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ABSTRACT
Glutamate cysteine ligase, the rate-limiting enzyme for the synthesis of
glutathione, represents an important component of chemoprevention paradigms. GCLC and GCLM, the genes encoding glutamate cysteine ligase
subunits, are induced by indoles, such as indomethacin. Novel functionalized indole analogues and other structurally related compounds were
synthesized and used for a comparative structure analysis of GCLC induction. Use of mouse embryo fibroblasts null for Nrf2 (nuclear factorerythroid 2p45-related transcription factor) and HepG2 cells overexpressing Keap1 demonstrated that indole analogue-mediated GCLC expression
was regulated by Nrf2-Keap1 interactions. Indole analogues capable of
inducing GCLC were found to increase NADPH oxidase activity. Indole
analogues unable to induce GCLC did not increase oxidase activity.
HepG2 cells transfected with FLAG/Keap1 were exposed to indomethacin,
and the redox state of Keap1 cysteine residues was assessed. The data
indicated that Keap1 exhibited several oxidation states that were sensitive
to indomethacin treatment. These indomethacin-mediated changes in thiol
oxidation states were suppressed by diphenyleneiodonium, a NADPH
oxidase inhibitor. Diphenyleneiodonium also suppressed indole analoguemediated increases in GCLC mRNA. In summary, the use of the indole
analogues identified NADPH oxidase activity as a novel upstream activity
regulating Nrf2/Keap1 signaling of GCLC, provided data supporting the
hypothesis that Keap1 is a downstream effector for oxidase activity, and
afforded in vivo data to support the hypothesis that Keap1 thiols can act
as molecular sensors of reactive oxygen species. Finally, the comparative
structure analysis suggests that 2-indol-3-yl-methylenequinuclidin-3-ols
may represent a prototype for the development of novel chemopreventative agents able to activate Keap1/Nrf2 signaling.

INTRODUCTION
GSH3 is an amino thiol that exhibits nucleophilic, antioxidant, and
detoxification functions and is synthesized in all mammalian cells by
the sequential action of two enzymes: GCL and GSH synthetase (1).
GCL is a heterodimeric enzyme catalyzing the first and rate-limiting
step, formation of ␥-glutamylcysteine. Gclc is the catalytic subunit of
GCL and Gclm is the regulatory subunit. Gclc contributes all of the
enzymatic activity and is feedback inhibited by GSH. Association of
Gclm with the catalytic subunit lowers the apparent Km for the
substrate glutamate while increasing the apparent Ki for GSH.
Whereas the Km for cysteine binding is independent of Gclm binding,
cysteine availability can limit GCL activity. Plasma GSH, a conseReceived 3/28/03; revised 6/6/03; accepted 6/23/03.
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quence of GSH efflux from kidney and liver, is an important source
for cysteine (1). Plasma GSH is transported into cells that express the
enzyme ␥-glutamyltranspeptidase as a ␥-glutamyl amino acid and
cysteinylglycine. Cysteinylglycine is broken down to cysteine and
glycine by dipeptidase, a component of the ␥-glutamyl cycle (1).
Thus, GSH can act as a nucleophile, an antioxidant, and as a major
storage form of the amino acid cysteine, the intracellular transport of
which can enhance the rate of GSH synthesis (1).
GSH and its constituent amino acid, cysteine, are important components of cancer chemoprevention strategies. GCL is an integral
component of phase II metabolism; induction of GCL and elevation of
GSH synthesis occur rapidly after exposure to chemoprevention
agents such as dithiolethiones (2). Increasing the intracellular concentration of cysteine or GSH has the potential to decrease arsenitemediated induction of VEGF and hypoxia-inducible factor 1 in normoxic cells (3), arsensite-mediated genotoxicity (4), and tumor
promotion and progression stimulated by 12-O-tetradecanoylphorbol13-acetate (5, 6). These chemoprevention functions are a consequence
of the chemical properties of the constituent sulfhydryl (reviewed in
Ref. 7). The nucleophilic and reductive character helps to prevent
metabolic activation of xenobiotics to mutagens and prevent reaction
of mutagens with key cellular targets. The antioxidant attributes of
GSH avert peroxide and superoxide-mediated genotoxicity. Thiol
conjugation to mutagenic and carcinogenic xenobiotics and their
subsequence efflux during phase II detoxification metabolism augment the chemopreventive properties of GSH.
The antitumor properties of NAC buttress the hypothesis that
cysteine and GSH may act as chemopreventive agents. NAC is a
prodrug that is deacetylated to L-cysteine, allowing increased GSH
synthesis to occur. NAC can suppress benzo(a)pyrene-mediated tumor formation (8), inhibit expression of VEGF in Kaposi’s sarcomas,
and inhibit the growth of Kaposi’s sarcomas in nude mice (9).
NAC has also been shown to lower cancer-associated biomarkers in
smokers (10).
Current strategies designed to elevate GSH concentrations involve
using GSH esters or prodrugs such as NAC. It can be reasoned that
prodrug strategies, which act by increasing intracellular cysteine, have
the potential to be augmented by administration of compounds that
induce expression of GCLM and/or GCLC. Recently, we made the
novel observation that the nonsteroidal anti-inflammatory drug indomethacin induced Nrf2 (nuclear factor-erythroid 2p45-related transcription factor)-mediated expression of GCLC and GCLM in human
hepatoma HepG2 cells (11). The indolic drug, indomethacin, is a
5-methoxy-2-methylindole-3-acetic acid analogue bearing an N-4chlorobenzoyl substituent that exhibits unique multifunctional cancer
chemopreventive activities, e.g., tumor cell apoptosis and nonselective inhibition of prostaglandin synthesis (12). The observation that
indomethacin also induces GSH synthesis suggests that various structural characteristics of this compound may be useful in designing
novel multifunctional chemopreventive agents.
Indomethacin-mediated induction of GCLC and GCLM was shown
to be regulated by Keap1-Nrf2 interactions (11). Nrf2 is a NF-E2-like
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basic leucine zipper transcriptional activator and a member of the Cap
‘n’ Collar basic region leucine zipper family of transcription factors
(13). Heterodimeric forms of Nrf2 bind to antioxidant response elements located in the proximal promoters of GCLC and GCLM (14). In
unstressed cells, Nrf2 is tethered to the protein Keap1 (15). Keap1 is
an actin-binding protein that resides in the cytosol and is a homologue
of the Drosophila actin-binding protein Kelch. Tethering of Nrf2 by
Keap1 requires that Keap1 form a homodimer, the formation of which
is regulated by Ser104 (16). Homodimeric Keap1 tethers Nrf2 in the
cytosol via association with the Neh2 domain of Nrf2 (15). Recent
work performed in vitro with purified Keap1 supports the hypothesis
that critical Keap1 cysteine residues may act as sensors of oxidative
and electrophilic stress, regulating release of Nrf2 (17). It is not
known whether Keap1 cysteines can react with oxidants and electrophiles in vivo.
Exposure to indomethacin causes Keap1 to release Nrf2 (11). The
free Nrf2 translocates to the nucleus, induces transcription, and enhances translation of GCL. This is followed by elevation of GSH
concentrations (11). Cells exposed to indomethacin are resistant to
diethyl maleate-mediated GSH depletion and cytotoxicity. Exposure
to antioxidants blocked indomethacin-mediated release of Nrf2 from
Keap1, Nrf2 translocation, and transcription of GCLC (11).
The mechanism by which indomethacin activates Keap1 to release
Nrf2 and induce GCLC is not currently known. The results obtained
using antioxidants suggest that ROS are involved. As stated above,
indomethacin exhibits several multifunctional chemopreventive activities. It is very likely that each of the activities of indomethacin is a
consequence of specific molecular shapes. To elucidate the structural
features that maximize Nrf2 activation, novel functionalized indoles
and other structurally related compounds were synthesized and used
along with indomethacin to conduct a comparative structure analysis.
These experiments identified NADPH oxidase as a new upstream
signaling activity capable of inducing Nrf2-mediated expression of
GCLC, identified Keap1 as molecular target for NADPH oxidase
activity, and provided novel in vivo data that are consistent with the
hypothesis that thiol reactivity of Keap1 cysteines is an important
component of regulation. Finally, these studies suggest that 2-indol3-yl-methylenequinuclidin-3-ols may represent a prototype for the
development of potentially novel chemopreventative agents for induction of GCLC.

