  cells (T a b le  11), w hich 

correlates w ith the increased cytotoxicity produced upon GSH depletion (F ig u re  13). N- 

acety lcysteine by either prom oting GSH  production or by its own reactiv ity  decreased 

A PA P adduct form ation and also significantly prevented the A PA P toxicity. Sim ilarly, 4- 

M P and ethanol prevented or decreased APAP adduct form ation, and also prevented APAP 

toxicity . A lbano et al. (A lbano e t al., 1985) found that treatm ent o f  hepatocytes w ith 

N A PQ I in the presence o f  BCN U , a GSH depleting agent, produced significantly  m ore 

toxicity than the non-B C N U -treated control, how ever covalent binding was unaffected  by 

the BC N U  treatment. This is probably because the high concentration o f N A PQ I used (250 

|iM ) already saturated the system  under their experim ental condition. B esides covalent 

binding  to cytosolic G SH  and proteins, A PA P m etabolites w ere also show n to b ind to 

m itochondria l G SH  and pro teins w hich also  play a role in the induction  o f A PA P 

cyto toxicity  (T irm enstein and N elson, 1989). Indeed, the m itochondrial fraction o f the 

M V h 2 E l-9  cells contained labeled APAP adducts. Cytosolic A PA P adducts appear to  be 

m ore p rom inen t in the tox icity  produced  by A PA P (Pum ford  et al., 1989). U pon 

fractionation  o f the M V h 2 E l-9  cells, A PA P adducts w ere evenly  d istribu ted  in  each 

subcellular fraction o f the cell extract (T ab le  12).

A part from  covalent binding to intracellular GSH and proteins, A PA P m etabolites 

have also been proposed to be able to induce cellular oxidative stress after GSH depletion, 

resulting in lipid peroxidation and protein carbonyl form ation. Lipid peroxidation has been 

show n to occur in various m odel system s after adm inistration o f high concentration  o f 

A PA P (Albano et al., 1983; W endel and Feuerstein, 1981; Younes et al., 1986). It has also 

been show n that induction o f  cytochrom e P450 3A4 and depletion o f  G SH  after APAP 

adm inistration correlated with increased lipid peroxidation (W endel and Feuerstein, 1981).
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H ow ever, chelation o f  endogenous iron by desferioxam ine was shown to prevent A PA P- 

induced lipid peroxidation w ithout affecting hepatic necrosis in vivo (Y ounes and Siegers,

1985) o r in freshly-isolated hepatocytes (Devalia et al., 1982). In another study, the A PA P 

toxicity  in rat hepatocytes could be prevented by dith io threito l w ithout affecting  lipid 

peroxidation (Tee et al., 1986). A PA P and four derivatives o f A PA P all d isplayed equal 

tox ic ity  in hepatocy tes, bu t only  A PA P and its 3-m ethyl derivative  induced  lipid 

perox idation  (van de S traat et al., 1987). T hese data suggest that lipid perox idation  

accom panying A PAP-induced toxicity reflects the consequence rather than the cause o f  the 

c y to to x ic ity . In the p resen t study , A P A P -induced  tox ic ity  w as not p rev en ted  by 

propylgallate, a classical antioxidant (Table 10), or by trolox, a vitam in E analog (data not 

show n). T herefore, it appears that lipid peroxidation is not a m ajor factor in the A PA P 

cyto toxicity  to M V h2E l-9  cells, although further studies with antioxidant enzym es and 

reactive oxygen scavengers are required to further evaluate the role o f oxidative stress in the 

A PA P toxicity.

It was observed  that A PA P at a concen tration  as low  as 1 m M  inh ib ited  cell 

p ro liferation  in both M V h 2 E l-9  and M V-5 cells about 50%  com pared to the untreated  

control (Figure 12). This concentration o f APA P did not cause any toxicity as determ ined 

by LD H  leakage in either cell line even in the presence o f BSO. The fact that a significant 

anti-proliferative effect by A PA P is observed in M V-5 cells suggests that this effect by 

A PA P does not require CYP2E1. A  recent abstract (Navarro et al., 1994) also reported that 

as little as 0.5 m M  APAP resulted in a significant reduction in the rate o f replication o f 

H epa 1-6 cells. These cells lack P450 enzym es capable of activating APAP and the authors 

concluded  that A PA P is capable o f blocking cell grow th by a m echanism  that does not 

require P450 activation. The anti-proliferative effect o f APAP may be due to the direct 

action o f  A PA P on m itochondrial function, that is independent o f  cy tochrom e P450 

