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Abstract Nrf2 is a key transcription factor, which
induces a cytoprotective gene array. Nrf2 is regulated at the
posttranslational level through proteasomal degradation
through an interaction with the adapter protein Keap1. High
levels of Nrf2, resulting from a loss of function mutation in
Keap1, were reported in chemoresistant non-small cell lung
cancer. We observed very low levels of Nrf2 and of Nrf2-
regulated detoxiWcation proteins as a frequent phenotype in
the more chemosensitive breast cancer, and when engineer-
ing increased Nrf2 levels, we found resistance to both
doxorubicin and paclitaxel. We here show that basal Nrf2
levels in diVerent cell lines correlate with their respective
sensitivity to a common cytotoxic chemotherapy. Nrf2 and
its regulated genes and proteins are the targets of a major
strategy in cancer prevention. Molecules that interfere with
the Nrf2–Keap1–Cul3 protein–protein interactions result in
higher levels of Nrf2. Both naturally occurring and syn-
thetic molecules with this eVect have been suggested as
clinical chemopreventive agents, including molecules
derived from cruciferous vegetables such as the isothiocya-
nate sulforaphane and even green tea polyphenols. Here,
we determine the impact of these putative chemopreventive
agents on the sensitivity of established cancer cell lines to
chemotherapy. We conWrmed that these molecules do
increase Nrf2 and detoxiWcation enzyme levels in breast

cancer cell lines with very low basal Nrf2 levels, and this is
associated with signiWcant chemoresistance to cytotoxic
drugs. Both eVects are less in another breast cancer cell line
with intermediate Nrf2, and in lung cancer cells with high
Nrf2, these same molecules have no eVect on Nrf2 but do
actually enhance chemoresitance. While the details of dose
and schedule of these agents require further study in in vivo
models, these data sound a cautionary note for the use of
these agents in patients with established cancers who are
undergoing chemotherapy treatment.
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Introduction

The comprehensive system that detoxiWes a range of envi-
ronmental and endogenous toxins, mutagens, and potential
carcinogens is composed of multiple antioxidant and detox-
ifying enzymes and drug transporters [1–4]. Nrf2 is a mas-
ter transcriptional regulator of phase II antioxidant and
detoxifying enzymes, which binds to the cis-acting ARE
(antioxidant response element) present in the promoters of
multiple phase II detoxifying genes in a heterodimeric com-
plex with a small Maf protein. The Nrf2-regulated battery
of carcinogen-detoxifying enzymes includes glutathione S-
transferase (GST), �-glutamylcysteine synthetase (�GCS),
NADP (H): quinone oxidoreductase1 (NQO1), aldo–keto
reductase family 1, member C1 (AKR1C1) and UDP: glu-
curonosyl transferase (UGT) and the ABCC1 transporter
[5–7].

An important mechanism for the regulation of stability
and cellular localization of Nrf2 and therefore its activity is
controlled at the posttranslational level. Under basal redox
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conditions, the redox-sensitive protein Keap1 tightly binds
to Nrf2 and anchors it in the cytoplasm. Keap1 serves as an
adaptor protein for the Cullin 3 ubiquitin E3 ligase (Cul3),
which then speciWcally targets Nrf2 for degradation by the
ubiquitin–proteasome pathway [8–10]. With oxidative
stress, Keap1 undergoes conformational changes that dis-
rupt its interaction with Nrf2, freeing it for interaction with
promoter sequences of the target genes. The Cullins assem-
ble into multiple E3 ligases by interacting with a protein
motif present in multiple proteins [9]. The interaction
between Nrf2, Keap1, and Cul3 represents a target for the
development of molecules that interfere with Nrf2 ubiquin-
ation and thus result in increased Nrf2 and Nrf2-regulated
proteins. Such molecules are developed as putative chemo-
preventive agents [11, 12]. For example, the isothiocyanate
sulforaphane, derived from glucoraphanin present in crucif-
erous vegetables, is known to interact with Keap1 and
thereby disrupt Nrf2 proteasomal degradation [13].