MATERIALS AND METHODS
Indole Analogues and Related Compounds. The indole analogues and
related compounds were prepared by aldol condensation of the appropriate
N-substituted indole-3-, thiophene-3-, or phenylcarboxaldehyde with 1-azabicyclo[2.2.2]octan-3-one to afford the corresponding arlymethylene-1-azabicyclo[2.2.2]octan-3-one derivative. These 3-keto analogues were also reduced to the corresponding (⫾)-1-aza-bicyclo[2.2.2]octan-3-ol analogue with
sodium borohydride in methanol. Confirmation of structure and purity of these
analogues was obtained from 1H NMR and 13C NMR spectroscopic analysis
and from carbon, hydrogen and nitrogen combustion analysis. The geometry of
the double bond in these molecules was established from X-ray crystallographic data.4
Cell Culture and DNA plasmids. HepG2 cells were maintained in DMEM
supplemented with 10% fetal bovine serum, 1% sodium pyruvate, and 20
g/ml gentamicin. MEFs were maintained in DMEM:Ham’s F-12 supplemented with 15% fetal bovine serum and 100 M ␤-mercaptoethanol. The
cDNA KIAA0132 (human Keap1) was a gift from Dr. Takahiro Nagase and
was subcloned into pCMV-Tag (Stratagene). The vector pCMV-Tag places a
FLAG epitope NH2 terminus to Keap1. A human GCLC promoter fragment
was cloned from a human bacterial artificial chromosome library and sub4
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cloned into pGL3Basic (Promega). The full-length fragment encompasses bp
⫺3678 to ⫹246, with ⫹1 representing the transcriptional start site. All
constructs were verified by sequencing.
Transfections. Cells were inoculated into either T-25 flasks (3 ⫻ 105) or
6-well dishes (2 ⫻ 105) 15 h before transfection. Plasmids were transiently
transfected into cells using DMRIE-C (Invitrogen). After transfection, cells
were serum starved overnight and then exposed to the indoles. ␤-Galactosidase
and luciferase activities were determined using a Promega Reporter Assay
System according to the manufacturer’s directions. Briefly, cells were lysed in
Reporter Lysis Buffer, vortexed, frozen, thawed, and centrifuged at 13,000 ⫻ g
for 3 min at 4°C. The supernatant was then recovered. For ␤-galactosidase
activity, 100 l of lysate were mixed with assay buffer (200 l) and incubated
at 37°C for 3 h, and the reaction was stopped upon addition of sodium
carbonate. The absorbance at 420 nm was then determined. For determination
of luciferase activity, 10 l of lysate were mixed with 100 l of luciferase
assay reagent and placed in a luminometer. All experiments involving reporter
assays were done in triplicate and repeated at least twice.
Generation of HepG2 Cells That Stably Overexpress Either FLAG/
Keap1, FLAG/Luciferase, or pcDNA 3.1. Cells were transfected with 1 g
of plasmid [pCMV-Tag/Keap1, pCMV-Tag/luciferase (Stratagene), or
pcDNA3.1 (Invitrogen)] and selected for resistance to 1000 g/ml G418.
Individual clones were isolated and expanded. Cells were maintained in 500
g/ml G418. However, G418 was omitted from the culture medium during
experimental manipulations. Cell lines stably transfected with pCMV-Tag/
Keap1 were labeled as HepG2/Keap1/J1, HepG2/Keap1/J2, and HepG2/
Keap1/J3. Cell lines stably transfected with pCMV-Tag/luciferase were labeled as HepG2/Lux/S6 and HepG2/Lux/S7. Cell lines stably transfected with
pcDNA3.1 were pooled and labeled as HepG2/pc.
Northern Blot Analysis. Total RNA was isolated using Trizol reagent
(Invitrogen). The isolated RNA (20 g/lane) and a RNA ladder were fractionated by electrophoresis in a 1.1% agarose/2.2 M formaldehyde gel, blotted onto
nitrocellulose membranes, and baked. Prehybridization and hybridization were
carried out at 42°C using 32P-labeled cDNA corresponding to GCLC or
cyclophilin. All experiments were repeated two or more times.
Immunoblot Analysis. The cells were treated as indicated, lysed at intervals using NP40 lysis buffer [50 mM Tris-Cl (pH 7.8), 150 mM NaCl, 1%
NP40, 10 mM EDTA, and 10 mg/ml protease inhibitor mixture (Sigma)],
briefly sonicated, and incubated in ice for 30 min. Lysates were clarified by
centrifugation (12,000 rpm for 5 min), and 30 g of lysates were resolved on
10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes for
1 h. Membranes were incubated overnight with antibody. Membranes were
developed by the enhanced chemiluminescence system (Amersham Pharmacia
Biotech).
Real-Time Quantitative Reverse Transcription-PCR. Total RNA was
isolated using Trizol reagent and treated with DNase I before performing
reverse transcription. Two g of total RNA were reverse transcribed using
mouse GCLC and mouse cyclophilin, coamplified as an internal control. The
reverse primers were mGCLC (GGTGTCTATGCTCATCAGGGTG) and
mCyclophilin (GGCGTGTAA AGTCACCACCC). The cDNA products underwent PCR amplification using GCLC and mCyclophilin forward primers
(5⬘ to 3⬘) mGCLC (GGTGCAGCAAGGCCCA) and mCyclophilin (TCGAGCTCTGAGCACTGGAG) and reverse primers (5⬘ to 3⬘) mGCLC (GGTGTCTAT GCTCATCAGGGTG) and mCyclophilin (GGCGTGTAAAGTCACCACCC) plus TaqMan probes labeled with 5⬘ fluorescent label, 6FAM,
and 3⬘ Quencher TAMRA (Applied Biosystems). The sequence of the GCLC
probe (5⬘ to 3⬘) was 6FAM-GCAGCTCTGAGCCAGCTGCAGAGGTAMRA. The sequence of the cyclophilin probe (5⬘ to 3⬘) was 6FAMAGCAGCTCTGAGCCAGTCGACGAGG-TAMRA. Real-time quantitative
PCR was performed and analyzed using an ABI PRISM 7700 Sequence
Detector.
Determination of Keap1 Thiol Reactivity and Isoelectric Focusing.
Thiol reactivity was assessed using a modification of the method described in
Ref. 18. Cells were transiently transfected with the FLAG/Keap1 vector (1
g/flask). Cells were then labeled with [35S]methionine in methionine-free
medium, washed, and exposed to experimental manipulation. For immunoprecipitation, cells were washed twice in ice-cold PBS and solubilized in
0.01%Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS plus protease
inhibitor mixture (P1860; Sigma). Solubilized protein was immunoprecipitated
with anti-FLAG antibody (Sigma)/protein G/A (Oncogene) and then washed
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three times with solubilization buffer. IAA was dissolved in 300 mM Tris (pH
8.5) and added to urea buffer [21 mM 4-morpholinepropanesulfonic acid, 9.5
mM urea, and 2% NP40 (pH 8.5)] so that the final IAA concentration was 50
mM. Thirty l of the IAA/urea buffer were added to the washed pellet. A
10-cm slab gel isoelectric focusing gel (9.2 M urea, 4% acrylamide, 2% NP40,
and 3.75% 3–10 ampholines) was prefocused at 25.5°C for 105 min (cathode,
0.02 M sodium hydroxide; anode, 0.01 M phosphoric acid) before the addition
of immunoprecipitated, IAA S-alkylated sample. Isoelectric focusing was
performed at 25.5°C using 240 V for 18 h. The gel was then fixed, exposed to
En3Hance (DuPont), dried, and subjected to fluorography.
Two-dimensional DIGE. DMSO (control) and indomethacin-treated
FLAG/Keap1 immunocomplexes were precipitated as described. Immunoprecipitates were precipitated with 4 volumes of methanol and 1 volume of CHCl3
and resuspended in two-dimensional DIGE lysis buffer (7 M urea, 2 M thiourea,
4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, 5 mM
MgOAc, and 30 mM Tris) and labeled with 200 pmol of Cy3 (DMSO) or Cy5
(indomethacin treated) for 30 min on ice. The labeling reaction was quenched
with 1 l of 10 mM lysine, combined and mixed with an equal volume of
rehydration buffer [7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, 2% DTT, 0.5% IPG buffer (pH
3–10NL)]. The mixed Cy3/Cy5-labeled sample was used to rehydrate a 24-cm
pH 3–10 nonlinear immobilized pH gradient strip, which was subsequently
focused for 82,000 volt hours using an IPGphor isoelectric focusing unit
(Amersham Biosciences). The second-dimension SDS-PAGE separation was
carried out on a continuous 12.5% polyacrylamide gel. The Cy3- and Cy5labeled proteins were individually imaged from the intact two-dimensional gel
using a Perkin-Elmer Two-dimensional Master Gel Imager at 100 M resolution, using excitation and emission wavelengths that were mutually exclusive
for each dye. Cy3-labeled proteins were imaged for 15 s using 540 and 590 nm
for excitation and emission wavelengths, respectively; Cy5-labeled proteins
were imaged for 12 s using 620 and 680 nm for excitation and emission
wavelengths, respectively. Sixteen-bit tagged image file format files were used
to determine the Cy3:Cy5 volume ratios for each isoform using DeCyder
software (Amersham Biosciences).