(H ongslo  et al., 1988; N azareth  et al., 1991). N azareth  e t al. (N azareth  et al., 1991)
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show ed that the m itochondrial phosphorylation potential decreased w ithin 30 m inutes after 

a d m in is t r a t io n  o f  10 m M  A P A P  to  ra t  h e p a to c y te s  u s in g  T P M P + 

(triphenylm ethylphosphonium ) as a probe and that treatm ent with a P450 inhibitor did not 

dim inish this effect o f APAP. A ddition o f cysteine to the system  did not alter the decrease 

by A PA P indicating  that this early  effect on m itochondrial function  w as not G SH - 

dependent. This is in agreement with observations that low concentrations o f APA P did not 

decrease the G SH  con ten t in the M V h 2 E l-9  cells (data not show n) a lthough  these 

concentrations inhibited cell grow th (F ig u re  12). In addition, the anti-proliferative effect 

o f A PA P is identical in the absence or presence o f BSO for both cell lines. Therefore, it 

seem s that A PA P has a dual toxic effect on hepatocytes. One is a P450-dependent effect in 

which A PA P is activated to form  reactive interm ediates such as N A PQ I that can deplete 

intracellular- GSH and oxidize protein thiol groups eventually resulting in a cytotoxic action 

on the cells. The second is a direct, P450-independent anti-proliferative effect w hich may 

be due to m itochondrial m alfunction, resulting in suppression o f oxidative phosphorylation 

and o f A TP synthesis, w hich subsequently  leads to an inh ib ition  o f  m acrom olecu lar 

synthesis and, thus, o f cell proliferation. This does not role out the possibility that A PA P 

m ay d irec tly  inh ib it key com ponents o f the cell rep lica tion  m achinery . U nder our 

experim ental conditions, the anti-proliferative effect o f A PA P is not in itse lf sufficient to 

cause cell death since the rem aining M V-5 cells are m orphologically intact and show little 

LD H  leakage. W hether the anti-proliferative effect o f A PA P is required  to reveal the 

cytotoxic effect o f APAP in M V h2E l-9  remains to be determined though NAPQI itself was 

shown to have a direct toxic effect in hepatocytes (Albano et al., 1985).

Calcium  has been im plicated as playing a key role in cell toxicity. Loss o f  calcium  

regulation is proposed to be the final com m on pathway to cell death in a variety o f system s 

(Farber, 1990; N icotera et al., 1990; Schanne et al., 1979). APAP adm inistration has been 

shown to cause a rise in total calcium  and free intracellular calcium  in the liver (Corcoran et
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al., 1988; Corcoran et al., 1987). Studies concerning the relationship betw een calcium  and 

toxicity suggest that calcium  plays a key role in A PAP-induced hepatic necrosis in vivo and 

in cytotoxicity in cultured hepatocytes (Landon et al., 1986; Ray et al., 1993). Experim ents 

w ere carried out to evaluate the role o f calcium  in M V h2E l-9  cells in the anti-proliferative 

effect o f  APAP that inhibits cell growth and division without cytotoxicity and the cytotoxic 

e ffec t o f  A P A P w hich  occurs th rough the m etabo lism  o f  A PA P by the transfec ted  

C Y P2E1. The calcium  channel blocker verapam il and the calcium /calm odulin antagonist 

chlorprom azine did not prevent the anti-proliferative effect o f A PA P and only slightly but 

not significantly  prevented the cytotoxic effect o f A PA P on M V h2E l-9  cells (T ab le  13). 

V erapam il at a concentration as high as 250 pM  did not inhibit acetam inophen adduct 

form ation in vivo or in cultured m ouse hepatocytes, but did prevent calcium  accum ulation 

and D N A  dam age (Ray et al., 1993). W hile it is in trigu ing  to speculate that calcium  

m etabolism  m ay play a key role in either the anti-proliferative effect or the cytotoxic effect, 

o r both  effects, by A PA P, neither verapam il nor chlorprom azine were protective in our 

cu ltu re  m odel. O ne possib le  p rob lem  w ith these ex p erim en ts  con cern s  the low  

concen trations o f verapam il and chlorprom azine w hich had to be used in the system ; 

unfortunately, higher concentrations o f these agents caused significant cytotoxicity  in the 

cu lture system  in the absence o f  APAP. Further studies using other types o f  calcium  

m odulators will be required to evaluate the relationship betw een calcium  and the A PA P 

toxicity in these HepG2 cell lines.

