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ABSTRACT

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

by
Qi Chen
Adviser: Professor Arthur I. Cederbaum

Menadione generates reactive oxygen intermediates and causes oxidative
injury. Preincubation of Hep G2 cells with low, non-toxic concentrations of
menadione increased the viability of the cells against toxic doses of
menadione or H,O,. Menadione activated NF—«B, and this activation was
prevented by antioxidants or salicylate. Transfection with an expression
vector containing cDNA encoding mouse IxBp resulted in increased toxicity
by menadione. An increased level of glutathione (GSH) was observed after
menadione pretreatment; this increase was blocked by salicylate, thereby
linking the GSH increase to activation of NF-xB by menadione. This study
suggests that menadione pretreatment protects Hep G2 cells from oxidative
injury through an NF—«kB related mechanism, which may involve, in part,

increased production of GSH.

Arachidonic acid produced a concentration- and time-dependent toxicity to
previously established E9 cells, which express cytochrome P4502E1

(CYP2E1), but little or no toxicity was found with control MV5 cells, which
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were infected with retrovirus lacking CYP2E1 cDNA. In contrast to
arachidonic acid, oleic acid was not toxic to both subclones. The
cytotoxicity of arachidonic acid appeared to involve lipid peroxidation, the
toxicity was enhanced after depletion of cellular glutathione, and toxicity
was prevented by the antioxidants. The CYP2E1-dependent arachidonic acid
toxicity appeared to involve apoptosis. Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), which prevented toxicity of
arachidonic acid, also prevented the apoptosis, suggesting a role for lipid
peroxidation to apoptosis. Transfection with a plasmid containing bcl-2
cDNA resulted in complete protection against the CYP2E1l-dependent
arachidonic acid toxicity. This study reproduced several of the key features
associated with ethanol hepatotoxicity in the intragastric infusion model of

ethanol treatment.

New Hep G2 subclones were established by transfecting Hep G2 cells with
various vectors and limited dilution screening. Experiments demonstrated a
growth inhibition effect and a cytotoxic effect of CYP2E1 in E47 and E43
cells, which express CYP2E1 at levels 4-10 times higher compared to the
previously established E9 cells. These effects occur in the absence of
externally added toxin or agent and therefore are directly due to high levels
of expression of CYP2E1 itself. The slow growth may be a result of
mitochondrial damage, the need to maintain cellular GSH level, and lower
level of intracellular ATP content. The cytotoxicity is apoptotic in nature,
and is initiated by the depletion of GSH by CYP2E1-related oxidative stress

and elevated lipid peroxidation. The direct toxicity of overexpressed
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CYP2E1 is probably a reflection of the ability of this isoform to produce
reactive oxygen species (ROI) even in the absence of substrate. It would be
anticipated that substrates which are oxidized by CYP2E1l to reactive
metabolites, e.g. ethanol, acetaminophen, and CCl,, or PUFA which
produces elevated lipid peroxidation in the presence of CYP2E1, would
show strong toxicity in the E47 and E43 cells. Preliminary studies showed
that these agents are indeed strongly toxic in the E47 cells even without the

necessity of depleting cellular GSH.
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[methyl-amino]-B-L-arabinopyranosyl-A-streptamine,
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. GSSG
s :tNOS
= LDH

s Me,SO
= MDA
s«  MEM
« MN

. MTT

. MYV5

. NAC

. neo

. NaSal
. PAGE
. PBS

. PDTC
. PKC
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. PNP

Vil

glutathione, oxidized form
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lactate dehydrogenase

(CH,),SO

malondialdehyde

minimum essential medium
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CYP2E1 cDNA
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. PUFA polyunsaturated fatty acid

. ROI reactive oxygen intermediate

. SOD superoxide dismutase

. TMPD tetramethyl-p-phenylenediamine

. TNF-a tumor necrosis factor-alpha

. Trolox 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid

. TUNEL terminal deoxynucleotidyltransferase-mediated dUTP

nick end labeling

. VitE vitamin E
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INTRODUCTION

The overall goal of the current project is to study the cytotoxicity of
cytochrome P4502E1 (CYP2E1, CYP is the standard abbreviation for
cytochrome P450) and menadione on hepatocellular carcinoma Hep G2 cell
lines. Both CYP2E1 and menadione induce oxidative stress to Hep G2 cells
and cause cytotoxicity; Hep G2 cells respond to the oxidative stress by
upregulating one of their self-defense systems, increasing glutathione
production. CYP2E1 toxicity was studied with the Hep G2 subclones
transduced to express human CYP2E1 (Dai et al., 1993; reviewed by Chen
and Cederbaum, 1997a). Arachidonic acid, as a representative
polyunsaturated fatty acid (PUFA), was added to the system to promote
lipid peroxidation which induces apoptosis (Chen et 4/, 1997; Chen and
Cederbaum, 1997c). New Hep G2 subclones expressing higher level of
CYP2E1 were also established to explore the direct toxicity of CYP2E1
itself to Hep G2 cells (manuscript in preparation). To study to the effect of

oxidative stress on NF-kB activation and upregulation of self-defense

mechanism, menadione, as well as H,O,, cytotoxicity to Hep G2 was studied
and served as a model for further exploring the complexity of cytotoxicity
involving CYP2E1. Menadione is toxic by a mechanism involving redox
cycling and is independent of CYP2E1. Menadione toxicity was studied with
regular Hep G2 cells, which are lacking CYP2E1 (Chen and Cederbaum,
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1997b). In this model, the role of NF-xB activation by oxidative stress in
protecting cells from further oxidative damage and increased glutathione

production were studied.

yo i T NS R e 2 P TN AT o <
R g0, [ P - i
paaecs - i o T i L e o 1w L ke LT S s e