Fig. 2. Northern blot illustrating expression of GCLC mRNA isolated from exposure
of HepG2 cells to indole analogues or structurally related compounds for 18 h. A, cells
were exposed to vehicle control (DMSO), 50 M of the indicated synthetic analogue, or
500 M indomethacin. B, cells were exposed to DMSO; 500 M indomethacin; 20, 50, or
100 M VJ-112-OH; or 25 or 50 M VJ-111.

Determination of NADPH Oxidase Activity. Cell membranes were isolated by differential centrifugation according to the method of Mohazzab and
Wolin (19). In brief, cells from six 75% confluent T-75 flasks were harvested
with cell dissociation solution (PBS-EDTA), washed once with ice-cold Dulbecco’s PBS, and centrifuged for 5 min at 700 ⫻ g. Supernatant was discarded,
and the pellet was resuspended in 2.5 ml of ice-cold Tris-sucrose buffer [pH
7.1; composed of 10 mM Trizma base, 340 mM sucrose, 1 mM EDTA, and 10
g/ml protease inhibitor mixture (Sigma)] and sonicated by four 15-s bursts.
The cellular homogenate was clarified by centrifugation at 1,475 ⫻ g at 4°C
for 15 min to remove nuclei and unbroken cells. The supernatant was then
centrifuged at 30,000 ⫻ g at 4°C for 30 min. The pellet was discarded, and the
supernatant was further centrifuged at 100,000 ⫻ g at 4°C for 75 min. The
pellet was resuspended in 150 l of Tris-sucrose buffer and stored at ⫺80°C.
Generation of ROS was measured by chemiluminescence as follows: in a
500-l reaction buffer [50 mM phosphate buffer (pH 7.0), 1 mM EGTA, 150
mM sucrose, 5 M lucigenin], 15 g of cell membrane protein and 100 M
NADPH as substrate were added and incubated at 37°C for 5 min. In some
experiments, DPI or SOD was added in the reaction mixture. Chemiluminescence (in arbitrary light units) was measured by using a Monolight 3010
luminometer (BD PharMingen) for 10 s. The signal was expressed as the sum
of all measurements after subtraction of the buffer blank.
Measurement of MRP Activity. Cells were labeled with 10 g/ml C-369
(carboxy-2⬘,7⬘-dichlorofluorescein; Molecular Probes) dissolved in DMSO at
37°C for 15 min, placed immediately on ice, and analyzed by flow cytometry
(excitation, 488 nm; emission, 525 nm). Mean fluorescence intensity of 20,000
cells was calculated from the histograms obtained from each sample and
corrected for autofluorescence obtained from unlabeled samples.