In sum m ary, these results indicate that following treatm ent with APAP, M V h2E l-9  

and the control M V-5 cells display a P450-independent suppression o f cell proliferation 

which m ay be due to a direct inhibitory effect o f APAP on cellular function. Treatm ent with 

A PA P in the presence o f BSO causes a cytotoxic effect in M V h2E l-9  cells but not control 

M V -5 cells. This cytotoxic effect is p revented by ligands and inhibitors o f CYP2E1 

indicating that it is dependent on the transduced CYP2E1. Cytotoxicity appears to correlate
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with A PAP-induced adduct form ation and not lipid peroxidation since agents which prevent 

adduct form ation also prevent cytotoxicity. This suggests a dual toxic effect o f  A PA P on 

M V h 2 E l-9  cells: an anti-proliferative effect w hich is P450-independent and a cytotoxic 

effect which is P450-dependent. The M V h2E l-9  cells appears to represent a useful and 

convenient cu lture m odel for studying C Y P2E 1-dependent vs. 2E 1-independent drug 

m etabo lism  and d rug-induced  tox icity , and the m o lecu lar m echanism s invo lved  in 

cytotoxicity.

D. Degradation of Human CYP2E1 in MVH2E1-9 Cells by CCI4

The hepatotoxicity associated with carbon tetrachloride has been extensively studied 

in various m odel system s. Centrilobular necrosis and fat accum ulation after CCI4  exposure 

characterize the hepatic dam age (Ishak et al., 1991; Jauhonen et al., 1982). A lthough the 

m echan ism  o f  CCI4  toxicity  is still not clear, generation o f C C I3 , in itiation  o f  lipid 

peroxidation  and covalen t binding o f m acrom olecules by CCI4  m etabolites have been 

im plicated in the process. CCI3 is generated by a reductive m etabolism  o f  CCI4  via P450- 

m ediated one electron transfer (Rechnagel and Glende, 1973). CCI3 may aism utate to give 

chloroform , form  covalent adducts to cellular m acrom olecules, and attack unsaturated fatty 

acids resulting  in lipid peroxidation (Brattin et al., 1985; K ornbrust and M avis, 1980; 

V illarruel et al., 1977). The toxicity  o f CCI4  was show n to be elevated  after ethanol 

treatm ent, probably due to the induction of CYP2E1 (Johansson and Ingelm an-Sundberg, 

1985; Strubelt et al., 1978; Teschke et al., 1984). Production o f chloroform  from  CCI4  

w as increased three-fo ld  in im idazole treated rabbits com pared to untreated  controls 

suggesting that CYP2E1 plays a key role in CCI4  m etabolism  (Johansson and Ingelm an- 

Sundberg, 1985). R abbit CYP2E1 has also been show n in a reconstituted system  to be 

100-fold m ore active than C Y P1A 2 and CY P2B 4 in in itiating  C C U -dependen t lipid
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peroxidation (Johansson and Ingelm an-Sundberg, 1985). Therefore, CYP2E1 seem s to be 

a key com ponent for bioactivation and hepatotoxicity o f CCI4 .

The content o f  CYP2E1 which controls the rate o f CCI4  m etabolism  and hence the 

degree o f  toxicity is regulated by a balance o f  continual synthesis and degradation o f  the 

enzym e. Bioactivation o f CCI4  by CYP2E1 has been reported to cause destruction and loss 

o f  2E1 in vivo and in cultured hepatocytes (Sohn et al., 1991; T ierney et al., 1992). Early 

studies suggested that a rapid decrease in P450 after CCI4  treatm ent was due to destruction 

o f  the hem e m oiety  o f  cy tochrom e P450 (E nglish  and A nders, 1985). S ohn  e t al. 

dem onstrated that the rapid decrease o f rat CYP2E1 by CCI4  was due to post-translational 

destruction o f CYP2E1 protein (Sohn et al., 1991). T ierney et al., using an in vivo  m ouse 

m odel, show ed that CCI4  treatm ent resulted in a com plete loss o f C Y P2E1-dependent PNP 

hydroxylation and a 75%  loss o f im m unochem ically detectable protein w ithin 1 hour o f 

adm inistration (Tiem ey et al., 1992). Ingelm an-Sundberg and co-w orkers using rabbit liver 

m icrosom es showed that C C ^-induced lipid peroxidation was CY P2E1-dependent and that 

C C I 4  a lso  caused  degradation  o f  the enzym e (E liasson  et al., 1990; Johansson  and 

Ingelm an-Sundberg, 1985). W hether human CYP2E1 is also post-translationally decreased 

after treatm ent with CCI4  has not been studied or characterized.