Partially reduced intermediates formed from the initial univalent reduction
of O, are reactive and toxic in biological systems. These intermediates
include superoxide anion, hydrogen peroxide, and hydroxyl radical
(Buechter, 1988). Generally, enzymes such as cytochrome oxidase do not
allow these intermediates to dissociate from them to become free radicals in
the living system. However, some of these intermediates dissociate from
enzymes or autooxidizable chemicals and cause extensive cellular damage
(Fridovich, 1982; Ingraham, 1985; Paine, 1978). The reduction of molecular
oxygen includes four electron transfer steps. Superoxide radical is generated
by accepting one electron from a donor; hydrogen peroxide is generated by
accepting a second electron; hydroxyl radical is generated by accepting the
third electron; and water is the final product after accepting all four
electrons. In addition to oxygen, a number of exogenous compounds, such
as menadione and a number of other redox cycling agents can be
metabolized to reactive species, which may also result in oxidative injury. As
summarized in Scheme I, menadione (vitamin K3, 2-methyl-1,4-
naphthoquinone) could be reduced by NADPH-P450 reductase, NADH
dehydrogenase, and other flavoproteins iz vivo to generate the menadione

semiquinone radical (Ernster et al., 1962). This radical itself may directly

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



react with other cellular constituents to cause injury. It may also recycle
back to menadione by rapid reaction with molecular oxygen to yield
superoxide radical. The cytotoxicity of menadione appears to be associated
with superoxide generation, protein thiol oxidation and alteration in the
Ca** homeostasis (DiMonte et al., 1984a; 1984b). Menadione may also cause
toxicity due to depletion of GSH by conjugate formation, e.g.
naphthoquinones such as menadione react readily with GSH to form
glutathione conjugates; up to 20 % of the GSH in hepatocytes may be
consumed by its direct reaction with menadione to form 2-methyl-3-

glutathionyl-1,4-naphthoquinone (Wefers and Sies, 1983; Smith ez al., 1985).
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To protect themselves from oxidative injury, organisms have evolved
protective systems to convert the ROI to less reactive components. These
systems include several enzymes, such as superoxide dismutase (SOD),
catalase, glutathione peroxidase, and glutathione reductase, and cellular
antioxidants, such as glutathione (GSH), vitamin C, and vitamin E. SOD
(eukaryotes contain two types of SOD, a cytosolic Cu/Zn-SOD and a
mitochondrial Mn-SOD) acts as a protective protein by converting
superoxide to H,0,. Catalase usually localized in peroxisomes converts
H,O, to water and oxygen. Glutathione peroxidase removes the H,O, by
utilizing GSH (which is oxidized to GSSG and reduced back to GSH by

glutathione reductase).

Glutathione is an important component of the anti-oxidative defense system
of mammalian cells. GSH may function as a direct radical scavenger and for
the removal of H,0, and lipid hydroperoxides by glutathione peroxidases.
To protect themselves against oxidative stress, cells can upregulate their
antioxidant defense systems, e.g. many cells respond to oxidative stress by
increasing production of GSH. Menadione and 2,3-dimethoxy-1,4-
naphthoquinone, redox cycling quinones, have been shown to increase the
activity of y-glutamylcysteine synthetase, the rate limiting enzyme in GSH
synthesis (Shi et at., 1994; Ochi, 1996). Incubation with L-DOPA or
dopamine induced a rise in GSH level in mesencephalic cell cultures, which
resulted in a protective effect against a toxic agent, t-butyl-hydroperoxide

(Han et al., 1996).
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Alcohol and: Cytochrome-P4602E1.

Alcohol is a widely consumed organic compound. Liver is the primary organ
which metabolizes ethanol and plays a very important role in the ethanol
oxidation (Diluzio, 1964; 1968; Lieber, 1988; 1990; Lieber and DeCarli,
1968; 1970). Liver alcohol dehydrogenase oxidizes the ethanol to
acetaldehyde, which is subsequently oxidized to acetate. Acetaldehyde can
directly damage the targeted tissue and cause acute toxic effects and

symptoms (Goedde and Agarwal, 1989).

Ethanol metabolism may also involve the cytochrome P450 enzymes.
Cytochrome P450 was first identified as a CO-binding pigment in the liver
with an absorbance peak around 450 nm (Klingenberg, 1958; Garfinkle,
1958). The pigment was further characterized as a heme protein (Omura and
Sato, 1961; 1964a; 1964b). Many cytochrome P450 isozymes have been
identified thereafter (Gonzalez, 1989; Guengerich, 1987). There are around
150 known isozymes which are classified into 27 families, 10 of which exist
in mammals (Gonzalez, 1992; Nebert et 4/, 1991). The 10 mammalian
cytochrome P450 families, containing 18 subfamilies, have been categorized
into two genres: those involved in synthesis of steroids and bile acids
including families 7, 11, 17, 19, 21, and 27; and those involved in
metabolism of xenobiotics including families 1, 2, 3, and 4. CYP2E1, the
ethanol-induced form, has received specific attention because of its
inducibility by acute and chronic alcohol ingestion and its ability of
oxidizing ethanol and activating a number of hepatotoxins in the liver.

These hepatotoxins, after activation by CYP2E1, cause severe liver injury,
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which may lead to a variety of alcohol-related diseases under different
circumstances. These hepatotoxins include industrial solvents such as
benzene (Johansson and Ingelman-Sundberg, 1988) and carbon tetrachloride
(Johansson and Ingelman-Sundberg, 1985; Guengerich, 1991), drugs such as
acetaminophen (Morgan et «l, 1983) and isoniazid, carcinogens and
procarcinogens such as nitrosamines (McCoy and Koop, 1988; Sohn et al,
1991; Yang et al., 1990), as well as ethanol itself (Koop and Coon, 1986).
The toxic effects of ethanol may come from its metabolite acetaldehyde,
direct radical intermediates of ethanol such as the 1-hydroxylethyl radical
(CH3CH®OH), other ROI such as superoxide and H,O, generated from the
reactions of the cytochrome P450 cycle, or initiation of lipid peroxidation

when PUFA is present.

Substrates such as ethanol or acetaminophen will bind to the oxidized form
of cytochrome P450. In a microsomal system, cytochrome P450, with or
without substrate binding, can accept electrons either from P450 reductase,
which accepts electrons from NADPH or from cytochrome b, which accepts
electrons from NADH through cytochrome 5; reductase. Molecular oxygen
binds to ferrous cytochrome P450 with a K, of ~ 10 M. The [Fe?*-O,]
complex has a resonance form of [Fe’*-O,] complex in which an electron is
transferred from the iron to the oxygen. The latter decays to produce a
ferric cytochrome P450-substrate intermediate and releases a superoxide
radical. The decay of oxygenated cytochrome P450 appears to be a major
source of superoxide radical, which will form a hydroxyl radical in the

presence of iron. Scheme II (Coon et 4l., 1992) outlines the catalytic
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mechanism of cytochrome P450. Importantly, relative to other cytochrome
P450 isoforms, CYP2EL1 is relatively uncoupled with high rates of O, uptake
and NADPH consumption (Ingelman-Sundberg and Johansson, 1984).
Studies from several laboratories have shown that microsomes from ethanol-
treated rats are more reactive than pair-fed controls in generating
superoxide and H,0O,, and in interacting with iron to yield potent oxidizing
agents such as ®OH and initiators of lipid peroxidation. This increased
activity was shown to be due to induction of CYP2E1 (reviewed in

