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Abstract

Many drugs and xenobiotics induce signal transduction events leading to gene expression of either pharmacologically beneficial effects,
or unwanted side effects such as cytotoxicity which can compromise drug therapy. Using dietary chemopreventive compounds
(isothiocyanates and green tea polyphenols), which are effective against various chemically-induced carcinogenesis models in animals
studies, we studied the signal transduction events and gene expression profiles. These compounds have typically generated cellular
“oxidative stress” and modulated gene expression including phase II detoxifying enzymes GST and QR as well as cellular defensive
enzymes, heme oxygenase 1 (HO-1) and GST via the antioxidant/electrophile response element (ARE/EpRE). Members of the bZIP
transcription factor, Nrf2 which heterodimerizes with Maf G/K, were found to bind to ARE, and transcriptionally activate ARE.
Additionally the mitogen-activated protein kinases (MAPK; ERK, JNK and p38) were differentially activated by these compounds, and
involved in the transcriptional activation of ARE-mediated reporter gene. Transfection studies with various cDNA encoding for wild-type
of MAPK and Nrf2 showed synergistic response during co-transfection and to these agents. However, by increasing the concentrations of
these xenobiotics, caspase activities and apoptosis were observed which were preceded by mitochondria damage and cytochrome ¢
mitochondria release. Further, increased concentrations led to rapid cell necrosis. DNA microarray analyses were performed to ascertain
the gene expression profiles elicited by these compounds at low concentrations as well as at higher concentrations. Thus, we have proposed
a model, that at low concentrations, these compounds activate MAPK pathway leading to activation of Nrf2 and ARE with subsequent
induction of phase II and other defensive genes which protect cells against toxic insults thereby enhancing cell survival, a beneficial
homeostatic response. At higher concentrations, these agents activate the caspase pathways, leading to apoptosis, a potential cytotoxic
effect if it occurred in normal cells. The studies of these signaling pathways may yield important insights into the pharmacodynamic and
toxicodynamic effects of drugs and xenobiotics during pharmaceutical drug discovery and development.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Components of natural and synthetic compounds are
known to be potent in cancer chemopreventive properties,
in chemically-induced carcinogenesis models. These can-
cer chemopreventive agents are very promising in that they
offer a non-toxic route through intervention on processes of
carcinogenesis. However, understanding the processes that
lead to carcinogenesis requires a clear identification of
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molecular targets of cancer causing agents. This is funda-
mental in designing effective clinical cancer therapy pro-
grams. The lack of understanding of signal transduction
events that are mobilized by molecular targets upon acti-
vation by the cancer causing agents, is a major impediment
in designing cancer therapeutic and chemopreventive
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agents. In this review, we have characterized signal trans-
duction events that are turned-on by two classes of poten-
tial cancer chemopreventive compounds, namely phenolic
compounds/antioxidants and isothiocyanates. This review
examines the potential utility of mitogen-activated protein
kinases (MAPKs), the ICE/Ced-3 family proteases (cas-
pases), and their modulation by these compounds in the
decision process for cell life or death. The modulation of
cellular survival signaling pathways vs. cell death path-
ways has significant biological consequences that are
important in developing predictions on various pharmaco-
logical and toxicological responses.

2. Modulation of MAPK

MAPKSs are largely characterized as proline-directed
serine/threonine (ProXSer/ThrPro); [1,2] kinases [3], that
are important signaling components in the conversion of
extracellular signals into intracellular responses, through
serial phosphorylation cascades [4]. The ultimate effects of
MAPK activation and phosphorylations depend on their
ability to induce the appropriate gene expression events as
a homeostatic response within the cell. Some of these
genes are responsible for cellular defense or programmed
cell death through the expression of either anti- or pro-
apoptotic proteins. Three MAP kinase pathways, ERK,
JNK, p38 have been identified and well studied [5,6]. Each
MAPK pathway consists of a module of three kinases: a
MAPK kinase kinase (MAPKKK), which phosphorylates
and activates a MAPK kinase (MAPKK), which in turn,
phosphorylates and activates a MAPK. Among the MAP
kinases, ERK is mainly activated by mitogens and growth
factors, while p38 and JNK are activated by many envir-
onmental stress stimuli (e.g. UV, ionizing radiation),
resulting in apoptosis [7].