The present study was aimed to determine if chemicals
used to raise Nrf2-regulated cell detoxiWcation systems
with chemoprevention in mind, and also result in resistance
to treatment in established cancer cells. These chemicals
come from various sources. For example, coVee drinking
has been associated with reduced incidence of some experi-
mental cancers, potentially due to modiWcation of the
metabolism of dietary heterocyclic amine carcinogens by
the coVee constituents kahweol (KAW) and cafestol (CAF)
diterpenes. The chemopreventive eVect of coVee has also
been suggested in population-based studies [17–19]. These
molecules act at least in part by increasing Nrf2 for tran-
scriptional activation function. Others, such as the isothio-
cyanate sulforaphane (SFP), [5-(2-pyrazinyl)-4-methyl-1,2-
dithiole-3-thione] (oltipraz) or green tea polyphenols, such
as epigallocatechin gallate (EGCG) have also been exam-
ined in experimental models and are chemoprotective and
do activate the Nrf2-regulated pathways [13, 20–23].

Recent studies have shown a link between Nrf2
expression and chemoresistance. Mutations in Keap1
have been identiWed in non-small-cell lung cancer clinical
specimens and cell lines, which functionally disrupt the
Cul3-dependent Nrf2 degradation, increase Nrf2 levels
and activity, which in turn activate the transcription of
antioxidant, xenobiotic metabolism, drug eZux pumps,
and intrinsic chemoresistance [14, 15]. On the other hand,
we have shown that many breast cancer cell lines and
clinical specimens have decreased Nrf2 levels, due to
increased Cul3 expression and consequent proteasomal
degradation. This is of interest because breast cancer is
generally more chemosensitive than in lung cancer. We
reversed this phenotype in Cul3-silenced cells, which
resulted in high levels of Nrf2 and Nrf2-regulated detoxi-
Wcation mechanisms and signiWcant resistance to chemo-
therapeutic drugs [16].

Materials and methods

Chemicals and antibodies

Oltipraz was provided by the National Cancer Institute of
the United States. D3T was kindly provided by Dr. Thomas
Kensler (John Hopkins University) MG132 was purchased
from Sigma-Aldrich (St. Louis, MO). Sulforafane (SFP)
was purchased from LKT Labs (St. Paul, MN). Kahweol
(KAW) and cafestol (CAF) palmitates were purchased
from Nestle Research Center (Lausanne, Switzerland). The
green tea phenol EGCG was purchased from Sigma Chemi-
cal Co. (St Louis, MO, USA). The antibody against Nrf2
was from Santa Cruz Biotechnology Co. (Santa Cruz, CA).
The rabbit polyclonal antibodies against the GSTA1/2,
GSTP1, �GCS, and NQO1 were generously provided by
Dr. John D. Hayes (University of Dundee, Scotland, UK).

Cell culture

The MCF-7 and MDA-231 breast cancer cell lines and the
A549 non-small cell lung cancer cell line were all obtained
from ATCC (Manassas, VA) and maintained in RPMI 1640
with 10% FBS.

Western blotting

The nuclear extract was prepared as previously described
[24]. Thirty microgram of nuclear extract or 60 �g of cyto-
plasmic extract was resolved by SDS-PAGE, transferred
onto nitro-cellulose membranes. The membranes were
blocked with 5% fat-free milk solution and then sequen-
tially incubated with primary antibodies and the enzyme-
conjugated secondary antibody. The results were docu-
mented on X-ray Wlms with ECL detection. Antibodies
against Nrf2 and the detoxiWcation enzymes studied were
used to detect their respective protein levels. We have
previously conWrmed the use of these antibodies and the
correct size position of Nrf2 using Nrf2 over-expressing
cell extracts [16].

Gene expression analysis by RT-PCR

Total RNA was isolated from the MCF7 cells with the Tri-
zol reagent, according to the manufacturer’s protocol
(Invitrogen). The mRNA ampliWcation was performed with
the One-Step RT-PCR kit (QIAGEN) according to the
manufacturer’s instructions. Each RT-PCR reaction con-
tained 20 ng of total RNA, 250 �M dNTPs, 50 pmol of
each primer, and 10 unit of enzyme in a Wnal volume of
25 �l. The RT-PCR proWle was 50°C for 30 min, 95°C for
15 min, followed by 32 cycles of 94°C for 40 s, 55°C for
30 s and 72°C for 1 min, and a Wnal 10 min extension at
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72°C. RT-PCR products were analyzed on 1.0% agarose
gels. Sequences of the primers were generated for each of
the detoxiWcation enzyme encoding genes studied, using
previously available sequence data for �GCS, AKR1C1,
GSTP1, and UGDP.