Cederbaum 1987; 1989; 1991; 1994).
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cellular metabolism, clearly have effects on multiple cell types and

organisms (Davies et al., 1994). Bacteria such as Escherichia coli can develop
resistance to normally lethal concentrations of H,O, by induction of a series
of defense and repair enzymes. Those genes are induced by pretreatment of
H,0, (Demple and Halbrook, 1983). Adaptive responses to the oxidative
stress of H,0O, in yeast Saccharomyces cerevisciae strain RZ53 could increase the
viability against a higher dose of H,O, (Davies et al., 1994). It has also been
indicated that eukaryotic cells are capable of transient adaptive responses to
oxidative stress (Gupta and Bhattacharjee, 1988; Laval, 1988; Lu et al., 1993;
Spitz et al., 1995). Preincubation of mammalian cell lines, such as Chinese
hamster ovary fibroblast CHO cells, embryonic mouse fibroblast C3H 10T%
cells, Chinese hamster lung fibroblast V79 cells, and rat liver epithelial
Clone 9 cells, with relatively low doses of H,O, have also been found to

increase the resistance of those cells to H,O, (Wiese et 4l., 1995).

NF-xB was first characterized in mature B and plasma cells as a nuclear
protein binding specifically to a 10-bp sequence (GGGGYNNCCY) in the «

intronic enhancer (Sen and Baltimore, 1986a; 1986b). Subsequent studies

revealed that NF-kB exists virtually in all cells, and activation of NF-xB
leads to regulation of a variety of genes indicating a significantly broader

role for the NF-kB. NF-xB is a multisubunit transcription factor and can
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rapidly activate the expression of genes involved in inflammatory, immune,
and acute phase responses. Target genes regulated by NF-kB include:
immuno-regulatory cytokines such as TNF-a, IL-2, IL-6, B-IFN and GM-
CSF; MHC class I antigens and IL-2 cytokine receptor; and acute phase
protein. In most cells, NF-kB is present in a non-DNA-binding cytosolic
complex which contains p50, p65, and a third inhibitory subunit IkB.
Treatment of cells with various conditions leads to the dissociation of the
cytoplasmic complex and the translocation of free NF-xB to the nucleus
(Baeuerle et al., 1988). Therefore, NF-xB serves as a signal transducer by
carrying information from external agents directly to the nucleus. NF-«xB is
classically recognized as a heterodimer consisting of p50 (NFKB1) and p65
(RelA) subunits; however, recent studies have show that they are members
of a larger family, known as the Rel family. In addition to p50 and pé5, the
Rel family also includes p52/p100 (NFKB2), p105 (p50 precursor), Rel-B,
the oncogene v-rel and the corresponding protooncogene c-re/, and the
Drosophila morphogen dorsal. NF-xB can also be loosely described as a

homo- or heterodimer of Rel proteins (Kopp and Ghosh, 1995). A
conserved, N-terminal, 300-amino-acid segment, termed the Rel homology
(RH) domain, is responsible for DNA binding, dimerization, activation and

NF-xB/IxB interaction.

IxB binds to NF-kB, and therefore retains NF-kB in the cytoplasm in an

inactive form (Baeuerle and Baltimore, 1988a, 1988b). IxB is 2 member of
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another group of proteins. These proteins contain multiple conserved
ankyrin repeats, which are thought to interact with the Rel domain of NF-

kB (Davis et al., 1991; Haskill et al., 1991; Franzoso et al., 1992). Currently,
the IxB family consists of IxkBa/MAD-3, IxBf, IxBy, and Bcl-3. The
mechanism of NF-xB activation and its molecular details are yet to be

clarified. Studies have suggested roles for phosphorylation and proteolysis

in the rapid degradation of IkB subunit. Among the IkB family, IkBa, a 36-
38 kDa protein, is mainly responsive to transient activation of NF-xB by
some agents such as PMA and TNF-a; the rapid phosphorylation followed
by degradation of IkBa leads to activation of NF-kB, which can also
activate the expression of IkBa (autoregulatory feedback loop). The up-
regulated IxBa is responsible for shutting down the NF-kB response.
(reviewed by Baeuerle and Henkel, 1994; Kopp and Ghosh, 1994). IkBB, a

45 kDa protein, appeared to be responsible for persistent activation of NF-

kB, since IxBP is not up-regulated upon induction of NF-xB. LPS and IL-1
lead to the loss of both IxBa and IkBp proteins, while PMA and TNF«

affect only IxBa.

The phorbol ester 12-myristate 13-acetate (PMA), an activator of protein

kinase C (PKC), may activate NF-kB. PKC reacts with cytoplasmic or
partially-purified NF-xB/IkB complex eventually causing activation of

DNA-binding by NF-xB. Furthermore, treatment of IxB with PKC blocks
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the inhibitory effect of IkB. Scheme III shows the suggested NF-xB

activation pathway.
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Lipidiperoxiditionand’Apoptosis: = - -- -
The importance of dietary fat in alcoholic liver disease in humans 1s

supported by epidemiological correlations which suggest that susceptibility
to alcohol is related to different types of dietary fat (Nanji and French,
1985; 1986). A major advance in ethanol hepatotoxicity studies has been the
development of the intragastric infusion model of ethanol feeding, which
leads to more significant liver injury than the classical liquid diets (French,
1992; Takahashi et 2l., 1992; Tsukamoto and French, 1993; French et 4l.,
1993; Nanji et al., 1993; Tsukamoto et 4l., 1995). Liver injury occurs in this
model when the rats consume diets containing PUFA but not saturated fatty
acid. In these models, large increases in lipid peroxidation have been shown
to correlate with CYP2E1 levels (French, 1992; Takahashi et 4/, 1992; Nanji
et al. 1993; Moromoto et al., 1993; Kukielka and Cederbaum, 1994;
Tsukamoto et al., 1995). The general hypothesis to account for the liver
injury with this model is that elevated production of reactive radical species
occurs due to induction of CYP2E1, and this results in lipid peroxidation
when the diet is supplemented with PUFA (French, 1992; Takahashi et 4.,
1992; Nanji et al. 1993; Moromoto et al., 1993; Kukielka and Cederbaum,

1994; Tsukamoto et al., 1995).