The hum an hepatom a subline, M V h2E l-9  cells, in w hich hum an CY P2E1 cD N A  

under the control o f  the viral LTR prom oter, constitutively and stably expresses CY P2E1. 

This cell line, unlike m ost in vivo anim al m odels, expresses only the transduced copy of 

the integrated P450 and, therefore, can be used for studies which avoid com plication from  

interactions with other isoforms o f  P450. This cell line produces catalytically active hum an 

CY P2E1 that oxidizes PN P, DM N, aniline and ethanol, and can also d isplay CY P2E1- 

dependent acetam inophen cytotoxicity  (described above). A lthough the half-life  o f  the 

transduced CYP2E1 in M V h 2 E l-9  cells has not been definitively determ ined, CYP2E1
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produced in this cell line can also be post-translationally stabilized by its substrates such as 

4-M P and ethanol (Carroccio et al., 1994).

In tracellu lar protein degradation has been o f great in terest in the past few  years 

since the discovery of ATP- and ubiquitin-dependent proteolytic system s in eukaryotic cells 

(H ershko and C iechanover, 1982). In contrast to in tracellu lar degradation o f  abnorm al 

proteins, oxidatively m odified proteins undergo degradation by a nonlysosom al ATP- and 

ubiquitin-independent proteolytic pathw ays in both eukaryotes and prokaryotes (Davies,

1986). C Y P2E1, like o ther oxidatively m odified proteins (Stadtm an, 1992), is proposed to 

be degraded  by a tw o-step  m echanism . In the first (lab ilization) step, the enzym e is 

lab ilized  to a cata ly tically  inactive form , w hich is subsequently  rapidly  deg raded  by 

intracellular proteases in the second (degradation) step. Treatm ent o f M V h2E l-9  cells with 

CCI4  in situ for 24 hours caused loss o f both 2E1 enzym e activity and 2E1 protein to 50% 

(Figure 17 and 18). The fact that the loss o f  2E1 protein and the decrease in 2E1 enzym e 

activity  were closely correlated  suggests that alm ost all the lab ilized  2E1 protein  was 

im m ediately degraded and rem oved from the endoplasmic reticulum.

In the first step, labilization o f 2E1 by CCI4  appears to involve b ioactivation  o f 

C C U by the P450 follow ed by covalent m odifications o f the enzym e by CCI4  m etabolites. 

The fact that 2E1 ligands such as 4-M P and com petitive substrates such as D M N  and 

ethanol significantly  prevented the loss o f enzym e activity (Table 15) and 2E1 protein 

(Figure 22) indicates that the C C l4 -induced inactivation and degradation o f  2E1 is due to 

interaction o f  CCI4  with CYP2E1 in M V h2E l-9  cells. The ability o f  CCI4  to inhibit PN P 

oxidation  in vitro and the increased form ation o f  CCI4  adducts in situ  and in vitro are 

reflections o f the interaction o f CCI4  w ith C Y P2E1. CY P2E1 -dependent CCI4  adduct 

form ation in situ and in the m icrosom al fraction is com pletely blocked by ethanol and/or 4- 

M P (Table 17). C C I3  is a key reactive product o f CCI4  m etabolism  by P450 isoform s



120

(R echnagel and G lende, 1973). -CC 13 radical can react w ith m olecular oxygen to form  

m ore reactive species such as the trichlorom ethylperoxyl radical. Both o f these products 

may directly attack intracellular macromolecules especially at the active sites where they are 

generated e.g., proteins such as 2 E 1 , thereby causing labilization and covalent m odification 

o f  the enzym e. These radicals are also able to attack unsaturated fatty acids to initiate lipid 

perox idation , w hich generates a variety  o f  lipid radicals. T herefore, these secondary 

rad icals  m ay attack  C Y P2E 1, oxidatively  m odify and m ark  the enzym e fo r further 

degradation. N-acetylcysteine and PBN react with a variety o f reactive species. The failure 

o f  these tw o agents to prevent degradation o f CYP2E1 suggests that the reactive CCI4  

m etabolites are generated at the active site o f CYP2E1 w here they are not accessib le to 

scavenging by these agents.