Cytotoxicity assays

Cytotoxicity assays were performed in all three cell lines,
examining their relative sensitivity to doxorubicin and to
paclitaxel. To study the eVects of pre-and concurrent expo-
sure to putative chemopreventive agents, cells were seeded
in 96 well plates at a density of 2,000 cells/well. After 24 h,
the cells were treated with SFP or EGCG for 24 h, after
which either doxorubicin or paclitaxel was added for an
additional 48 h, as indicated in the speciWc experiments, at
the indicated concentrations. The cells were incubated for
5 days before the cell survival being measured by MTT
assay. The absorbance was determined at 570 nm with a
microplate reader (Bio-Rad, model 450). Cell survival was
evaluated 5 days post-addition of doxorubicin or paclitaxel
using the MTT assay. Cell survival is expressed as percent-
age of cell growth in comparison with or without the “che-
mopreventive” agent (SFP, KAW, CEF, or EGCG). The
unpaired Student’s t test was used to compare between the
treated and the untreated cells (*P < 0.05).

Results

Baseline levels of nuclear Nrf2 in the three cell lines, 
and chemosensitivity to doxorubicin

Figure 1a shows the results of Western blotting of nuclear
protein extracts from each of the three human cancer cell
lines studied, with antibodies to Nrf2. Actin is immunoblot-
ted as a loading control. There is a signiWcant gradient of
levels of Nrf2 protein, with A549 > MDA231 > MCF7
cells. Figure 1b shows the survival curves for each of the
cell lines to doxorubicin. The sensitivity of the cells to this
cytotoxic drug also form a gradient, in inverse order to Nrf2
levels, with MCF7 > MDA231 > A549.

The eVects of putative chemopreventive molecules 
on Nrf2 and its regulated genes’ expression 
in an established human breast cancer cell line

We examined these eVects of various putative chemopro-
tective agents in MCF7 cells, to conWrm that the eVects
shown in a variety of models and cells are also true of an
established human cancer cell line. Figure 2 shows the
results of Western blotting of MCF7 cells after exposure to
chemopreventive molecules known to increase Nrf2 and its

transcriptional function. After 24-h exposure to oltipraz,
1,2-dithiole-3-thione (D3T) (D3T) and EGCG at the
respective highest non-toxic doses, Nrf2 protein in these
cells is increased. This is associated with increased mRNA
levels for some of the genes which encode detoxiWcation
enzymes, which are known to be Nrf2 regulated, including
�GCS, AKR1C1, GSTP1, and UGDP (Fig. 3a). Indeed, the
protein levels of these transcriptional-activated genes are
increased, as shown for some of these and others, including
NQO1, in Fig. 3b.

Fig. 1 The variation in Nrf2 protein levels in nuclear protein extracts,
amongst the three human cancer cell lines tested, with PCNA as the
loading control. The cell survival curve also demonstrates the chemo-
sensitivity of the three respective cell lines to doxorubicin

Western blotting of 3 cell lines for nuclear Nrf2 

Cell survival curves for 3 cell lines, against doxorubicin and 
paclitaxel
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Fig. 2 Nrf2 protein level can be increased by exposing the cells with
the putative chemopreventive agents including oltipraz, D3T, KAW,
and EGCG. The results showed that oltipraz and D3T could potently
upregulate Nrf2 expression, while KAW and EGCG could moderately
induce Nrf2 expression. Nrf2 is measured in whole cell lysates, with
GAPDH as the loading control
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The eVects of putative chemopreventive molecules 
on Nrf2 protein levels in three human cancer cell lines

We then returned to the three human cell lines in which
we found diVerences in Nrf2 levels and in sensitivity to
doxorubicin-induced cytotoxicity, using Western immu-
noblottong. Figure 4 shows that in MCF7 cells exposed
to sub-toxic doses of SFP and EGCG for 24 h, Nrf2
levels are increased in a dose-dependent fashion to both.
In MDA231 cells treated in exactly the same way,
adjusting for diVerences in protein loading, there is a
small eVect of EGCG, while Nrf2 was signiWcantly
increased to the same degree at both doses of sulfora-
phane. In contrast, the A549 cells exposed to the same
agents under the same conditions showed no change or
even decreased Nrf2 levels in response to the two higher
doses of EGCG, and no change in response to sulfora-
phane exposure.