In attempts to directly demonstrate that overexpression of CYP2E1l can
result in hepatotoxicity of various agents, a Hep G2 cell line which

constitutively expresses the human CYP2E1 was recently established (Dai et
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al., 1993). ESR spectroscopy showed that microsomes from E9 cells which
express CYP2E1 produced superoxide radicals at rates about 10-fold greater
than those from MV5 cells which do not express CYP2E1; rates of H,O,
production were about 3-fold greater with the E9 microsomes. Rates of
microsomal lipid peroxidation were also greater with the E9 cells (Dai et 4/,
1993). Ethanol and acetaminophen were shown to be toxic to E9 cells but
not MV-5 cells (Dai and Cederbaum, 1995; Wu and Cederbaum, 1996). This
model appears to be useful in efforts to establish a CYP2E1-dependent
hepatotoxicity system and to evaluate the role of oxidative stress in the
toxicity of compounds metabolized by CYP2E1, as well as to study the

mechanism of in vivo CYP2E1 degradation.

Increased lipid peroxidation has been implicated as being associated with
apoptosis, or programmed cell death. Direct exposure of various cell types
to oxidants such as hydrogen peroxide or lipid hydroperoxides can directly
induce apoptosis; in many experimental models pretreatment of the cells
with antioxidants has been shown to protect against this form of cell death
(Talley et al., 1995; Nobel ez 4l., 1995; Lin et al., 1995; Weltin et al., 1996).
The morphological changes associated with apoptosis include condensation
of nucleoplasm and cytoplasm, blebbing of cytoplasmic membrane, and
fragmentation of cell into apoptotic bodies that are rapidly phagocytosed by
neighboring cells (Kerr, 1971; Wyllie et 4/., 1980). The biochemical markers
of apoptosis include DNA fragmentation into nucleosomal fragments
(Willie, 1980), activation of the ICE-family proteases (Schlegel et al., 1996;

Duan et al., 1996; Wang et al., 1996), and cleavage of various substrates of
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ICE-family proteases, including PARP (Tewari et al., 1995; Nicholson et 4.,
1995), SREBPs (Wang et al, 1995, 1996), nuclear lamin (Lazebnik er 4/.,
1995), and U1 associated 70 kDa protein (Casciola-Rosen et al., 1994). The
prototypic regulator of mammalian apoptosis is the protooncogene bcl-2
(Reed, 1994). Overexpression of bcl-2 prevents mammalian cells from
undergoing apoptosis induced by a variety of stimuli (reviewed by Reed,
1994). The functions of bcl-2 have been suggested to include acting as an
antioxidant (Hochenbery ez 2l., 1993), modulating some aspects of nuclear
transport (Meikrantz et «l., 1994), intervention in calcium signaling (Baffy et
al., 1993), and associating with several other proteins (Sato et al., 1994). The
Bcl-2 protein is located primarily on the outer membrane of mitochondria
(Monaghan et al., 1992; Krajewski er al., 1993; de Jong et al, 1994),
suggesting the active involvement of mitochondria in the development of

apoptosis.
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MATERIALS AND METHODS
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Hep GZ cells (Aden et al., 1979) and its transduced subclones, A14, Al5,

B27, B28, C34, C37, E9, E43, E47, and MV5 cells, were cultured in
Minimum Essential Medium (MEM), supplemented with 10% fetal calf
serum, 100 units/ml penicillin, 100 mg/ml streptomycin and 2 mM
glutamine in a humidified atmosphere in 5% CO, at 37°C. Most reagents
were purchased from Sigma Chemical Co., St. Louis, MO. Specific reagents
are described below. The Hep G2 subclones mentioned above will be

described in Results section, their phenotypes are listed below:

E43, E47 express CYP2E1

A14, A15 no detectable Bcl-2 expression

B27, B28 express Bcl-2

C34, C37 control subclones transfected with pCI-neo plasmid

E9 express CYP2E1, previously established (Dai et 4l., 1993)
MV5 control subclone for E9

provided by Dr. F. J. Gonzalez, National Cancer Institute, Bethesda, MD),
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was inserted into the Eco RI restriction site of pCl-neo expression vector
(Promega, Madison, WI) in the sense and antisense orientation (confirmed
by restriction mapping) to form the plasmids pCI-2E1 and pCl-as-2E1.
Transfections of Hep G2 «cells were carried out by utilizing the
Lipofect AMINE reagent (Life Technologies Inc., Gaithersburg, MD) as
described by Hawley-Nelson (1993). Eighteen hours after transfection, fresh
MEM containing 0.8 mg/ml G 418 (Boehringer Mannheim Co., Indianapolis,
IN) was added and the cells were incubated for an additional 2 days. The
cells were harvested by trypsinization for G 418 selection and Western blot
analysis. About 1.5 X 10° transfected Hep G2 cells were seeded into 100 mm
culture dishes with MEM containing 0.8 mg/ml G 418. Seven days later,
survivors were harvested by trypsinization and seeded into 96-well tissue
culture plates at average densities of 0.5, 1, and 2 cell/well (limited
dilution). Culture medium was changed weekly. Monoclones were formed in
about 3 weeks. Colonies were grown to large scale, and subjected to Western
blot analysis and p-nitrophenol (PNP) oxidation activity assay (described
below). Positive clones were subjected to another two rounds of limited

dilution screening to create stable cell lines.

