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An elaborate network of highly inducible phase 2 proteins protects
aerobic cells against the cumulative damaging effects of reactive
oxygen intermediates and toxic electrophiles, which are the major
causes of malignancy and chronic degenerative diseases. Many
chemical and phytochemical agents, all of which react with thiol
groups, induce the phase 2 response through their reactivity with
critical cysteine thiols of Keap1. We recently found that the
anti-inflammatory potencies (suppression of iNOS and COX-2 ex-
pression) of a series of triterpenoids with Michael reaction centers
were closely correlated with the potencies of these agents to
induce the phase 2 response. We now report that representatives
of seven recognized chemical classes of inducers, including iso-
thiocyanates, bisbenzylidenes, arsenicals, heavy metals, and vici-
nal dithiols, showed highly correlated inducer and anti-inflamma-
tory potencies spanning more than six orders of magnitude of
concentrations in established cells and in primary mouse peritoneal
macrophages. Potency measurements were expressed as the Dm

values (median effect concentration) by use of the Median Effect
Equation. Whereas the phase 2 induction required the functional
integrity of both the repressor Keap1 and the transcription factor
Nrf2, the effectiveness of inducers in blocking the up-regulation of
iNOS by inflammatory cytokines was related to the nature of the
cytokine and the inducer concentration. These studies identify
suppression of inflammation as a consistent property of inducers
of the phase 2 response and strongly suggest that this property is
a central aspect of their chemoprotective actions.

Keap1 � NAD(P)H:quinone oxidoreductase � Nrf2 � sulforaphane �
inducible NOS

Chronic degenerative and neoplastic diseases are the domi-
nant medical problems of aging populations, and develop-

ment of effective strategies for their prevention or retardation is
critical. The life-long cumulative effects of oxidative stress,
toxicities of electrophiles, damaging effects of radiation (espe-
cially from the sun), and inflammation are largely responsible for
the pathogenesis of age-related chronic diseases. Aerobic cells
have developed an elaborate and functionally overlapping, highly
inducible network of ‘‘phase 2’’ genes for their protection (1–8).

Phase 2 genes are regulated by a common molecular signaling
pathway that depends on the transcription factor Nrf2. The
mechanisms of regulation of phase 2 genes involve the cytoplas-
mic repressor Keap1, which is equipped with highly reactive
cysteine residues that are the sensors of inducers (9). Under
basal conditions, Keap1 binds and retains Nrf2 in the cytoplasm
and targets it for ubiquitination and proteasomal degradation.
When inducers modify specific and highly reactive cysteine
residues of Keap1, it loses the ability to repress Nrf2, which
translocates to the nucleus, binds to the antioxidant response
elements (ARE) of phase 2 genes, and activates their transcrip-
tion (5–7, 9). Much evidence points to the powerful protective
effects of phase 2 genes: (i) their up-regulation protects cells,
animals, and humans against a wide variety of damaging agents
including oxygen- and nitrogen-based oxidants, toxicities of

carcinogens and other electrophiles, and radiation (5–7, 10); (ii)
when the phase 2 induction mechanism is disrupted, cells are
much more susceptible to the damaging toxicities; and (iii)
numerous anticarcinogens have been identified and isolated
from natural sources by bioassays that monitor induction of
Nrf2-dependent enzymes such as NAD(P)H:quinone oxi-
doreductase (NQO1) (11–13). The successful strategy is exem-
plified by the phase 2 bioassay-guided isolation of the isothio-
cyanate sulforaphane from broccoli (12).

Inducers belong to 10 distinct chemical classes that include
Michael reaction acceptors, isothiocyanates, arsenic derivatives,
vicinal dimercaptans, and heavy metals (4, 14–16). All inducers
react with thiol groups, and their inducer potencies parallel the
rate of their reactivity with thiols (17, 18).