Several chemotherapeutic drugs have been shown to
activate JNK and p38 MAPK, and their activation impli-
cated in apoptosis [8,9]. Once activated, ERK, JNK, and
p38 phosphorylate many transcription factors, such as Nrf2,
c-myc, p62TCF/EIk-1, c-jun, ATF2, CHOP/GADDI153,
MEF2C, and SAP-1, ultimately leading to the changes
in gene expression profiles with biological consequences
[10,11]. Because of their ability to respond to a variety of
stimuli, MAP kinase signaling cascades are capable of
activating similar, but greatly integrated mechanisms that
characterize cross-talk between signaling pathways, with
the common end point of transducing specific cellular
responses (gene expression) to various extracellular stimuli,
including oxidative stress and pharmacological agents. We
have recently reported, in studies examining ERKS5/Big
MAP kinase 1 (BMKI1) signaling in human squamous
cervical carcinoma cells, that phenethyl-isothiocyanates
(PEITC)-induced activation of Nrf2-dependent ARE genes
for cellular defense manifests significant cross-talk with
p38 pathway, a cell death pathway (unpublished data). This

emphasized the complexity of MAPK signaling, the result
of which depends on what signal out titrates the other.

3. MAPK pathways mediate ARE-dependent
induction of detoxifying enzymes

Phenolic antioxidant butylated hydroxyanisol (BHA) and
its demethylated metabolite tert-butylhydroquinone (tBHQ)
as well as the electrophilic dietary compounds the isothio-
cyanates such as PEITC and sulforaphane (SUL), are highly
effective cancer chemopreventive agents. These agents have
been shown to act against tumor formation by a variety of
carcinogens in animal models of human cancers [12-14].
These compounds are also known to be potent inducers of
phase II detoxifying enzymes, such as glutathione S-trans-
ferease (GST) and quinone reductase (QR) [15-17].
In studies, animals treated with BHA, tBHQ, PEITC, and
other potential chemopreventive agents that are phase II
xenobiotic detoxifying enzyme-inducers, displayed a
remarkably enhanced ability to convert chemical carcino-
gens (e.g. aflatoxin B1 and benzo[a]pyrene) to their non-
mutagenic metabolites, thereby facilitating their detoxifica-
tion and excretion through their conjugated derivatives.
Consequently, treatment with these chemopreventive agents
dramatically reduces toxicity, mutagenicity, and carcino-
genicity by various chemical carcinogens [18,19].

Our laboratory has shown that BHA potently activates
JNK1 and ERK2 activities in many mammalian and mur-
ine cells [20] in a time- and dose-dependent manner.
Similarly, tBHQ, the demethylated active metabolite of
BHA and a potent inducer of phase II genes [21-23],
stimulated the activity of ERK2, but weakly activated
JNK [20,24]. Exposure of cells to green tea polyphenols
(GTP) potently activated JINK1 and ERK2 activities with
different kinetic- and dose-responses [25].

Activation of MAPK by GTP and isothiocyanates,
among others, also induced mRNA expression of immedi-
ate early genes such as c-jun, and c-fos, and transcription-
ally activated the antioxidant/electrophile response
element (ARE/EpRE), chloramphenicol acetyltransferase
(CAT) reporter gene, present in many stress-response genes
[26], including phase II drug metabolizing enzymes like
GST, QR, [27-29], and heme oxygenase 1 (HO-1), which
encode for defense against cellular oxidative stress [30]. In
our studies, we demonstrated potency of (—)-epigalloca-
techine-3-gallate (EGCG) and (—)-epicatechin-3-gallate
(ECG) in inducing ARE-mediated luciferase activity,
and ERK, JNK and p38 MAPK [31]. Furthermore, most
recently, we have shown that ERK5/BMKI1 activates ARE
luciferase activity, and that this activation is regulated
upstream by Raf-1, MEKK1, TAKI.

In examining the downstream physiological conse-
quences of MAPK activation by chemopreventive com-
pounds, we recently, found that ERK2, ERKS and JNK
MAP kinase cascades show a positive transcriptional
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activation of ARE-mediated reporter gene induced by
tBHQ, PEITC, and SUL [32], whereas activation of the
p38 MAPK negatively regulated ARE-activity [33]. This
suggested a coordinate modulation of MAPK cascades by
reactive intermediates including reactive oxidative stress
(ROS), which may be critical in the regulation of phase II
genes through the ARE/EpRE DNA enhancer element
during cellular homeostasis.

4. Transcription factor Nrf2 modulates expression
of phase II detoxifying genes

Recently, several groups have shown that during oxida-
tive stress, the basic leucine zipper (bZIP) transcription
factors, including Nrfl [34], Nrf2 [34,35] heterodimerize
with small Maf [35] and bind ARE sequences thereby
transcriptionally activating ARE. We have also shown that
oxidative stress-induced expression of MAP kinases such
as Raf-1, MEKK1, ASK1, TAK1 enormously enhance the
Nrf2 transcriptional activity (Fig. 1). Thus, in elucidating
the link between members of the MAP kinase and Nrf2
transcription factor, we have examined the role of a panel
of MAP kinases in phosphorylating Nrf2. In this study, we
recently showed that Nrf2 was phosphorylated by ERKS,
thereby implying that MAP kinases transduce extracellular
signals into gene action through the intermediary of tran-
scription factors like Nrf2, and that phosphorylation might
be a major mechanism for achieving appropriate gene
expression.