A full-length human bc/-2 ¢cDNA, excised from pSFFV-bcl-2 expression

vector (kindly provided by Dr. George Acs and Dr. Beatriz Pogo, Mount
Sinai School of Medicine, New York, NY), was inserted into the Eco RI
restriction site of pCl-neo expression vector in the sense and antisense

orientations (confirmed by restriction mapping) to form the expression
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vectors pCl-bcl-2 and pCl-as-bcl-2. These vectors were used for
transfections of Hep G2 cells using the LipofectAMINE reagent as
described above. After transfection, G 418 selection and limited dilution
screening, stable new clones were analyzed by immunoblotting using anti-

Bcl-2 monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

TransducHG G ARR G2 CHR FANBEIED
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The full-length mouse IxkBp cDNA (Thompson et al 1995) exc1sed from

pBSK-IxBp plasmid (kindly provided by Dr. Sankar Ghosh, Yale University
School of Medicine, New Haven, CT) was inserted into the Not I restriction
site of pCl-neo expression vector, in the sense orientation to form pCl-
IxBB. Transfection of Hep G2 cells was carried out by utilizing the
Lipofect AMINE reagent. Hep G2 cells were grown to 80-90% confluence,
harvested by trypsinization, and 1.5 X 10° cells were seeded into a 100 mm
culture dish and grown until 50-70% confluence. Cells were rinsed with
serum free MEM before transfection. Solution A (15 pg of the appropriate
plasmid DNA in 800 ul serum-free MEM) and solution B (100 pl of
LipofectAmine reagent in 800 pul serum-free MEM) were gently mixed, and
incubated at room temperature for 30 min to form a DNA-liposome
complex. The complex was diluted with 6.4 ml MEM, added to the culture
dish containing the Hep G2 cells, followed by incubation for 5 h at 37°C in
a CO, incubator. 8 ml of MEM with 20% fetal calf serum was then added to
each culture dish. After 18 h of incubation, fresh MEM was added and the

cells were incubated for an additional 4 days. The cells were collected by
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trypsinization and used for Western blot analysis and for menadione toxicity

studies.
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Transfection of Hep G2 cells or Hep G2 subclones with expression vectors

was carried out with the LipofectAMINE reagent. 1.5 X 10° cells were
seeded into a 100 mm culture dish and grown until 50-70% confluence
(about one day of culture). Cells were rinsed with serum free MEM before
transfection. 5-15 pg of plasmid DNA (determined with preliminary
experiment for optimal conditions) and 100 pl of Lipofect AMINE reagent
were used to transfect the cells. The cells were collected by trypsinization
and used for Western blot analysis and for studies of cell growth and
cytotoxicity. The optimized conditions for the transfections in a 6-well

culture plate are: for each well of transfection, use 2 pg of desired plasmid
DNA, e.g. pCI-2E1 or pCl-neo plasmid plus 15 pl Lipofect AMINE for Hep
G2 cells, plasmid plus 12 pl Lipofect AMINE for E9 cells, pCl-as-2E1 or
pCl-neo plasmid plus 10 ul LipofectAmine for E47 cells, and pCI-2E1
plasmid plus 15 pl LipofectAMINE for A14, B28, or C34 cells. The

transfection conditions for 100 mm culture dish are same except with 7

times of DNA and Lipofect AMINE.

SDS-PAGE running buffer. A 20 pl aliquot of pretreated cell sample was
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resolved on SDS polyacrylamide gels (12% gel for CYP2E1 and IxB§J
proteins, and 8% gel for Bcl-2 protein, stable current of 25 mA/gel) and
transblotted onto nitrocellulose sheets (Bio-Rad Laboratories, Hercules,
CA), at a stable current of 125 mA for 1 h, for Western blot analysis
(Laemmli, 1970; Towbin et 4l., 1979). Rabbit anti-human CYP2E1 polyclonal
antibody (provided by Dr. J. M. Lasker, Mount Sinai School of Medicine,
New York, NY), mouse anti-human Bcl-2 monoclonal antibody, or rabbit-
anti-mouse IkBP polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA ) was used as the primary antibody for detecting CYP2E1, Bcl-2,
or IxBB, respectively, followed by treatment with alkaline phosphatase
conjugated to goat anti-rabbit IgG or goat anti-mouse IgG (Bio-Rad
Laboratories, Hercules, CA) as the second antibody. Staining intensity was

developed with the NBT-BCIP mixture (Promega, Madison, WI).

Cells .Were washed once with phosphate-buffered saline (pH 7.4) and
harvested by scraping and subsequent sonication using a Heat Systems-
Ultrasonics Model W-375 Sonicator™ (45s, duty cycle 25%, output control
40%). Microsomes were prepared by differential centrifugation (7,000g X 10
min to remove cell debris and large subcellular particles with the
suppernatant then centrifuged at 100,000g X 45 min to bring down the

microsomal fraction) and resuspended in PBS buffer containing 20%

glycerol. Oxidation of PNP was determined using 100 pg microsomal

protein in a 100 pl-reaction-system containing PBS, 0.4 mM PNP and 1 mM
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NADPH. All reactions, carried out in duplicate, were initiated with
NADPH, incubated at 37°C, and stopped after 60 min with 30 ul 20% TCA.
Absorbance of the final product of the reaction was measured at 586 nm,

and activity determined using an extinction coefficient of 9.4 mM'cm™

(Clejan et al., 1989).

(1983). Briefly, cells were pretreated with various reagents for 45 minutes. 1

X 107 cells were harvested and washed once with PBS and twice with buffer
A (10 mM HEPES pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM DTT). The
cell pellet was suspended in 200 pul of buffer A + 0.1% Nonidet P-40, and
incubated on ice for 15 min with brief mixing. After centrifugation for 10
min at 4°C, nuclear pellet was washed once with buffer A, suspended in 15
ul of buffer C (20 mM HEPES pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT), incubated for 15 min
on ice, mixed briefly, and centrifuged for 10 min at 4°C. This supernatant
was diluted with 75 pl of modified buffer D (20 mM HEPES pH 7.9, 20%
glycerol, 0.05 M KCIl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT) and
stored at -70°C. Protein concentration was determined by the Bio-Rad DC-
20 Protein Assay. A double-stranded oligonucleotide containing a tandem
repeat of the consensus sequence of the NF-xkB DNA binding site, -

GGGGACTTTCC-, was used as a probe. To determine the sequence

specificity of the DNA-protein interaction, twenty times more of non-
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radioactive oligonucleotide, as well as an oligonucleotide containing
mutations in the NF-kB consensus sequence, were added to compete with

the NF-kB probe. The sequences of the oligonucleotides were:

5'-GATCCAAGGGGACTTTCCATGGATCCAAGGGGACTTTCCATG-3' (wild type)
3'-GTTCCCCTGAAAGGTACCTAGGTTCCCCTGAAAGGTACCTAG-5'
5'-GATCCAAGCTCACTTTCCATGGATCCAAGCTCACTTTCCATG-3' (mutated)

3'-GTTCGAGTGAAAGGTACCTAGGTTCGAGTGAAAGGTACCTAG-5'