The eVect of Nrf2-inducing putative chemoprotective 
molecules on the cytotoxicity of doxorubicin and paclitaxel 
in the three human cell lines tested

We selected a synthetic (SFP) and naturally occurring mol-
ecule (EGCG) to explore the potential implications of the
results above. Cells were exposed to the putative chemopre-
ventive agents EGCG and SFP, at their respective highest
non-toxic doses, for 24 h, and then the medium was
changed and the same molecule was added plus either
doxorubicin or paclitaxel. Just as there is a gradient of Nrf2
nuclear protein content across these three cell lines, there is
also a signiWcant diVerent in the eVects of these molecules
on cytotoxicity. Figure 5 demonstrates that EGCG and SFP
confer signiWcant resistance in MCF7 cells, to both doxoru-
bicin (three- to sixfold, respectively, in a dose-dependnt
manner) and to paclitaxel (3- to >100-fold, respectively).

MDA-231 cells are less sensitive to doxorubicin and to
paclitaxel, as seen previously. Exposure to EGCG results in
approximately threefold resistance to doxorubicin, but SFP
has no eVect on doxorubicin sensitivity. On the other hand,
ECGC at the highest dose results in threefold resistance to
doxorubicin, while SFP causes 5- to 100-fold resistance to
paclitaxel.

Fig. 3 a The mRNA levels of the �GCS, AKR1C1, GSTP1, and
UGDH could be upregulated by treating the cells with D3T and
SFP. b The protein levels, measured in whole cell lysates, of �GCS,
GSTP1, and NQO1 could be upregulated by treating the cells with D3T
and SFP

Fig. 4 The eVect on Nrf2 protein levels after exposure to either
EGCG or SFP in each of the three cell lines tests. This study examined
nuclear protein extracts (NP), and the loading control is therefore the
nuclear protein PCNA
123



Cancer Chemother Pharmacol (2010) 66:467–474 471
Fig. 5 The cytotoxic eVect of 
either doxorubicin or paclitaxel 
in MCF7, MDA231 or A549 cell 
lines, respectively. Pretreatment 
with sub-toxic doses of EGCG 
or SFP confers varying degrees 
of resistance to the cytotoxic 
drug-induced cell death. Cell 
survival is expressed in compar-
ison to cells treated with solvent 
alone. Values represent the 
mean § SEM of three indepen-
dent measurements. Statistical 
analysis (Student’s t test) was 
performed by comparison of 
D3T- or SFP-treated and 
untreated cells (*P < 0.05)
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In A549 cells, which are even more resistant to doxoru-
bicin, though not to paclitaxel at baseline, exposure to
EGCG has no eVect on doxorubicin sensitivity, but sulfora-
phane appears to signiWcantly enhance doxorubicin cyto-
toxicity. EGCG has no eVect on paclitaxel sensitivity, but
there is as high as threefold resistance in cells exposed to
sulforaphane.

Discussion

We looked to the chemoprevention literature, where uncou-
pling Nrf2 from its degradative pathway is a desirable tar-
get, and a number of molecules have been discovered or
designed to do precisely that. Sulforaphane and green tea
polyphenols both Wt this description, and some are already
encouraged as cancer preventive strategies, and also has
been examined in clinical trials looking at its potent impact
on inXammatory lung disease [25]. ECGC the major Xavo-
noid in green tea has also been studied in humans, examin-
ing its impact on serum lipids and inXammatory markers
[26]. The relationship between the Nrf2–Keap1–Cul3 pro-
tein interactions and chemotherapy sensitivity has only
recently been shown in non-small cell lung cancer, where
loss of function Keap1 mutations result in dysregulation of
Nrf2 turnover, accumulation of Nrf2 and the detoxiWcation
batteries of enzymes it regulates, and hence the frequent
intrinsic resistance to chemotherapy in this tumor type [14,
15]. We have demonstrated that the decrease in detoxiWca-
tion enzymes we had previously observed in breast cancer
specimens is at least in large part related to diminished Nrf2
protein in breast cancer [16]. The consequence is sensitivity
to chemotherapy typical of most breast cancers. The present
data disclose that greater complexity is involved. While
there appears to be a relationship between Nrf2 protein lev-
els and cellular sensitivity to doxorubicin across these three
cell lines, such is not the case for sensitivity to paclitaxel.
Hints of the importance of the speciWc cytotoxic drug
involved were observed in our previous work, in which
SiRNA silencing of Cul3, that led to increased Nf2 protein,
resulted in substantial (50-fold) resistance to doxorubicin,
but only modest (<5-fold) resistance to paclitaxel.