RESULTS

Fig. 1. The structures of indomethacin, a series of novel indole analogues, and
structurally related compounds.

To elucidate the molecular targets that are critical for induction of
GCLC by indole analogues, a series of novel 2-indol-3-yl-methylenequinuclidine analogues and some related compounds were synthesized (Fig. 1), and a comparative structure analysis was conducted.
The data presented in Fig. 2 illustrate two representative Northern
blots, whereas the data presented in Table 1 summarize the results
from these and other experiments. It is immediately evident that of the
10 synthetic analogues evaluated, 2-indol-3-yl-methylenequinuclidin3-ols containing either an indolic N-benzyl or N-benzenesulfonyl
substituent constitute the most potent inducers of GCLC mRNA.
Oxidation of the quinuclidine 3-hydroxy group to a 3-keto group
results in complete loss of activity, and substitution of the indolic
N-aromatic substituent with a methyl group or a hydrogen atom also
affords inactive compounds. In addition, substitution of the indol-3-yl
moiety with a thiophen-3-yl or substituted phenyl moiety decreases
activity by approximately 85% (Table 1). This structure-activity profile is interesting because the three most active compounds have some
structural characteristics that are found in the structure of indomethacin, i.e., all four molecules contain an indol-3-yl moiety bearing an
aromatic N-substituent in their structures.
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Table 1 Northern blot analysis of GCLC expression
HepG2 cells were exposed to the indicated compounds (50 M) for 18 hr, and then
RNA was isolated.
Compound

Relative expression of GCLCa

VJ-115
VJ-112-OH
VJ-175
VJ-142
VJ-147
VJ-145
VJ-111
VJ-112
VJ-113
VJ-114

50
50
50
8
7
1
1
1
1
1

a
GCLC and cyclophilin mRNA levels were determined by Northern blotting and
quantitated using image analysis software. GCLC levels in treated cells were divided by
cyclophilin levels and expressed relative that obtained from DMSO-exposed controls.

Elevation of GCLC mRNA was accompanied by elevation in intracellular GSH concentrations. Previous work established that GSH
concentrations increased after GCLC mRNA induction mediated by
exposure to indomethacin (11). Similar results were obtained when
cells were exposed to an indole analogue. Cells were exposed to the
indole analogue VJ-175 for 18 h, and then intracellular GSH was
measured as described in Ref. 11. Cells exposed to vehicle control
(DMSO) contained 30 ⫾ 5 nmol GSH/mg protein (n ⫽ 4), whereas
cells exposed to VJ-175 contained 78 ⫾ 13 nmol GSH/mg (n ⫽ 4).
These results indicate that the increase in GCLC mRNA observed
after exposure to an indole analogue such as VJ-175 (Fig. 9) is
accompanied by elevation of GSH.
Two approaches were used to evaluate the role of Nrf2 in indole
analogue-mediated signaling. First, quantitative assessment of GCLC
mRNA levels in MEFs obtained from wild-type and Nrf2-null animals

was performed using real-time PCR (Fig. 3A). The data shown in Fig.
3A indicate that exposure of wild-type MEF cells to various concentrations of VJ-112-OH resulted in an elevation of GCLC mRNA,
whereas GCLC mRNA was not increased in Nrf2-null cells. Thus,
loss of Nrf2 expression abrogated GCLC gene expression mediated by
exposure to an indole analogue.
In a second approach, HepG2 cells were stably transfected with a
vector that expressed FLAG-tagged Keap1, and various clones were
isolated. In addition, control cell lines that were stably transfected
with either FLAG-tagged luciferase or pcDNA3.1 were generated.
Expression of luciferase in control cell lines was verified by luminometry (data not shown). Keap1 is an actin-binding protein, and
under basal conditions it sequesters Nrf2 in the cytosol (15). In
unstressed HepG2 cells, Nrf2 can be observed in the cytosol and in the
nucleus (20), suggesting that Nrf2 synthesis exceeds that of Keap1.
Therefore, overexpression of Keap1 would be expected to suppress
Nrf2-mediated gene expression. The expression of FLAG/Keap1 in
three individual clones that overexpress Keap1 is illustrated in the
immunoblot shown in Fig. 3B. The three clones that overexpress
FLAG/Keap1 and pooled control HepG2/pc cell lines were transiently
cotransfected with pGL3/GCLC and pcDNA3.1/LacZ. The pGL3/
GCLC reporter vector expresses luciferase under control of the human
GCLC proximal promoter and is Nrf2 dependent (11). Luciferase
activity, corrected for ␤-galactosidase activity (a measure of transfection efficiency), was significantly diminished in cells that overexpress
Keap1 compared with the parental control cells (P ⱕ 0.05, ANOVA).
These results are consistent with previous work indicating that human
GCLC was regulated by Nrf2 activity (14).
MRPs are drug efflux pumps that belong to the phase II metabolic
gene family (21), and Nrf2 has been shown to regulate expression of

Fig. 3. Indole analogue-mediated elevation of
GCLC mRNA is inhibited in Nrf2-null MEF cells or
in cells that overexpress Keap1. A, MEF cells derived
from wild-type or Nrf2-null mice were exposed to
various concentrations of VJ-112-OH, and then RNA
was isolated. GCLC mRNA was quantitated by realtime reverse transcription-PCR. The relationship between cycle threshold (Ct) and GCLC mRNA levels
was corrected for changes in expression of cyclophilin mRNA. B, HepG2 cells that stably express
pcDNA3.1 (HepG2/pc) or FLAG/Keap1(HepG2/
Keap1/J1, HepG2/Keap1/J2, HepG2/Keap1/J3) were
transiently cotransfected with 0.1 g of pGL3/GCLC
and 0.5 g of pcDNA3.1/LacZ. An immunoblot demonstrating expression of FLAG/Keap1 is shown to the
left of the histogram. C, histogram illustrating MRP
activity measured by flow cytometric analysis of control cells (HepG2/Lux/S6 and HepG2/Lux/S7) or
cells overexpressing Keap1 (HepG2/Keap1/J1 and
HepG2/Keap1/J2) labeled with the fluorescent dye
C-369. D, Northern blot of GCLC and cyclophilin
mRNA from HepG2 cells, HepG2/Keap1/J1, or
HepG2/Keap1/J2 cells. Cells were exposed to 0 or 50
M VJ-112-OH for 18 h.
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Fig. 4. NADPH oxidase activity in HepG2 membrane fractions. Membranes isolated
after centrifugation at 100,000 ⫻ g were either immunoblotted for the presence of p47phox
or used to measure the activity of the NADPH oxidase. In some membrane fractions, SOD
or DPI was added before activity measurements.