We have recently observed a remarkable correlation among
the potencies of a large series of triterpenoid Michael acceptors
as phase 2 enzyme inducers and their inhibition of inflammatory
responses in macrophages (19). Although participation of phase
2 inducers in combating oxidative stress, electrophile toxicity,
and radiation damage has been studied extensively, their capac-
ity to block inflammatory processes has received less attention.
In this paper, we focus on the recent finding that inducers of
phase 2 genes also promote the anti-inflammatory state. We
examined whether the correlation between phase 2 inducer and
anti-inflammatory potencies of triterpenoids extends to other
classes of inducers. We report here that several different chem-
ical classes of inducers of the phase 2 response also suppress
LPS-evoked inflammation in an established RAW264.7 macro-
phage-like cell line and in primary mouse macrophages. Mobi-
lization of macrophage is the primary response of tissues to
inflammation. LPS, a component of Gram-negative bacterial cell
walls, and other cytokines (e.g., TNF-� and IFN-�) are potent
stimulants of macrophage accumulation and induction of iNOS
and COX-2, which are markers of inflammation. The potencies
of a wide variety of chemical agents exerting these two types of
activities are remarkably closely correlated over more than six
orders of magnitude of concentration, suggesting strongly that
the two responses share common or very similar molecular
targets. Thus, anti-inflammatory activity is likely to be an
important component of the chemoprotective actions of phase 2
inducers.

Results
Comparison of Potencies of Compounds as Inducers of NQO1 and as
Suppressors of iNOS Up-Regulation in Macrophages. The two types
of measurements were made on the same cells treated identi-
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cally, thereby minimizing potential confounding effects such as
differences in uptake and metabolism of chemical agents in
different cell types. We first established a standardized proce-
dure for up-regulating iNOS and for quantifying its inhibition.
Previously IFN-� was used as the proinflammatory cytokine in
mouse RAW264.7 cells, and the abilities of compounds to inhibit
induction of iNOS were compared with their potencies as
inducers of NQO1 in murine hepatoma cells (19). With use of
IFN-�, the response of RAW264.7 cells to inducers of NQO1 was
extremely low, which is consistent with the finding that IFN-�
induced Bach1 and repressed the ARE-dependent expression of
HO-1 in human cells (20, 21), and that overexpression of Bach1
also repressed endogenous and transfected NQO1 gene expres-
sion (22). Bach1 belongs to the cap’n’collar b-Zip family of
transcription factors that include Nrf2, and Bach1 presumably

competes with Nrf2 for binding to the ARE (23), thereby sup-
pressing transcription of phase 2 genes. In contrast, LPS had little
effect on induction of NQO1 (data not shown), and thus, LPS was
chosen to stimulate iNOS expression when NO production and
NQO1 activity induction were measured on the same cells.

RAW264.7 macrophage-like cells produce very little NO in
the first 24 h when stimulated by LPS (1–200 ng/ml), but NO
production increased dramatically and dose-dependently in the
subsequent 24 h (Fig. 1). We used a concentration of LPS (10
ng/ml) that was near the midpoint of the dose-response curve for
RAW264.7 macrophages. Primary peritoneal macrophages re-
sponded more quickly but required higher LPS concentrations
(100 ng/ml).

For potency comparisons, we chose 19 phase 2 inducers
belonging to 7 structurally very different chemical classes (Table
1). Within each class, we selected compounds that were similar
in structure but differed considerably in potency. Fig. 2 shows
concentration-effect plots for inhibition of LPS-stimulated NO
formation in RAW264.7 macrophages for two classes of com-
pounds: (i) arsenic derivatives—trivalent sodium arsenite (CD
0.21 �M in Hepa 1c1c7 murine hepatoma cells), pentavalent
sodium arsenate (CD 12 �M), and phenyl arsenoxide (CD 0.057
�M) and (ii) bisbenzylidene Michael acceptors— bis(2-
hydroxybenzylidine)acetone (CD 0.2 �M), bis(4-hydroxybenzy-
lidine)acetone (CD 14 �M), and bis(2-carboxybenzylidine)cy-
clopentanone (CD 65 �M). In these examples, the potency ratio
between the most and least potent compounds for induction of
NQO1 in Hepa1c1c7 murine hepatoma cells was 200- to 300-
fold.