Our data in this study also suggest, not surprisingly, that
these “Nrf2-inducing agents” have signiWcant oV-target
eVects. This is particularly true for sulforaphane, where we
see dramatic resistance induced to paclitaxel, even in cells
with no change in Nrf2 protein levels, such as the A549
NSCLC cell line. Sulforaphane is known to have multiple
other actions, including interaction with tubulin proteins,
which has actually been demonstrated in A549 cells, and
our experiments suggest that these may be operative in the
A549 cells with very high levels of Nrf2 [27]. The fact that
suforphane can result in signiWcant resistance to paclitaxel

requires further examination, because this could be clini-
cally signiWcant for lung cancer patients. Another study
recently demonstrated the essential role of Nrf2 in cisplatin
resistance in lung cancer cell lines, using SiRNA silencing
of Nrf2. The eVect of increasing Nrf2 above baseline using
chemical agents was not examined [28]. The modest
chemosensitization to doxorubicin we observed in the
A549 cells is of interest, but since this is not a commonly
used class of agents in this disease, the clinical signiWcance
may be less. EGCG does not appear to have signiWcant
impact on chemosensitivity to either drug in A549 cells,
perhaps because it is a less potent Nrf2 inducer, or less
potent eVector, in general.

While our data are very preliminary, the notion
expressed in some of the popularly read non-peer reviewed
“prevention/nutrition literature” that there is a convergence
between anti-cancer treatment and cancer prevention, and
that they should both be approached in the same manner, is
potentially risky. It is often recommended in those media
that some of these molecules can be helpful in “detoxify-
ing” a cancer patient of the carcinogenic factors.

We do indeed Wnd that these molecules both increase
Nrf2 and also activate detoxiWcation pathways in some
established cancer cells, and that in some contexts this
results in signiWcant resistance to standard cytotoxic drugs.
The Nrf2 data in this report is not intended to necessarily
prove that this is the sole mechanism of the chemoresis-
tance that we observe to be induced. Rather, we are demon-
strating that these molecules can indeed induce the cellular
detoxiWcation regulatory pathway, as intended in the che-
moprevention scenario, and at that dose there is an associ-
ated chemoresistance in established tumor cell lines. For
some cells, the basal level of Nrf2 may determine the eVect
of some of these agents. Additional studies are ongoing to
fully assign mechanism.

We may even have underestimated the full spectrum of
these eVects, since, for example, green tea polyphenols
have been shown to internalize the EGF receptor of cells,
which could render then insensitive to the kinase inhibitors
currently in use in various forms of cancer which speciW-
cally target EGFr [29]. One study did Wnd that sulforaphane
sensitized non-transformed mouse Wbroblasts in vitro to
doxorubicin, although the sulforaphane dose was in a low
cytotoxic range [30]. This raises the possibility of a sce-
nario in which chemopreventive molecules are sensitive to
non-malignant cells while rendering cancer cells resistant
to cytotoxic chemotherapy.

The speciWc enzymes we have found increased in
response to increasing available Nrf2 have interesting and
relevant eVects on cellular resistance, e.g., AKR expression
aVects cellular resistance to methotrexate [31], and a poly-
morphism of NOQ1 is noted to be a strong predictive factor
in breast cancer [32].
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Our Wndings provide a cautionary note with regards to
the use of these putative chemopreventive agents during
anti-cancer therapy. While more work is required to deter-
mine dose and schedule of these putative chemopreventive
agents’s eVect on Nrf2 and on chemoresistance, at least in
the case of the green tea catechin EGCG, an in vivo model
has already demonstrated an eVect on intestinal Nrf2 that is
related to resistance to radiation-induced damage.
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