Probes were end-labeled by T4 polynucleotide kinase (Life Technologies,
Inc., Gaithersburg, MD) with [y-32PJATP (DuPont NEN, Boston, MA).
Briefly, in a 1.5 ml microcentrifuge tube, 5 ul 5X polynucleotide kinase
buffer (5X = 300 mM Tris, pH 7.5, 50 mM MgCl,, 75 mM B-
mercaptoethanol and 1.65 uM ATP), 5 ng oligonucleotide, 100 uCi [y-
32P]JATP, 5 units T4 kinase and H,O were mixed in a 25 pl reaction volume,
and incubated 45 min at 37°C. The reaction was terminated by adding 50 ul
of 50 mM Tris-HCl pH 7.5. The labeled oligonucleotide was purified on a
ProbeQuant G-50 Micro Column (Pharmacia LKB Biotechnology, Uppsala,
Sweden). Electrophoretic mobility shift assay was performed at room
temperature for 20 minutes in a total 25 ul reaction volume containing 5 ul
5X incubation buffer (5X = 50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 5 mM
DTT, 5 mM EDTA, 20% glycerol and 0.4 mg/ml sonicated salmon sperm
DNA), 8-12 pg nuclear extract, and 5 X 10* cpm of labeled oligonucleotide,

followed by polyacrylamide gel electrophoresis for DNA (150 V, 2-3 h). The
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dried gels were analyzed after autoradiography by a PhosphorImager system

(Molecular Dynamics).
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Apoptosis in  individual cells was  assessed _ by terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL)
techniques as described by Gavrieli et 2/. (1992) and Portera-Cailliau et 4/.
(1994) with modifications. Briefly, 5 X 10° E9 or MV-5 cells were plated
onto each well of 6-well culture plates. After incubation with or without
arachidonic acid, cells were washed twice with PBS + 1% BSA at 4°C,
adjusted to a concentration of 0.2 X 107 per 0.2 ml PBS buffer, and fixed
with 0.1 ml freshly prepared 4% paraformaldehyde solution (in PBS, pH 7.4)
for 30 min at room temperature. Cells were washed twice with PBS + 1%
BSA, and resuspended in 0.1 ml of permeabilization solution (0.1% Triton®
X-100 in 0.1 % sodium citrate) for 2 min on ice, followed by washing twice
with PBS + 1% BSA. Cells were then resuspended in 50 pl TUNEL reaction
mixture or label solution (without terminal transferase) as negative control,
incubated for 60 min at 37°C in a humidified atmosphere in the dark,
followed by washing twice in PBS + 1% BSA. Cells were analyzed by flow

cytometry (EPICS® Profile Analyzer, Coulter Corporation).
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DNA fragmentation was determined as a biochemical index of apoptosis
(Harmom et 4l., 1979; Vedeckis and Bradshaw, 1983; Caron-Leslie and

Cidlowski, 1991; Compton, 1992).. Cells were scraped off the 6-well culture
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plates (Corning Co., Corning, NY) with culture medium, and were
centrifuged at 1,200 rpm X 10 min. The cell pellets were resuspended in 1
ml lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 10 mM EDTA, 100
ng/ml proteinase K, and 0.5% SDS) and incubated for 1 h at 50 °C. After
lysis, samples were extracted with 1-2 ml phenol (neutralized with TE
buffer, pH 7.5), followed by extraction with 1 ml chloroform:isoamyl
alcohol (24:1) mixed solution. The aqueous supernatants were precipitated
with 2.5 volumes ice-cold ethanol plus 10% volume of 3 M sodium acetate
(pH 5.2) at -20°C overnight. After centrifugation at 13,000g X 10 min, the
pellets were air-dried, resuspended with 50 pl TE buffer (10 mM Tris-HCI
pH 7.5 and 1mM EDTA) supplemented with 0.1 pg/ml RNase A, and

electrophoretically separated on a 1.5% agarose gel in 0.5 X TBE buffer

containing 1 pg/ml ethidium bromide at 50 V for 3 h. Pictures of the gels

were taken by UV transillumination.

Cytotoxicity:Measurement: MEFAssay: .
Cytotoxicity was primarily measured by the MTT assay (Mosmann, 1983).
Tetrazolium salts such as MTT are metabolized by mitochondrial
dehydrogenases to form a blue formazan dye and are therefore useful for the
assay of mitochondrial function and as a measurement of cytotoxicity.
Approximately 1.0-1.5 X 10* cells were plated onto each well of a 24-well
plate (Corning Co., Corning, NY), and incubated in 5% CO, at 37 °C for 24

h. In some samples, 0.1 mM BSO was then added to the culture medium for

a designated preincubation time, typically 48 h. The culture medium was
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removed and cell viability was evaluated by the MTT assay, which was
performed using the Cell Titer 96 Non-Radioactive Cell Proliferation Assay
Kit (Promega, Madison, WI). Briefly, 15% volume of dye solution was added
to each well for a one-hour incubation at 37°C. An equal volume of
solubilization/stop solution was then added to each well for an additional 4-
24 h incubation. The absorbance of the reaction solution at 570 nm was
recorded. The absorbance at 630 nm was used as reference. The net A,,-
Ay, was taken as the index of cell viability. The net absorbance from the
wells of cells cultured with control medium was taken as the 100% viability
value. The percent viability of the treated cells was calculated by the

formula: (As7o'A630)sample/( As76A30) conrot X 100.

Cytotoxicity:Measurement: LDH-Assay

Leakage of lactate dehydrogenase (LDH) was measured as another index of
cytotoxicity. Approximately 1-2 X 10¢ cells were plated onto each well of a
6-well plate in MEM with or without additional testing reagents and
incubated for the designated time. At the end of this period, media were
collected to measure LDH activity (referred to as LDH, ). Cells were
harvested by scraping, washed with PBS, suspended in 1 ml of PBS and
sonicated using a Heat Systems-Ultrasonics Model W-375 Sonicator™ (5s,
duty cycle 25%, output control 40%). The LDH activity of the total cell
lysate was measured (referred to as LDH,,). Lactate Dehydrogenase Assay
Kit LD-L20 (Sigma Chemical Co., St. Louis, MO) was used for the
quantitative kinetic determination of LDH activity. This reagent contains 50

mM lactate plus 7 mM NAD" in a pH 8.9 buffer system. To determine the
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LDH activity, 50-200 ul aliquots of cell tissue culture medium or of cell

lysates were added to the LDH assay system, and the increase in absorbance
at 340 nm due to NADH formation was recorded. The cytotoxicity index

was expressed as the ratio of LDH,,,/LDH;,.