As expected, induction of NQO1 and inhibition of up-
regulation of iNOS were negatively correlated processes, as
shown for the two representative agents, sulforaphane (an
isothiocyanate) (Fig. 3A) and dihydrolipoic acid (a vicinal di-
thiol) (Fig. 3B). For each compound, the two effects occurred
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Fig. 1. Time- and dose-response of iNOS activity (NO production) induced by
LPS in macrophages. RAW264.7 cells (A) (2 � 104 per well) or mouse peritoneal
macrophages (B) (105 per well) in 96-well plates were exposed to serial
dilutions of LPS for up to 48 h. NO production was measured as nitrite
accumulation in the medium. Controls contained no LPS. Results are expressed
as means � SEM (n � 8).

Table 1. Potencies of chemically distinct families of compounds in elevating NQO1 activity and in inhibiting LPS-stimulated iNOS
activity in RAW 264.7 cells, expressed as Dm values, and their potencies as inducers of NQO1 in murine hepatoma cells (Hepa 1c1c7),
expressed as CD (concentrations required to double) values

Chemical Class Compound

CD, �M in Hepa 1c1c7 Dm, �M in RAW 264.7 (Rank order)†

Induction of NQO1 Induction of NQO1 Inhibition of iNOS

Isothiocyanates RS-Sulforaphane 0.22 1.86 (5) 0.44 (6)
Benzyl isothiocyanate 2.7 27.3 (11) 2.23 (10)
Hexyl isothiocyanate In* 1080 (18) 12.4 (14)

Triterpenoids TP-225 0.0003 0.0035 (1) 0.0011 (1)
TP-155 0.001 0.012 (2) 0.0053 (2)
TP-151 0.0023 0.054 (3) 0.033 (3)

Bis(benzylidenes) Bis(2-hydroxybenzylidene)acetone 0.2 7.58 (8) 0.26 (5)
Bis(4-hydroxybenzylidene)acetone 14 91.2 (14) 7.33 (12)
Bis(2-carboxylbenzylidene)cyclopentanone 65 792 (17) 508 (18)

Arsenicals Phenyl arsenoxide 0.057 0.27 (4) 0.066 (4)
Sodium arsenite 2.1 7.37 (7) 0.87 (8)
Sodium arsenate 12 403 (16) 15.0 (15)

Heavy Metals Mercuric chloride 0.72 62.4 (12) 18.8 (16)
Cadmium chloride 10.5 10.1 (9) 5.29 (11)

Mercaptans 2,3-Dimercaptopropanol (BAL) 24 75.4 (13) 8.14 (13)
Dihydrolipoic acid 40 274 (15) 94.6 (17)
Propane-1,3-dithiol In* In (19) 898 (19)

Chelates BAL/HgCl2 (10:1) 0.10 2.85 (6) 0.45 (7)
BAL/HgCl2 (1:1) 0.28 21.4 (10) 1.32 (9)

TP-225, 2-cyano-3,12-dioxooleane-1,9(11)-dien-28-onitrile; TP-155, methyl-2-cyano-3,12-dioxooleane-1,9(11)-dien-28-oate; TP-151, 2-cyano-3,12-di-
oxooleane-1,9(11)-dien-28-oic acid.
*Inactive (In) is defined as less than a 20% increase in the induction ratio (treated/control) at the highest concentration at which there was less than 50% cell
toxicity.

†The potency order ranks for each type of measurement are given in parentheses.
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within the same concentration ranges, which differed by more
than two orders of magnitude.

Methods for Correlation of Potencies as Inducers of NQO1 and
Suppressors of iNOS Up-Regulation by LPS. Among the innumerable
methods for analyzing dose-response relations, the Median
Effect Equation of Chou (24, 25) is very useful for obtaining
highly quantitative results. The equation fa/fu � (D/Dm)m, where
fa is the fraction of a process that is affected, fu is the fraction
unaffected (i.e., 1 � fa), D is the dose of compound required to
produce the effect fa, and Dm is the concentration at which a 50%
effect is obtained (i.e., fa � fu). The advantage of this analysis is
that it provides a linear transformation of all experimental
observations in the determination of Dm, in contrast to conven-
tional methods of expressing inhibitory potencies (IC50, LD50)
which often rely on interpolation between values near the
midpoint of effectiveness. To our knowledge, such Dm values
have been used in the past only for quantifying inhibitory
processes. Application of the Median Effect Equation to the
induction of NQO1 activity required additional considerations
[see supporting information (SI) Text and Fig. S1].