Further to understand the targeting of cellular stress-
response, we examined the distribution and localization of
Nrf2 with and without oxidative stress. Though still

obscure, two models have been proposed to explain how
Nrf2 senses oxidative stress. The initially suggested model
showed that the relative distribution of Nrf2 between the
cytosol and the nucleus is in many respects similar to that
of Ik-B/NF-«xB system. This model suggests that a cyto-
solic protein, Keap1, suppresses Nrf2 transcriptional activ-
ity by coupling and retaining Nrf2 in the cytosol [36]. Upon
activation by oxidative stress, the Keapl-Nrf2 complex
uncouples through the phosphorylation of Nrf2, and Nrf2
translocates into the nucleus, binds to a specific DNA
sequence thereby leading to the expression of genes encod-
ing ARE-dependent detoxifiers. However, through a series
of studies examining both nuclear and cytosolic Nrf2, we
proposed an alternative model in which most of Nrf2 is
nuclear, and not cytosolic before and during oxidative
stress (unpublished data). This, to us, strongly suggested
that, depending on the external stimulus, different tissues
differentially modulate Nrf2 localization and activity as an
oxidative stress sensor. The role of Nrf2 as a cellular stress
sensor cannot be over emphasized since Nrf2—/— mice
knock-out eliminated induction of QR and GST [35,37]
Nrf2. To understand how Nrf2 regulates ARE-dependent
genes, we demonstrate a dose-dependent increase in ARE-
activity with increasing Nrf2 [32]. The dominant negative
deletion mutant of Nrf2 abolished transcriptional activa-
tion of ARE-LUC reporter gene [32].

5. Apoptosis and cancer chemoprevention
Programmed cell death is known to be under a very tight

genetic control with evolutionarily conserved molecular
mechanisms between species. This process plays important
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Fig. 1. A model of drugs/chemicals/xenobiotics-induced chemical stress response leading to the activation of MAPK signaling pathway and subsequent
activation of Nrf2/Maf-dependent anti-oxidant responsive genes including the phase II detoxifying enzymes as well as other stress enzymes, which result in
the enhancement of detoxification of the xenobiotics and a potential homeostatic cell survival response.
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roles in many biological processes including carcinogen-
esis, tumorigenesis and cancer. Apoptosis may play a
central homeostatic role by which genetically-damaged
cells are deleted from the body, positive and negative
selection in immune systems, and elimination of virally
infected cells. Apoptosis of pre-initiated and/or neoplastic
cells represents a protective mechanism against neoplastic
transformation and development of tumors by the elimina-
tion of genetically damaged cells or cells that may have
been inappropriately induced to divide by mitogenic and
proliferative stimuli. Apoptosis is typically induced by the
activation of membrane receptors [38], inhibition of pro-
tein kinases by staurosporine, cell cycle arrest and p53
activation by DNA damaging agents, mitochondria mem-
brane pore transition permeability (MPT) by oxidants.
Death receptors transmit apoptotic signals initiated on
the plasma membrane by specific “‘death ligands’’ thereby
playing a central role in programmed cell death [38]. After
the binding of an appropriate ligand to the receptor, a
receptor activated complex recruits intracellular domains
and adaptor proteins, thereby transmitting the death signal.
This is accomplished by activating downstream intracel-
lular apoptotic machinery such as the ICE/Ced-3 family
proteases (caspases). In addition to these physiological
regulators of apoptosis via the death ligands and death
receptors complexation, many environmental stresses also
cause apoptosis. Recent studies have suggested that oxi-
dative stress may play a critical role in apoptosis through
these signals [39-42].

6. Electrophiles-induced mitochondrial events

The mitochondria is a very central apparatus in cell
death signaling through its ability to differentially regulate
the trafficking of pro- and anti-apoptotic proteins, such as
Bcl-2 [43,44], within its inter-membrane space, depending
on the type of stimulus. The release of cytochrome ¢ (cyto
¢) is known to be via two main mechanisms; MPT-depen-
dent and MPT-independent mechanisms. In the MPT-
dependent mechanism, the mitochondrial pores open fol-
lowed by the movement of cyto ¢ from the inter-membrane
space, then complexes with apoptotic protease activating
factor 1 (Apaf-1), ATP and procaspase-9 to form the
apoptosome [45]. Several agents have the ability to induce
MPT, and these include oxidants. They lead to formation of
the apoptosome, activation of caspase-9, which in turn
activates downstream caspase-3, a hallmark of apoptosis.
Caspase-6 activation then drives the caspase cascade hence
keeping the cell death mechanism as is necessary. Despite
being unclear, the release of cyto c is postulated to either
occur as a continuous process, or to be triggered by
induction of MPT, or to occur with the swelling of the
mitochondria, or by a specific chaperon or to be under the
influence of some specific pore mechanism, or by a com-
bination of these factors, thereby constituting the biochem-