Oty G’ 2R R - 5

5 X 10° cells were subcu‘lhtul”e‘(i };to ’a»’lo. n;m -cul;u;er dish;vernight before
testing reagents was added. After designated period of incubation, the cells
were harvested by scraping. Cells cultured in normal MEM were scraped and
considered as the time zero sample. Cells were washed with PBS and
resuspended in PBS and sonicated using a Heat Systems-Ultrasonics Model
W-375 Sonicator™ (10s, duty cycle 25%, output control 40%). After protein
assay, cell lysate equivalent to 2 mg protein was used to measure the content
of intracellular GSH by the Glutathione Assay Kit (Calbiochem-

Novabiochem Co., La Jolla, CA). Briefly, an initial sample volume of 200 pl
was incubated with 50 pl of reagent R1 (solution of 0.12 M of a patented
chromogenic reagent in 0.2 N HCI) and thoroughly mixed. 50 ul of solution

R2 was added and thoroughly mixed, followed by incubation for 30 min at
37°C. The final absorbance at 400 nm was measured. Reduced glutathione
was used to prepare a standard curve. The intracellular GSH value was

standardized against the protein concentration of the mixture.

DA) and 4-hydroxyalkenals, such as 4-hydroxy-2-

nonenal (4-HNE), end products derived from peroxidation of PUFA and
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related esters, provide a convenient index as a measure for lipid
peroxidation (Esterbauer, 1990). Lipid peroxidation in cells was monitored
by measuring total MDA and 4-HNE production utilizing the lipid
peroxidation assay kit, LPO-586 (Calbiochem-Novabiochem Co., La Jolla,
CA). Briefly, 10 X 10° cells were subcultured into ten to thirty 10-mm-
culture-dishes overnight before testing reagents were added. After the
designated period of incubation with or without test reagent, the cells were
harvested by scraping. Cells cultured in normal MEM were scraped and
considered as the control. Cells were washed with PBS and resuspended in
PBS and sonicated using a Heat Systems-Ultrasonics Model W-375
Sonicator™ (10s, duty cycle 25%, output control 40%). The pellets were
resuspended in 20 mM Tris-HCl buffer, pH 7.4, lysed by sonication, and
centrifuged at 5,000g X 5 min. The protein content of the cell lysates was
determined with the DC-20 Protein Assay Kit (Bio-Rad Laboratories,
Hercules, CA) followed by the LPO-586 assay.

The intracellular ATP level was assayed using a kit (366-A) purchased from
Sigma Chemical Co., St. Louis, MO. The measurement is based on the
reactions catalyzed by the enzymes phosphoglyceric acid phosphokinase,
which catalyzes conversion of 3-phosphoglycerate to 1,3-diphosphoglycerate
by consuming ATP, and glyceraldehyde 3-phosphate dehydrogenase, which
catalyzes reduction of 1,3-diphosphoglycerate to glyceraldehyde-3-
phosphate. The overall reactions consume one ATP molecule and one

NADH. The ATP concentration was estimated by the consumption of
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NADH monitored as the decrease in absorbance at 340 nm using extinction

coefficient of 6.22 mM'cm™.

An Oxygen Momtor Model- 53, Yellow Sprmgs Internauonal Co., Inc -
Yellow Springs, Ohio) was used to measure the oxygen consumption with
various substrates as described by Anja Krippner et al. (1996) with minor
modification. Transduced Hep G2 cells were harvested by trypsinization,
washed, and resuspended in respiration buffer (0.25 M sucrose, 0.1% bovine
serum albumin, 10 mM MgCl,, 10 mM HEPES, 5 mM KH,PO,, pH7.2) at a
final concentration of 3 X 107 cells/ml. One milliliter of the suspension was
added into a chamber containing 2.0 ml of air-saturated respiration buffer
plus 1mM ADP which was prewarmed to 37°C. The cells were permeabilized
with digitonin added to a final concentration of 0.005%, and the sequential
substrates and inhibitors were added in the following order and final
concentrations: 5 mM malate + 5 mM pyruvate; 100 nM rotenone; 5 mM

succina
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RESULTS

Project 1. Menadione Toxicity and NF-xB activation

Oxidative stress generéted b); ﬁlen;ldiétie semiquinone, superoxide, H,O,,
*OH, and the elimination of GSH were considered as primary events
involved in menadione cytotoxicity. 5 X 10* monolayer Hep G2 cells in each
24-well plate were used for menadione cytotoxicity assays, as measured with
the MTT assay. The data were expressed as average values obtained from 3-5
wells. Under these conditions, most cells were killed after an overnight
incubation in the presence of 25-50 pM menadione (Fig. 1). For most
subsequent experiments, incubation times of 18 h and menadione
concentrations of 15-20 uM were chosen as routine incubation conditions
(the LD, of an 18 hour incubation was about 18-19 uM). The cytotoxicity
by menadione was also dependent on the cell number (data not show).
Menadione cytotoxicity was validated by assays of LDH leakage and
morphology. The cytotoxicity by menadione was prevented by addition of
N-acetylcysteine (Fig. 2) or by iron chelators such as a,a-bipyridyl (data not
shown). N-acetylcysteine may directly react with menadione or menadione-

derived radicals.

Preincubatiorof-Eep: G2: Celis: with:Menadion

IR e gl iy

orMénadione

Glucose oxidase/glucose was used to generate H,O, in the culture medium

Protects:against Cytotoxicity-of H.0,
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(which contains 1 mg/ml glucose) to avoid the rapid decomposition of H,O,
which occurs in the complete medium and to avoid addition of high bolus
concentrations of the oxidant. Glucose plus glucose oxidase was also toxic
to the Hep G2 cells in a dose and time dependent manner (data not shown).
To study whether menadione was able to activate cell defense systems, Hep
G2 cells were preincubated with lower doses of menadione (from 1 uM to 5
uM) which by themselves were not toxic. Preincubation of Hep G2 cells
with these lower doses of menadione increased the viability of Hep G2 cells
and protected them against a toxic dose of H,0O, (generated from glucose
oxidase/glucose system) compared to cells incubated with culture medium
lacking menadione (Fig. 3). The protective effect of preincubation with
menadione was related to the concentration of menadione, with maximum
protection occurring at 3-5 uM menadione (Fig. 5), and was dependent on
the length of preincubation time with menadione, becoming maximal at 45
min (Fig. 6). Besides protecting against toxicity of H,O,, the pretreatment
with menadione also resulted in protection against menadione toxicity (Fig.
4). Protection by pretreatment with menadione was also observed by

utilizing the LDH release assay instead of the MTT assay to determine

cytotoxicity (Fig. 7).