Structure-Activity Comparisons of Inducer and Anti-inflammatory
Potencies. All of the 19 inducers of NQO1 in murine hepatoma
cells also induced this enzyme in RAW264.7 macrophages and
dose-dependently inhibited LPS-stimulated NO production. Ta-
ble 1 compares the median effect concentrations (Dm) in these

two types of assays in macrophages and with the CD values for
induction of NQO1 determined in murine hepatoma cells (14,
15). The potencies (Dm) spanned more than six orders of
magnitude in concentration, ranging from the triterpenoid
TP-225, which was the most potent inhibitor of iNOS (Dm for
NQO1 induction � 0.0035 �M; Dm for iNOS inhibition �
0.0011 �M), to the least potent compound examined, propane-
1,3-dithiol (Dm for NQO1 induction � inactive; Dm for iNOS
inhibition � 898 �M).

Interestingly, in RAW264.7 cells, the Dm values for inhibition
of iNOS are consistently lower than those for induction of NQO1
and are very similar to the CD values in Hepa1c1c7 cells, perhaps
reflecting the specialization and sensitivity of the two cell types
to pro-inflammatory stimuli (RAW264.7) and inducers of drug
metabolism (Hepa1c1c7), respectively. Strikingly, the rank or-
ders of potencies of the 19 compounds (Table 1) of inhibition of
iNOS up-regulation and NQO1 induction in RAW264.7 cells
were highly correlated over more than six orders of magnitude
with an r2 value of 0.93 and a slope of 0.88 (Fig. 4). The P value
for trend was 0.023, and the Spearman’s � value was 0.37,
corresponding to a P value of 0.020.

Despite differences in the absolute magnitudes of the poten-
cies in suppressing iNOS up-regulation by LPS and in inducing
NQO1 in murine macrophages, the extremely close correlation
between rank orders of the potencies of extraordinarily diverse
chemical compounds, belonging to seven very different chemical
classes, agrees with and expands our observations on a large
series of triterpenoid Michael reaction acceptors compared in
different cell lines (19). This result strongly suggests that the
anti-inflammatory and phase 2 induction pathways are probably
closely linked functionally and mechanistically.

Protection of Macrophages Against Oxidative Stress by Inducers of
Phase 2 Response. Induction of the phase 2 response protects against
reactive oxygen species (ROS) arising from exogenous oxidants and
oxidative cycling in many cell lines, including ARPE-19 retinal
pigment epithelial cells (26, 27) and U937 leukemia cells (19). We
examined this protection and its dependence on nrf2 gene function
by measuring formation of fluorescent products from the oxidation-
sensitive dye 2�,7�-dichlorodihydrofluorescein diacetate (DCFH-
DA) in RAW264.7 cells and peritoneal macrophages derived from
WT and nrf2�/� mice that were exposed to tert-butyl hydroperoxide
(Table 2). The levels of ROS observed are clearly suppressed by the
nine inducers tested (belonging to four different chemical classes).
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Fig. 2. Effect of potent phase 2 inducers on iNOS activity (NO production).
RAW264.7 cells (2 � 104 per well) in 96-well plates were incubated for 24 h and
treated with LPS (10 ng/ml) in the simultaneous presence of serial dilutions of
arsenic derivatives (A) or bis(benzylidene) derivatives (B) for an additional
48 h. NO production was then measured as nitrite accumulation in the
medium. Control cells were treated with LPS only. Results are expressed as
means � SEM. (n � 8).
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Fig. 3. Chemically distinct families of compounds dose-dependently induce
NQO1 activity while inhibiting LPS-stimulated NO production. RAW264.7 cells
(2 � 104 per well) were grown for 24 h in 96-well plates and exposed to LPS (10
ng/ml) in the simultaneous presence of serial dilutions of sulforaphane (A) and
dihydrolipoic acid (B) for 48 h. NO production was then measured as nitrite
accumulation in the medium (open circles) and NQO1 activity (filled squares)
was determined in cell lysates. Control cells were treated with LPS only. Results
are expressed as means � SEM. (n � 8).
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The median effect concentrations required to reduce ROS parallel
the inducer potencies of these compounds in RAW264.7 cells and
primary peritoneal macrophages (see Table 1). In marked contrast,
there is no protection by six of the nine compounds in peritoneal
macrophages derived from nrf2�/� mice which, as expected, did not
induce the phase 2 response (data not shown). The protective
effects of the three dithiols (Table 2) in nrf2�/� macrophages
probably result from direct scavenging of ROS by the thiol groups
of these compounds, i.e., their direct antioxidant properties.