this family, as discussed in Ref. 22. We used a flow cytometric
analysis technique (23) to determine whether overexpression of
Keap1 affected MRP activity. Fig. 3C illustrates the fluorescent
intensity of the anionic dye C-369 (Molecular Probes) obtained from
control cell lines that stably express FLAG/luciferase (HepG2/Lux/S6
and HepG2/Lux/S7) and from cell lines that overexpress Keap1
(HepG2/Keap1/J1 and HepG2/Keap/J2). Cell lines that overexpressed
Keap1 exhibited enhanced accumulation of dye compared with control cell lines, indicating loss of MRP efflux activity. These results are
consistent with the expectation that overexpression of Keap1 will
down-regulate Nrf2-mediated gene expression.
The pooled control of HepG2/pc cells and two clones that overexpress FLAG/Keap1 were exposed to the indole analogue VJ-112-OH.
RNA was isolated and subjected to Northern blotting (Fig. 3D). The
data indicate that exposure to VJ-112-OH increased GCLC mRNA
levels in control cells, but not in cells that overexpress Keap1. Thus,
the results obtained using Nrf2-null MEFs and Keap1-overexpressing
cell lines, combined with previous data obtained using indomethacin
(11), indicate that Nrf2/Keap1 signaling regulates indole-mediated
GCLC gene expression.
The observations that the antioxidant NAC blocked indomethacinmediated release of Nrf2 from Keap1, Nrf2 translocation, and transcription of GCLC (11) suggested that ROS signaling may be essential
for induction of GCLC by the indole indomethacin. Indomethacin is
known to increase the activity of the ROS-generating enzyme
NADPH oxidase (24). This multisubunit enzyme is composed of a
membrane flavocytochrome b558 complex consisting of a Nox/Duox
family member and gp22phox and several cytosolic subunits [Rac,
p67phox, p47phox, and p40phox (25, 26)]. The activated enzyme complex requires translocation of cytosolic subunits to the membrane so
that it may catalyze the one-electron reduction of oxygen to superoxide anion using NADPH as a substrate. HepG2 cells have been shown
to express the Nox1 homologue (27).
As shown in Fig. 4, HepG2 cells express NADPH oxidase activity.
A 100,000 ⫻ g membrane fraction was isolated and used for immunoblotting and determination of oxidase activity. Immunoblot analysis
indicated the presence of the p47phox subunit in the membrane fraction. This is consistent with the observation that membrane fractions
exhibit NADPH-dependent superoxide production [assessed by lucigenin chemiluminescence (28)] that could be inhibited by either
SOD or DPI, an inhibitor of cytochrome b558, the flavocytochrome
subunit of the oxidase (Fig. 4).

Exposure of HepG2 cells to the indole analogue VJ-115 for up to
5 h increased NADPH oxidase activity (Fig. 5). After exposure to the
analogue, a 100,000 ⫻ g membrane fraction was isolated, and activity
was measured. The data were best fitted by a straight line (r ⫽ 0.994).
This result is consistent with the work of Tanaka et al. (24), who
observed a linear increase in indomethacin-mediated activation of
NADPH oxidase activity in leukocytes as a function of time exposure.
This work is also consistent with our previous work (11), which
demonstrated that indole exposure increased intracellular levels of
ROS in a linear fashion as a function of time of exposure.
It has been hypothesized that Keap1 cysteine residues act as molecular sensors of electrophilic molecules or ROS (15, 29). Using an
in vitro assay, Dinkova-Kostova et al. (17) have shown that mouse
Keap1 thiol moieties can react with electrophilic molecules such as
dexamethasone mesylate and release Nrf2.
Human Keap1 contains 27 cysteine residues. The thiol reactivity of
Keap1 cysteines was assessed in cells treated with the indole indomethacin using a modification of the method described by Thomas
and Beidler (18). This technique uses IAA to S-alkylate reduced thiols
of cysteine and analyzes the results by isoelectric focusing. IAA will
not react with a thiol residue that is not reduced. For example, it will
not react with oxidized thiols. IAA S-alkylation of cysteines introduces a negative charge on the residue. During isoelectric focusing,
proteins with the greatest number of IAA S-alkylations (a function of
the number of reduced thiols available for reaction with IAA) will
focus closer to the anode compared with those that have fewer
S-alkylations.
Keap1 is extremely amenable to this analysis. The pI of FLAG/
Keap1 was calculated using ExPASy pI software and predicted to be
5.81 (no alkylations). Alkylation of a single FLAG/Keap1 cysteine
would decrease the pI to a value of 5.75, two alkylations would
decrease the pI to 5.69, and alkylation of all cysteine residues would
result in the protein exhibiting a pI of 4.81. As a comparison, the
predicted pI of Nrf2 is 4.67. Complete alkylation of all cysteine
residues in Nrf2 would decrease the pI to 4.60. This calculation for
Nrf2 indicates that it would not be a good candidate for this type of
analysis because there would be very little change in pI.
Two-dimensional DIGE (Amersham Biosciences) was used to assess the degree of IAA S-alkylation. Cells were transfected with
FLAG/Keap1 and exposed to DMSO or indomethacin (500 M/2 h;
Fig. 6). FLAG/Keap1 was immunoprecipitated, alkylated with IAA
(50 mM), and then labeled with either Cy3 (DMSO treated) or Cy5
(indomethacin treated) fluorescent dyes. Control and indomethacintreated samples were combined together and run on a single twodimensional gel. Although the Cy3-labeled Keap1 isoforms and the
Cy5-labeled Keap1 isoforms focused at the same pIs and exhibited the

Fig. 5. NADPH oxidase activity increases in HepG2 cells exposed to 50 M VJ-115.
Cells were exposed to VJ-115 for the indicated times, and then 100,000 ⫻ g membrane
fractions were isolated and used for determination of oxidase activity. Activity is expressed relative to that measured in untreated cells.
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Fig. 6. Analysis of FLAG/Keap1 treated with indomethacin using two-dimensional DIGE. HepG2 cells were transiently transfected with 1 g of FLAG/Keap1 per T-25 flask and
then exposed to either DMSO or indomethacin (500 M/2 h). FLAG/Keap1 was immunoprecipitated and S-alkylated with 50 mM IAA. The immunocomplexes were then subjected
to two-dimensional difference gel electrophoresis using Cy3 and Cy5 fluorescent dyes to prelabel the protein samples before separation on the same two-dimensional gel (42). Shown
are the Cy3 and Cy5 specific images obtained from the same isoforms from the Mr ⬃70,000 region of the two-dimensional gel. Quantitative fluorescent images of the Cy3 (DMSO)and Cy5 (indomethacin)-labeled samples were normalized and compared for Cy3:Cy5 volume ratios as indicated. Three-dimensional contours are shown for representative volume
comparisons using the Cy3 and Cy5 dyes, which exhibit a linear dynamic range over 4 orders of magnitude.