JiniEepG2Calls:

Oxidative stress generated by H,O, can activate the transcription factor NF-

kB (30-32). Since H,0, is generated during the metabolism of menadione, it

appeared reasonable to determine whether NF-kB was activated during or
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after the preincubation with menadione. Activation of NF-kB was measured
by an electrophoretic mobility shift assay. Pretreatment of Hep G2 cells
with 3 pM menadione led to the activation of NF-kB as shown in Fig. 8,
lane 3 compared to lane 1; lane 2 is from the nuclear extract prepared from
Hep G2 cells incubated with 50 ng PMA, a known activator of NF-xB (33).
When 20 times unlabeled oligonucleotide containing the consensus sequence
of NF-kB binding sites was added to the EMSA reaction mixtures, the DNA
binding and mobility shift ability of nuclear extracts from PMA or

menadione activated Hep G2 cells was inhibited (Fig 8, lanes 5 and 6).

However 20 times unlabeled oligonucleotide containing mutations in the
NF-«kB binding site did not affect the EMSA assay (Fig. 8, lanes 8 and 9).
The activation of NF-kB by menadione was time-dependent and could be
observed as early as 10 min after menadione addition (Fig. 9). This time
period (10 min) was earlier than the time in which maximal protection
against H,O, toxicity by menadione pretreatment occurs (45 min). NF-kB
contains p50 and p65 subunits; treatment of nuclear extracts with antibodies
against p50 and p65 can result either in prevention of binding to the probe
or in a “supershift” of the NF-kB-oligonucleotide complex. Incubation of
the nuclear extract from menadione-treated Hep G2 cells with anti-p50 IgG
(Santa Cruz Biotechnology, Santa Crus, CA) prevented binding to the
oligonucleotide probe, whereas treatment with anti-p65 IgG (Upstate
Biotechnology, Lake Placid, NY) resulted in a supershift of the complex

(Fig. 10). Preimmune IgG had no effect. Salicylate inhibited the activation
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of NF-xB in Jurkat cells (Kopp and Ghosh, 1994). We therefore studied
whether salicylate could inhibit the activation of NF-kB by menadione in

the Hep G2 cells. Indeed, when 10 mM salicylate was added together with

menadione to the Hep G2 cells, the activation of NF-kB was inhibited (Fig.

11, lane 2 compared to lane 1).

itiatiorzofiMenadione:C

As shown in Fig. 11, salicylate prevented activation of NF-kB by menadione

in Hep G2 cells. If activation of NF-kB was important in the mechanism by
which menadione protected Hep G2 cells against H,O, or menadione
cytotoxicity, it would be anticipated that salicylate would prevent the
protection by menadione, and perhaps might even potentiate the
cytotoxicity. Indeed, this proved to be the case; results in Fig. 12 show that
in the absence of salicylate, menadione at a concentration of 10 uM was not
toxic to Hep G2 cells. However, in the presence of salicylate (2.5-20 mM),
menadione toxicity was clearly observed. A menadione dose-dependent
curve of cytotoxicity is shown in Fig. 13; concentrations of 2.5-7.5 puM
menadione were not toxic to the Hep G2 cells in the absence of salicylate,
but striking toxicity was found in the presence of salicylate. Salicylate not
only increased the toxicity of menadione, but also potentiated the toxicity of
H,O0,. A time course for the potentiation of 10 uM menadione and 100 uM
H,O, toxicity by salicylate is shown in Fig. 14. In other experiments, we
observed that aspirin (acetyl salicylic acid) had the same actions as salicylate

(data not shown). Salicylate, in the absence of menadione, was not toxic to
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the Hep G2 cells. While salicylate may have other actions, e.g. antioxidant

properties, such properties would be expected to decrease, rather than

enhance, the toxicity of menadione.

It has been suggested that ROI act as an intermediate during the activation

of NF-xB (Roederer et al., 1990; Staal et al., 1990; Schreck and Baeuerle,
1991). The effects of several antioxidants on NF-kB activation by
menadione was evaluated. The antioxidants N-acetylcysteine, PDTC,
thiourea, or uric acid were added during the pretreatment period with

menadione and subsequently removed by washing the cells prior to the

addition of a toxic concentration of menadione. As shown in Fig. 11,
preincubation of Hep G2 cells with 3 uM menadione for 45 min, in the
presence of N-acetylcysteine, PDTC, thiourea, or uric acid, did not lead to
activation of NF-«xB (Fig. 11, lanes 4 to 7 compared to lane 1). When Hep
G2 cells were preincubated with 3 uM menadione in the presence of these

antioxidants, the protective effect of menadione produced by this
preincubation was no longer observed (Table I). Although antioxidants may
have non-specific effects on cellular metabolism and viability, the results

with four different antioxidants are suggestive that ROI derived from

menadione metabolism may play a role in the activation of NF-kB by

menadione and that when NF-xB activation is prevented by these

antioxidants, there is a loss of the protective effect produced by menadione
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pretreatment.

to down-regulate protein kinase C (PKC) (Rodriguez-Pena et al., 1984), and
to inhibit the PKC-dependent NF-kB activation (Ghosh and Baltimore,
1990). Hep G2 cells were treated with medium or with 100 ng/ml PMA for
24 hours followed by a 45 min preincubation with 3 pM menadione or
medium, and then exposure to 18 uM menadione. After treatment with
PMA, preincubation with 3 uM menadione (a concentration that enables the
cells to become more resistant to menadione and H,O, cytotoxicity) did not
increase the resistance of Hep G2 cells to the higher dose of menadione
(Fig. 15). Analogous to the results with salicylate, Hep G2 cells became
more sensitive to menadione after 24 hours of PMA treatment (Fig. 16). It is
interesting to speculate that down-regulation of PKC eventually suppresses
the activation of NF-kB by ROI generated from menadione metabolism, and
thereby eliminates the possible protective effect which results from NF-xB
activation. Short term treatment with PMA activates NF-xB (Fig. 8, lane2);

this could lead to protection of the Hep G2 cells against a toxic
concentration of menadione, analogous to menadione pretreatment. This

proved to be the case as treatment of the c