Does Suppression of LPS-Induced iNOS in Primary Macrophages Re-
quire Nrf2? Much evidence indicates that induction of the phase
2 response plays a key role in cellular protection against carcino-
gens largely by detoxifying oxidants, electrophiles, and blocking
the effects of UV radiation. Thus, the present studies examined
whether the Keap1/Nrf2/ARE pathway, which is essential for
phase 2 gene induction, is also obligatory for suppression of
inf lammatory responses. We compared inhibition of LPS-
dependent up-regulation of iNOS by phase 2 inducers in peri-
toneal macrophages from WT and nrf2�/� mice. In contrast to
RAW264.7 cells, both WT and nrf2�/� mouse peritoneal mac-
rophages produced large amounts of NO dose-dependently in

response to LPS in the first 24 h, and the NO production
remained at a high level for at least 48 h (Fig. 1B). Surprisingly,
when WT and nrf2�/� peritoneal macrophages stimulated by
LPS (100 ng/ml) were treated for 24 h with seven phase 2
inducers belonging to five different chemical classes, all of the
test compounds inhibited NO production with similar potencies
irrespective of their Nrf2 status (Table 3). As expected, induc-
tion of NQO1 was not observed in nrf2�/� cells, indicating that
suppression of LPS up-regulation of iNOS by phase 2 inducers
does not require Nrf2 or induction of phase 2 enzymes.

Nonetheless, when we stimulated primary macrophages with
both IFN-� and TNF-� in place of LPS, two potent phase 2
inducers (sulforaphane and the triterpenoid TP-225) were much
less effective inhibitors of NO production in Nrf2�/� macro-
phages than they were in WT macrophages (Fig. 5). This is
consistent with our previous findings with mouse embryo fibro-
blasts (MEF) treated with both IFN-� and TNF-�, in which a
potent triterpenoid inducer suppressed NO production in WT
but not nrf2�/� MEF (19). This apparent paradox may be
explained if LPS and TNF-� induce iNOS expression mainly
through the NF-�B signaling pathway, whereas IFN-� utilizes the
JAK/STAT pathway. In addition, a synergistic regulation of gene
transcription by IFN-� and LPS/ TNF-� that involves complex
interactions between NF-�B and STAT families of transcription
factors has been demonstrated in various cell types (28, 29). Our
findings therefore suggest that both Nrf2-dependent and -inde-

Table 2. Potencies of chemically distinct compounds in
suppression of ROS in different cells, expressed as Dm values

Compound

Median effect
concentration, Dm, �M

RAW
264.7

WT
macrophages

nrf2�/�

macrophages

RS-Sulforaphane 3.14 9.48 In
Hexyl isothiocyanate 17.5 148 In
Bis(2-hydroxybenzylidene)acetone 0.60 3.64 In
Bis(4-hydroxybenzylidene)acetone In In In
Sodium arsenite 3.78 13.9 In
Sodium arsenate 137 31.4 In
2,3-Dimercaptopropanol 7.78 187 17.8
Propane-1,3-dithiol 136 232 28.4
BAL/HgCl2 (1:1) 0.61 0.57 0.022

After 24 h of incubation with test compounds, the cells were exposed to 20
�M DCFH-DA for 30 min and then challenged with 500 �M tert-butyl hy-
droperoxide for 30 min. The fluorescence intensity was measured. Controls
contained no test compounds, and the potencies (Dm) were determined by
Median Effect Equation of Chou. Inactive (In) is defined as less than 10%
suppression of ROS.