L ipid peroxidation is know n to cause degradation o f  P450 isoform s (G uengerich, 

1978; Levin et al., 1973; W ills, 1971) and incubation o f m icrosom es from  M V h2E l-9  cells 

w ith N A D PH  plus ferric/A T P indeed prom oted lipid peroxidation  and degradation  o f 

CY P2E1. A lthough extensive studies have been reported regarding the ability o f CCI4  to 

in itiate  lipid peroxidation, T B A -reactive m aterials w ere not detected  after incubating 

m icrosom es o f M V h2E l-9  cells w ith CCI4 . The absence o f a significant C C U -catalyzed 

form ation o f TB A -reactive m aterials is surprising and m ay reflect a variety o f  factors. A 

com parison o f production o f TB A -reactive m aterials by rat and hum an liver m icrosom es 

indicated that hum an m icrosom es were only 1 0 % as reactive as rat m icrosom es in form ing 

T B A -reac tive  m ateria ls under the sam e experim ental cond itions (R ashba-S tep  and 

Cederbaum , 1994), suggesting that the fatty acid com position may be different in rat liver 

and hum an liver (espec ia lly  H epG 2) m icrosom es, o r the con ten t o f  m em branous 

antioxidants such as vitam in E m ay be higher in hum an m icrosom es, or the 3- to 4-fold 

low er content o f total hum an P450 and activity o f  N A D PH -cytochrom e P450 reductase 

may be responsible for the lower rates o f the form ation o f TB A -reactive m aterials. A lower
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content o f P450 w ould be especially notable in the M V h2E l-9  cells w here the content o f 

C Y P2E1, the m ajor P450 present, is still less than 15% that o f hum an liver m icrosom es 

and less than 5% that o f  rat liver m icrosom es even after treatm ent w ith PM A  (CYP2E1 

content o f about 30 to 40  pm ol/m g m icrosom al protein). A nother possibility  m ay be the 

suscep tib ility  o f hum an CY P2E1 to CCI4  m etabolites, i.e., the rap id  inactiva tion  o f 

CY P2E1 by CCI4  m etabolites, w ould not leave a sufficient residual am ount o f  radicals to 

in itia te  lipid peroxidation . The inability  o f  CCI4  to prom ote lip id  perox idation  is in 

agreem ent with the lack o f protection by antioxidants such as A -acetylcysteine, PB N  or 

propylgallate against the loss o f the enzym e activity or enzym e content in M V h 2 E l-9  cells 

(Table 16). W e recently  dem onstrated  that in hum an liver m icrosom es C C U -induced  

inactivation o f CYP2E1 could not be prevented by the potent antioxidant boldine, w hereas 

ferric-A TP catalyzed inactivation o f CYP2E1 was prevented by boldine (K ringstein and 

C ederbaum , 1994). T herefore, a lthough lipid peroxidation  is su ffic ien t fo r m arking 

CYP2E1 for degradation in vitro, it does not appear to play a significant role in the CCI4 - 

m ediated m arking o f  CYP2E1 in hum an liver m icrosom es or in M V h 2 E l-9  cells; rather 

direct attack by CCI4  metabolites would appear to play the m ajor role in labilizing CYP2E1.

Phosphorylation o f rat CYP2E1 at a serine residue has recently  been reported by 

E liasson  et al. to be im portant for recognition  o f the m arked enzym e by a protease 

degradation system  (Eliasson et al., 1990), suggesting labilization o f 2E1 m ay also occur 

outside the active site o f the enzym e. This may be relevant under physiological rather than 

toxicological conditions. In vitro proteolysis experim ents show ed that the phosphorylated 

2E1 is rap id ly  degraded  by A T P-dependen t pro teases in the m icrosom al fraction , 

suggesting the proteases for degrading the m arked 2 E 1 is present in or tightly associated 

w ith the endoplasm ic reticulum  (Eliasson et al., 1992). Tw o such proteases have recently 

been purified  from  rat liver m icrosom es. T ierney et al. using an in vivo m ouse m odel 

show ed that 2E1 inactivated by CCI4  and 3-am inotriazole was rapidly rem oved from  the
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endoplasm ic reticulum  while the 1 -am inobenzotriazole inactivated enzym e was not rapidly 

degraded (Tierney et al., 1992). In this m odel they detected production o f  high m olecular 

w eight ubiquitin-conjugated m icrosom al proteins following CCI4  treatm ent (Tierney et al., 