same molecular weight (Mr 70,000, the estimated molecular weight
for FLAG/Keap1), the proteins could be imaged separately using
excitation and emission wavelengths that are mutually exclusive for
the two dyes. These dyes exhibit a linear dynamic range of over 4
orders of magnitude, allowing for quantitative comparison of abundance changes for the same protein spots resolved on the same
two-dimensional gel. The two-dimensional DIGE analysis indicated a
series of FLAG immunoreactive proteins differing in isoelectric point,
all of which exhibited an apparent molecular weight of 70,000 (Fig.
6). Quantitative comparison of the volume ratios of the Cy3- and
Cy5-labeled components present in each isoform was performed. The
isoform represented by spot 1 exhibits a molecular weight of 70,000
that focused closest to the anode and thus underwent the greatest
number of S-alkylation events. The isoform represented by spot 6
represents a FLAG immunoreactive protein that exhibits a molecular
weight of 70,000 that focused closest to the cathode. It underwent the
least number of IAA mediated S-alkylations. The Cy3 intensity in
each spot was determined and summed for all six spots (⌺I1– 6). The
Cy3 intensity of a spot is shown relative to the sum of the Cy3
intensities measured in all six spots (e.g., ⌺I1/⌺I1– 6). A similar
calculation was made for Cy5. Exposure to indomethacin resulted in
a 24% decrease in the relative intensity of spot 1, whereas the relative
intensity of spot 6 increased 114%. The indomethacin-mediated loss
of IAA reactivity is statistically significant compared with control
(P ⱕ 0.05, paired Student’s t test). This shift is also illustrated as
three-dimensional images. The indomethacin-mediated changes in
IAA S-alkylation were interpreted to indicate that exposure to an

indole analogue caused a change in the thiol oxidation states of Keap1
cysteine residues.
Slab gel isoelectric focusing was also used to assess IAA Salkylation of Keap1. HepG2 cells were again transiently transfected
with FLAG-tagged Keap1. Cells were then labeled overnight with
[35S]methionine and exposed to DMSO (control) or indomethacin
(500 M) for 2 h, and then FLAG/Keap1 was immunoprecipitated
using FLAG antibody. An aliquot of the immunoprecipitated FLAG/
Keap1 was subjected to one-dimensional PAGE/fluorography (Fig.
7A), and a second aliquot was subjected to immunoblotting (Fig. 7B).
The fluorograph (a 24-h exposure) shown in Fig. 7A indicates the
presence of two immunoprecipitated bands in control and indomethacin-treated samples. The faster migrating band has a molecular weight
of approximately 70,000 (the estimated molecular weight for FLAG/
Keap1). The immunoblot (exposure time of 30 s) indicates the presence of two immunoprecipitated bands in control and indomethacintreated samples (Fig. 7B). The faster migrating band has a molecular
weight of approximately 70,000. The slower migrating band had a
molecular weight of about 140,000. The immunoblot data suggest that
the two bands shown in the fluorograph represent a FLAG/Keap1
monomer and a dimer of Keap1, which most likely formed during
electrophoresis.
Next, cells were transfected with FLAG/Keap1, labeled with
[35S]methionine, and exposed to indomethacin (500 M/2 h) or DPI
(20 M) plus indomethacin (500 M /2 h; Fig. 8). FLAG/Keap1 was
immunoprecipitated, alkylated with IAA (50 mM), and analyzed by
isoelectric focusing/fluorography (Fig. 8A). Three lanes are shown
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Fig. 7. Fluorograph and immunoblot of immunoprecipitated FLAG/Keap1. HepG2
cells were transiently transfected with 1g of FLAG/Keap1 per T-25 flask, labeled with
35
[ S]methionine overnight, washed, and exposed to DMSO or 500 M indomethacin for
2 h. Cells were solubilized, and FLAG/Keap1 was immunoprecipitated. The immunoprecipitated protein was subjected to one-dimensional PAGE fluorography and exposed to
film for 24 h (A) or immunoblotted with anti-FLAG antibody (B; exposure time, 30 s).

(Control, Indomethacin, and DPI ⫹ Indomethacin), and each lane
contains several bands. Band 1 focused nearest the anode, thus it was
highly alkylated. Bands 2 and 3 focused closer to the cathode and thus
represent protein that did not undergo extensive S-alkylation by IAA.
These results can be reasonably interpreted to indicate the presence of
several oxidation states for Keap1.
The isoelectric focusing analysis (Fig. 8A) indicated that exposure
to indomethacin affected the oxidation states of Keap1 thiols, as
assessed by the loss of IAA reactivity. This was determined as
follows. The intensities of bands 1–3 and bands a and b were determined using image analysis software. Rectangles were drawn around
each band, and the intensity within the rectangle was determined. The
intensity of band 1 was expressed relative to the sum of the total
intensities (band 1 ⫹ band 2 ⫹ band 3 ⫹ band a ⫹ band b) of a
particular lane. A similar calculation was made for bands 2 and 3 (Fig.
8B). Band 1 focused closest to the anode, thus it represents Keap1