Table 3. Potencies of chemically distinct compounds in elevating NQO1 activity and in inhibiting LPS-stimulated iNOS activity
in different cells, expressed as Dm values

Compound

Median effect concentration, Dm, �M

RAW 264.7 WT macrophages nrf2�/� macrophages

Induction
of NQO1

Inhibition
of iNOS

Induction
of NQO1

Inhibition
of iNOS

Induction
of NQO1

Inhibition
of iNOS

RS-Sulforaphane 1.86 0.44 21.5 1.54 In 0.81
Triterpenoid TP-225 0.0035 0.0011 0.21 0.21 In 0.2
Bis(2-hydroxybenzylidene)acetone 7.58 0.26 12.3 1.67 In 1.97
Bis(4-hydroxybenzylidene)acetone 91.2 7.33 In 87.7 In 32.9
Phenyl arsenoxide 0.27 0.066 0.35 0.03 In 0.061
Sodium arsenite 7.37 0.87 14.8 3.85 In 9.32
2,3-Dimercaptopropanol (BAL) 75.4 8.14 100 30.8 In 46.6

Macrophages were incubated with serial dilution of test compounds in the presence of 10 ng/ml LPS for 48 h (RAW 264.7), or 100 ng/ml LPS for 24 h (WT and
nrf2�/� peritoneal macrophages). NO production was then measured as nitrite accumulation in the medium, and NQO1 activity was determined in cell lysates
from the same wells. Control cells were treated with LPS only. The potencies (Dm) were determined by Median Effect Equation of Chou. Inactive (In) is defined
as less than 10% induction of NQO1.
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pendent pathways lead to inhibition of the up-regulation of iNOS
by phase 2 inducers.

Discussion
Several studies have suggested that the Keap1/Nrf2/ARE path-
way is involved in immune and inflammatory processes in
addition to its critical role in phase 2 induction. Yoh et al. (30)
showed that aged Nrf2-deficient female mice developed lupus-
like autoimmune responses. Moreover, nrf2 knockout mice
showed prolonged inflammation during cutaneous wound heal-
ing (31) and displayed enhanced bronchial inflammation and
susceptibility to severe airway inflammation and asthma (32, 33).
The Keap1/Nrf2/ARE pathway has also been shown to modulate
redox-sensitive inflammatory gene expression in endothelial
cells (34). Also in Nrf2-deficient mouse embryonic fibroblasts
exposed to both inflammatory cytokines INF-� and TNF-�, we
observed that the Keap1/Nrf2/ARE pathway is essential for the
anti-inflammatory effects of triterpenoids (19). Others have
reported that Nrf2 deficiency also resulted in augmented lung
inflammation in response to nonlethal challenge with LPS or
TNF-�, suggesting that Nrf2 suppressed inflammation by inhib-
iting NF-�B activation through regulation of redox balance (35),
and that activation of Nrf2-dependent compensatory antioxida-
tive pathways by a triterpenoid (CDDO-Im) protects from
LPS-induced inflammatory response and mortality (36). Very
recently, hepatocyte-specific conditional Keap1 knockout and
nrf2-WT mice, but not nrf2-knockout mice, pretreated with
CDDO-Im were found to be highly resistant to Con A-mediated
inflammatory liver injury (37). All these studies suggest the
important role of the Keap1/Nrf2/ARE pathway in protecting
against the damaging effects of inflammation.

A fundamental aspect of the mechanism of the phase 2
response is the chemical reaction of inducers with critical and
highly reactive thiol groups of cysteine residues of Keap1 (38,
39). Further evidence that Keap1 is the primary sensor and
target for inducers was provided by spectroscopic demonstration
that Keap1 reacts directly with inducers of many different types
including sulforaphane, bis(2-hydroxybenzylidene)acetone, and
triterpenoid TP-225 (19, 38). The extremely close correlation
between the potencies of many compounds in inducer and
anti-inflammatory assays raises the question whether both pro-
cesses also depend on Keap1 or on another common mechanism
involving modification of reactive cysteine thiols. Although
macrophages are difficult to obtain from Keap1 null mice,
studies with double knockout keap1�/�::nrf2�/� mice should be
informative.