ical mechanisms for oxidant-induced cell death [46]. There
is also mounting evidence suggesting that certain oxidants
invoke the swelling of the mitochondria; thereby, causing it
to burst and release proteins that activate the cell death
mechanism. The release of anti-apoptotic Bcl-2 protein
family (Bcl-2 and BclxL), is known to regulate apoptosis
through inhibition of cyto ¢ and Apaf-1 release by mechan-
isms that though still unclear, may involve channel for-
mation activity and displacement of Apaf-1 from a
complex of proteins. It is also proposed that anti- and
pro-apoptotic proteins may posses a potential to hetero-
dimerize thereby titrating one another’s functions.

Though many cancer chemotherapeutic drugs induce
apoptosis [9,47], several chemopreventive agents like
PEITC, EGCG, chrysin, also induce apoptosis [48—58].
Induction of apoptosis by these agents is reported to be
partially responsible for their chemopreventive activities
[52-56]. To this effect, we studied the role of mitochon-
drial cyto c release, caspase activation pathways induced
by BHA, among others and observed that BHA-induced
apoptosis triggered MPT, which was inhibited by cyclos-
porin A [59]. Isothiocyanates such as PEITC, PMITC [60]
or benzyl-isothiocyante (BIT) [61], also activated caspase-
3 activity leading to apoptosis. Interestingly, the kinetics of
activation of caspase activities induced by BHA or PEITC
were rather rapid and apoptosis occurred shortly after,
while EGCG was delayed [31]. Similar early response
kinetics were observed for quercetin, chrysin, tamoxifen-
and its two active metabolites (4-OH and N-desmethyl)-
induced apoptosis in human estrogen independent BT-20
and MB-MD231 breast cancer cells [62]. Delayed caspase
activity and apoptosis was also observed in vivo in rat
mammary tumors after i.p. administrations of tamoxifen
[63].

7. Discussion

In summary, our studies with various chemopreventive
agents including tamoxifen, flavonoids, and various struc-
turally related isothiocyanates, as well as phenolic anti-
oxidants, provide important insights into the signal
transduction pathways induced by these compounds.
Low concentrations of these compounds activated MAPK
pathways leading to the induction of phase II detoxifying
enzymes induction for cellular protection signaling. Ele-
vated concentrations of these compounds activated MAPK
pathways, and the caspase pathways leading to apoptotic
signaling. This concentration-dependent cellular response
phenomenon represents a pharmacological window, above
which toxicity sets in [64,65].

Several studies have shown that apigenin, silymarin,
baicailein, resveratrol, EGCG, theaflavin, inhibit signaling
kinases including MAPK and block AP-1-mediated gene
expression. The exact mechanisms as to how these com-
pounds inhibit kinase activation are not clear. Although
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direct inhibition of upstream kinases such as c-src non-
receptor kinase may contribute to the inhibition as seen
with resveratrol [66]. Future studies are needed to explain
these inhibitory mechanisms. Possibly in proliferating
cells, these chemopreventive compounds may block pro-
liferation by inhibiting signal transduction Kkinases,
whereas in quiescent cells they activate signaling kinases
leading to gene expression of cellular defensive. We
observed that there are at least two groups of apoptotic-
inducing chemopreventive agents, early apoptosis activa-
tors like isothiocyanates, phenolic antioxidants (2—4 hr)
and delayed activators like tamoxifen, EGCG (1218 hr).
Understanding the mechanisms of induction of caspases
by this latter group of compounds address this kinetic
difference.

In conclusion, studies of cellular signal transduction
events elicited by chemopreventive compounds may yield
important insights into the regulation of gene expression
for induction of phase II detoxifying enzymes and other
cellular defensive enzymes such as HO-1. In contrast,
activation of cell death proteins such as caspases, may
potentially be beneficial if this occurs in preneoplastic or
tumor cells, but may result in cytotoxicity if it occurs in
normal cells. The small range of doses above which these
chemopreventive agents become toxic represent the ther-
apeutic windows in vivo. Consequently, signaling path-
ways will advance our understanding of efficacy and safety
of many chemopreventive compounds with future thera-
peutic potential.
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