molecules containing the greatest number of reactive thiols. Bands 2
and 3 focused near the cathode, thus these bands represent Keap1
molecules with fewer reactive thiols. In the lane representing control
cells, band 1 exhibited a relative intensity of approximately 50%.
Bands 2 and 3 each composed less than 10% of the total. This was
interpreted to indicate that in control cells, the majority of Keap1
molecules were in a reduced state and thus reactive to IAA. In the lane
representing indomethacin-treated cells, the intensity of band 1 was
diminished, and the intensity of band 2 was increased. Under these
conditions, band 2 represented approximately 25% of the total intensity of that lane, whereas band 1 represented 35%. Compared with
control, these changes were statistically significant (P ⱕ 0.05, Student’s t test). These changes were interpreted to indicate an indolemediated shift in the thiol oxidation states of Keap1. If cells were
exposed to DPI (20 M) for 1 h before and during the indomethacin
treatment, the intensity of the Keap1 bands remained similar to
control. This was interpreted to indicate that loss of NADPH oxidase
activity blocked a change in Keap1 thiol reactivity.
HepG2 cells were exposed to various indoles analogues and structurally related compounds in the absence or presence of DPI, an
inhibitor of cytochrome b558, the flavocytochrome subunit of NAPDH
oxidase (Fig. 9A). Exposure to indole analogues VJ-115, VJ-112-OH,
or indomethacin in the absence of DPI produced a robust increase in
GCLC mRNA. However, exposure to DPI before and during indole
analogue exposure inhibited indole analogue-mediated induction of
GCLC expression (Fig. 9A, compare Lane 3 with Lane 5, Lane 4 with
Lane 6, and Lane 11 with Lane 12). Similarly, exposure of cells to the
proline-arginine-rich peptide PR-39 (30), which binds to and inhibits
the p47phox subunit of the oxidase, blocked VJ-175-mediated induction of GCLC (Fig. 9B). These results indicate that indole-mediated
induction of GCLC was inhibited if the cytochrome b558 activity was
inhibited, or if the p47phox subunit of the oxidase was inhibited.
The indole analogue VJ-111 was unable to induce Nrf2-mediated
expression of GCLC (Figs. 2 and 9). VJ-111 contains a quinuclidin3-one group rather than the quinulidin-3-ol group found in VJ-115 or
VJ-112-OH (Fig. 1). Thus, replacement of the 3-hydroxyl substituent
in VJ-115 with a 3-keto group blocked gene induction. In addition,
VJ-111 was unable to stimulate NADPH oxidase activity (data not

Fig. 8. Isoelectric focusing gel analysis of [35S]methioninelabeled FLAG/Keap1. A, HepG2 cells were transiently transfected with 1g of FLAG/Keap1 per T-25 flask, labeled with
[35S]methionine overnight, washed, and exposed to DMSO or
500 M indomethacin for 2 h or DPI (20 M) for 1 h, and then
indomethacin (500 M) was added to the cells, which were
incubated for an additional 2 h. Cells were solubilized, and
FLAG/Keap1 was immunoprecipitated. Immunoprecipitated
protein was S-alkylated with IAA (50 mM) and analyzed by
isoelectric focusing. B, image analysis software was used to
measure the intensity of bands 1–3 and bands a and b as
described in the text.
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Fig. 9. A, Northern blot of GCLC mRNA.
HepG2 cells were exposed to 0 or 10 M DPI for
1 h. Then the indicated synthetic analogue (50 M)
or indomethacin (500 M) was added, and the cells
were exposed for an additional 17 h. B, Northern
blot of GCLC mRNA. HepG2 cells were exposed
to 0 or 10 g/ml PR-39 peptide for 2 h before the
addition of 0 or 50 M VJ-175. Cells were exposed
to the indole analogue for 18 h.

shown). If the indole analogues acted by stimulating NADPH oxidase,
it is likely that compounds such as VJ-111 would inhibit GCLC
induction by other indole analogues due to competition for key sites.
Exposure to VJ-111 before and during exposure to VJ-115 or VJ112-OH blocked indole analogue-mediated induction of GCLC (Fig.
9A, Lanes 8 and 9), consistent with the expectation. Thus, a quinuclidin-3-ol moiety was found to be requirement for activation of
NADPH oxidase and GCLC gene expression. These results, coupled
with those presented in Figs. 5–7, were interpreted to indicate that
NADPH oxidase activity was required for indole analogue-mediated
induction of GCLC expression.
DISCUSSION
Mammalian cells contain millimolar concentrations of the tripeptide GSH, which is sequestered in discrete intracellular pools (1, 31,
32). GSH acts as a storage form of cysteine and is a nucleophile as
well as an antioxidant. These attributes contribute to the cancer
chemoprevention properties of GSH. As an integral component of
phase II detoxification metabolism, cytosolic and nuclear GSH participate in the detoxification of genotoxic agents and aid in their efflux
(22). GSH is an important component of phase II metabolic detoxification of carcinogenic metals such as arsenite, which can induce
VEGF, activate hypoxia-inducible factor 1␣, and promote genotoxicity (3, 4). GSH can suppress 12-O-tetradecanoylphorbol-13-acetatestimulated tumor formation and progression (5, 6). Mitochondrial
GSH concentrations represent an important mechanism for the detoxification of mitochondrial ROS (33) which can contribute to the high
rates of mutation observed in mitochondria (34) found in human
neoplasms (35). GSH concentrations can also influence induction of
apoptosis, a requirement for maintaining genomic stability by removal
of cells containing DNA lesions (36). CD-95 mediated apoptosis has
been shown to exhibit a cell-specific requirement for intracellular
GSH during caspase-8 activation (37). These reports suggest that GSH