1992). These data im ply that the second step o f degradation may involve m ore than one 

proteolytic pathway. In the present study, we used protease inhibitors added to M V h2E l-9  

cu lture along w ith CCI4  to attem pt to identify that protease system  in the H epG 2 cells 

which degrades the CCU-labilized CYP2E1. A variety o f inhibitors o f lysosom al proteases 

including E-64, leupeptin, chloroquine and N H 4 CI were found to protect against the CCI4 - 

induced  degradation o f CYP2E1 (Figure 23). This suggests a role for the lysosom es in 

degrading the CCU -labilized hum an CYP2E1 in the H epG 2 cells, w hich is in contrast to 

the ro le o f m icrosom al A T P-dependent protease or the ubiquitin  system  found to be 

im portant in degrading CC U -labilized CYP2E1 in rat liver studies. U nder conditions in 

w hich CCI4  inhibited oxidation o f PN P by isolated m icrosom es, we did not find CCI4 - 

induced degradation  o f CY P2E1 even after addition o f A TP plus M g2+ (Figure 21). 

T hese results suggest the absence o f A T P-dependent proteases in H epG 2 m icrosom es 

which can degrade CCU-labilized CYP2E1 or a difference in labilization by CCI4  o f  human 

versus rat CYP2E1, or an important role for CCU-catalyzed lipid peroxidation w ith rat liver 

m icrosom es in enhancing the susceptib ility  o f lab ilized  CYP2E1 to the m icrosom al 

proteases.

U nder conditions in w hich CCI4  caused inactivation o f CY P2E1, there w as no loss 

o f  viability o f the M V h2E l-9  cells as assayed by release o f lactic dehydrogenase into the 

m edium  (data not shown). A nother hepatotoxic agent known to be activated by CY P2E1, 

acetam inophen, did cause a loss o f v iability  o f the M V h 2 E l-9  cells; acetam inophen, 

how ever, did not inactivate  or cause degradation  o f CY P2E1 (Figure 19). T hese 

differences betw een CCI4  and acetam inophen may reflect the disposition o f the prim ary 

m etabolites produced from  these tw o hepatotoxins. The benzoquinone im ine produced
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from  acetam inophen activation by P450 is know n to be released from  the endoplasm ic 

reticulum  into the cellular environm ent where it forms adducts in various cellular fractions, 

especially  the cytosol (Pum ford et al., 1989). Indeed, we found that the cytotoxicity  and 

protein adducts produced by acetam inophen in the M V h2E l-9  cells w ere prevented by 

G SH , yV-acetylcysteine and PBN. Release o f benzoquinone im ine, in contrast to CCI4  

m etabo lites, from  the active site  o f  CY P2E1 probably  exp la ins w hy CC I4  bu t not 

acetam inophen causes inactivation o f CYP2E1 in this experim ental m odel. S tudies to 

m easure the distribution o f l4 C-labeled CCI4  protein adducts w ould be helpful to test this 

suggestion.

In sum m ary, these results indicate that follow ing treatm ent in situ w ith CCI4 , both 

enzym e activity and protein content o f CYP2E1 in M V h2E l-9  cells were decreased by 

about 50% . This loss o f  enzym e activity and protein was m agnified by the sim ultaneous 

addition o f cyclohexim ide in culture to prevent new protein synthesis suggesting that the 

process was due to post-translational protein degradation. The fact that CYP2E1 ligands 

and substrates such as 4-M P, DM N and ethanol prevented both the loss o f enzym e activity 

and 2E1 protein indicate that bioactivation o f CCI4  by CYP2E1 may be required as an initial 

step in the degradation o f the P450. Inhibitors o f lipid peroxidation did not prevent the 2E1 

degradation by CCI4  implying that lipid peroxidation is not required for 2E1 degradation in 

this m odel, although it may be sufficient to induce 2E1 degradation in vitro. A ntioxidants 

such as N -acetylcysteine and PBN were not protective, suggesting that the reactive CCI4  

species responsible for labilizing CYP2E1 were probably generated at the active site and 

not released for scavenging by these agents. The form ation o f radioactive CCI4  adducts in 

both cultured M V h2E l-9  cells,

as well as its m icrosom es, suggests that reactive m etabolites were produced which are able 

to attack in tracellu lar m acrom olecules such as C Y P2E1, and that the lab ilized  hum an
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CY P2E1 is degraded by proteases, including lysosom al proteases, present in the HepG 2 

cells.
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