can act at various levels to suppress carcinogenesis and represent a
rationale for exploring strategies that induce GSH synthesis.
Recently, we found that the indolic drug, indomethacin, enhanced
translation of GCL and enhanced GSH synthesis (11). Cells exposed
to indomethacin were resistant to diethyl maleate-mediated GSH
depletion and cytotoxicity. These indomethacin-mediated effects were
a consequence of GCLC and GCLM mRNA induction, which occurred in a Nrf2-dependent manner (11). Nrf2 is a NF-E2-like basic
leucine zipper transcriptional activator and a member of the Cap ‘n’
Collar basic region leucine zipper family of transcription factors (13).
Heterodimeric forms of Nrf2 bind to antioxidant response elements
located in the proximal promoters of many phase II genes (38 – 40).
Under basal conditions, Nrf2 is tethered to Keap1 in the cytosol.
Recent work performed in vitro with purified Keap1 suggests critical
cysteine residues in Keap1 located between the BTB domain and the
double glycine repeat domains may regulate release of Nrf2 (17). We
previously found that exposure to indomethacin caused Keap1 to
release Nrf2, allowing free Nrf2 to translocate to the nucleus and
induce transcription of GCLC and GLCM (20). Exposure to antioxidants blocked indomethacin-mediated release of Nrf2 from Keap1,
blocked Nrf2 translocation to the nucleus, and blocked transcription of
GCLC (11). These results suggest that ROS signaling may be essential
for Nrf2-mediated induction of GCLC by the indole indomethacin.
In this current investigation, we used a series of novel indole
analogues and structurally related compounds, and we conducted a
comparative structural analysis with the aim of elucidating critical
structures responsible for initiating key signaling pathways that contribute to Nrf2 activation of GCLC. The analysis indicated that exposure of hepatocellular HepG2 cells to VJ-115, VJ-112-OH, or VJ-175
increased GCLC mRNA expression to the same extent as that produced by exposure to indomethacin (Figs. 1 and 9 and Table 1). The
structural requirements necessary for the induction of GCLC were
ascertained. Indomethacin is a 5-methoxy-2-methylindole-3-acetic
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acid analogue bearing a N-4-chlorobenzoyl substituent, whereas the
three active indole analogues (compounds VJ-115, VJ-112-OH, and
VJ-175) are 2-indol-3-yl-methylenequinuclidin-3-ols containing either an indolic N-benzyl or N-benzenesulfonyl substituent. Replacement of the indole ring in these analogues with either a thiophene or
a substituted phenyl ring significantly diminished activity by appoximately 85% (VJ-142 and VJ-147; Figs. 1 and 2 and Table 1). This
demonstrates that optimal activity was obtained when the indole ring
was present in the structure. The presence of an indolic N-benzyl or
N-benzenesulfonyl substituent in these compounds appears to be
essential for activity because neither VJ-113 (no indolic N-substitution) nor VJ-114 (indolic N-methyl substitution) exhibited any activity. The presence of a quinuclidin-3-ol moiety appears to be a requirement for activation of NADPH oxidase and GCLC gene expression
because replacement of this moiety with a quinulidin-3-one moiety
(i.e. conversion of the 3-hydroxy group to a 3-keto group) abolished
all activity (compare VJ-115 with VJ-111 and VJ-112-OH with VJ112, Fig. 2). In this present study, competition of the 3-quinuclidin3-one moiety (VJ-111) with a 3-quinuclidin-3-ol moiety (VJ-115)
abrogated induction of GCLC mRNA.
An important question is whether the indole compounds screened in
this present study act as Michael reaction acceptors in the induction of
GCLC. Dinkova-Kostova et al. (41) have shown that a common
chemical feature of many inducers of Nrf2 is a conjugated enone
moiety that acts as a Michael reaction acceptor entity. However, none
of the active compounds VJ-115, 112-OH, and VJ-175 have this
structural entity and therefore can be considered as Michael reaction
acceptor compounds. If induction by the indole compounds were
solely a function of Michael reaction acceptor activity, then we would
expect that VJ-111, VJ-112, and VJ-145, the structures of which all
incorporate a conjugated enone system, would induce GCLC. However, these compounds did not exhibit any inductive capabilities.
Thus, we conclude that induction was not a function of Michael
acceptor activity.
Indole analogue-mediated expression of GCLC mRNA was shown
to be regulated by Nrf2/Keap1 signaling. MEFs derived from Nrf2null animals were used to show that loss of Nrf2 expression abrogated
indole analogue-mediated elevation of GCLC message. Keap1 is a
negative regulator of Nrf2 (15), sequestering it in the cytosol. Overexpression of Keap1 suppressed indole analogue-mediated enhancement of GCLC mRNA.
Indomethacin has been shown to activate the enzyme NADPH
oxidase, a source of superoxide production (Refs. 24 and 25; Fig. 4).
The activity of NADPH oxidase in HepG2 cell membrane fractions
was increased in a linear fashion upon exposure to indole analogues
(Fig. 5). This was observed as an increase in membrane translocation
of the p47phox subunit (data not shown) and in NADPH oxidase
activity. The comparative structure studies indicated that activation of
the oxidase required the presence of a hydroxyl group at C3 of the
quinuclidine ring of the indole analogues; this same 3-hydroxy substituent is also a structural requirement for GCLC induction.
NADPH oxidase is a multisubunit enzyme composed of a membrane flavocytochrome b558 complex (a Nox/Duox family member
and gp22phox) and several cytosolic subunits [Rac, p67phox, p47phox,
and p40phox (25, 26)]. The activated enzyme complex requires translocation of cytosolic subunits to the membrane so that it may catalyze
the one-electron reduction of oxygen to superoxide anion using
NADPH as a substrate. HepG2 cells express the Nox1 homologue,
p47phox, and p67phox (27). Expression of NADPH oxidase, specifically Nox2, in phagocytic cells can result in a robust burst of ROS that
is used to inactivate bacteria (26). Whereas it is recognized that high
levels of ectopic expression of the oxidase in nonphagocytic cells can
induce tumorigenicity, low levels of endogenous NADPH oxidase

activity are hypothesized to act as an intracellular signal, for example
for mitogenic regulation (26). The downstream molecular targets of
the oxidase activity are currently unknown but are predicted to contain
cysteine residues with a low pKa (26).
Nrf2-mediated induction of GCLC by indomethacin has been
shown to be redox regulated (11), in that it could be inhibited by the
antioxidant NAC. In untreated HepG2 cells, Nrf2 was found to
coimmunoprecipitate with Keap1. Treatment with indomethacin
caused Nrf2 to be released from Keap1 and translocate into the
nucleus. NAC abolished indomethacin-mediated release of Nrf2 from
Keap1 and abolished Nrf2 translocation (11). We have extended those
results and now show that the reactivity of Keap1 cysteine sulfhydryls
is diminished upon exposure to indomethacin (Figs. 6 – 8). Indomethacin-mediated loss of thiol reactivity appears to be dependent upon
NADPH oxidase activity. Indole-mediated oxidase activation and
generation of ROS (11) were found to occur rapidly, preceding thiol
oxidation. Conversely, the oxidase inhibitor DPI suppressed indomethacin-mediated changes in Keap1 thiols, when measured by IAA
S-alkylation. Based on these results, we hypothesize that Keap1 is a
downstream effector for NADPH oxidase activity.
Loss of Keap1 thiol reactivity was accompanied by indole analogue-mediated increases in GCLC mRNA expression. Inhibition of
NADPH oxidase activity by either DPI or PR39 blocked indole
analogue-mediated loss of Keap1 thiol reactivity and blocked indole
analogue-mediated, Nrf2-dependent elevation of GCLC mRNA.
These results were interpreted to indicate that exposure of HepG2
cells to the indole analogues activated NADPH oxidase. Increased
oxidase activity was accompanied by changes in Keap1 oxidation
states, as assessed by reactivity with IAA. Loss of Keap1 thiol
reactivity correlated with Nrf2-mediated elevation of GCLC. The
results obtained in vivo are consistent with the work performed in
vitro and support the hypothesis that Keap1 thiols can act as a
molecular sensor of ROS (15, 17).
In summary, we have identified chemical features that maximize
indole analogue-mediated activation of Keap1/Nrf2-regulated induction of GCLC. Based on these attributes, the functionalized indoles
described above may represent potentially novel prototypes for the
development of chemopreventive agents for induction of the GCLC.
In addition, use of the indole analogues has resulted in the identification of NADPH oxidase activity as a novel upstream activity
regulating Nrf2/Keap1 signaling, provided data supporting the hypothesis that Keap1 is a downstream effector for oxidase activity, and
afforded novel in vivo data to support the hypothesis the Keap1 thiols
can act as molecular sensors of ROS.
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