Although it is tempting to attribute the extremely close
correlation between the potencies of compounds as inducers of
Nrf2-dependent genes and their suppression of iNOS to the
possibility that modification of critical cysteine residues of Keap1
is common to both signaling pathways, it is also possible that
other cysteine-dependent redox systems that control inflamma-
tion may be involved. Thus, NF-�B, which is known to be
up-regulated by sulforaphane (40), is a DNA-binding transcrip-
tion factor that remains sequestered in the cytoplasm as an
inactive complex with its inhibitory counterpart I�Bs. When
exposed to inflammatory stimuli, such as cytokines and micro-
bial infection, I�Bs are rapidly phosphorylated and degraded,
which results in the release of free NF-�B dimers (p50 and p65)
that translocate to the nucleus for the transcription of target
genes. I�B kinase (IKK) is the protein kinase responsible for I�B
phosphorylation and degradation in response to proinflamma-
tory stimuli (41, 42). Structurally, IKK subunits have cysteine
residues located at functionally important sites such as Cys-179
at the activation loop of IKK� (43). Cysteine residues are also
conserved in the DNA-binding domain (Cys-62 in p50 and
Cys-38 in p65) of NF-�B heterodimer (44). Thiol-reactive agents
may directly inhibit IKK kinase activity or NF-�B DNA-binding

by affecting the redox state of critical cysteine residues in the
IKK kinase activation loop and NF-�B DNA-binding loop.
Indeed, several thiol-reactive compounds such as cyclopen-
tenone prostaglandin (15d-PGJ2), arsenite, and two synthetic
triterpenoids have been shown to suppress the NF-�B pathway
through binding to Cys-179 of IKK�, Cys-38 of p65, or Cys-62 of
p50 (43, 45–48). Further, 15d-PGJ2 binds to specific cysteines of
Keap1 thereby activating the Keap1-Nrf2/ARE pathway and can
also exert anti-inflammatory actions by inhibiting the NF-�B
pathway (49, 50).

In conclusion, despite the extraordinarily close potency cor-
relation among compounds that are chemically diverse in induc-
ing the Keap1/Nrf2/ARE response and suppressing the up-
regulatory response of inflammatory cytokines, it is not clear
that the primary sensors for both responses are necessarily
identical. What is clear, however, is that all inducers of the phase
2 response examined have anti-inflammatory activity, and in-
ducer potency is a reliable and highly useful predictor of
anti-inflammatory activity.

Materials and Methods
Chemicals. Structures are shown in Fig. 4. Triterpenoids were a gift of M. B. Sporn
(Department of Pharmacology and Toxicology, Dartmouth Medical School). Syn-
thetic RS-sulforaphane and benzyl isothiocyanate were from LKT Laboratories.
Bis(benzylidene)acetones were synthesized (15). 2,3-Dimercaptopropanol (BAL)
was from Alfa Aesar. All other chemicals were from Sigma-Aldrich. BAL-mercury
chelates were prepared by incubating 1:1 and 10:1 molar ratios of BAL/HgCl2 at
25°C for 30 min in dimethyl sulfoxide solution (51).

Cell Culture. Murine macrophage-like RAW264.7 cells were obtained from the
American Type Culture Collection and cultured at 37°C in DMEM containing
10% heat-inactivated (55°C for 30 min) FBS.

Cell Treatment. RAW264.7 cells (20,000 cells per well) were plated in 96-well
plates, grown for 24 h, and exposed to serial dilutions of test compounds in the
presence of 10 ng/ml LPS. Cells were incubated at 37°C in a humidified 5% CO2

atmosphere for 48 h.

Preparation of Peritoneal Macrophages from nrf2�/� Mice. nrf2�/� mice on
C57BL/6 background were initially established by Itoh et al. (52). WT C57BL/6
mice were purchased from Charles River Laboratories and used as a compar-
ative control. Macrophages were harvested by lavage from the peritoneal
cavity with Dulbecco’s phosphate buffered saline (DPBS) 4 days after an i.p.
injection of thioglycolate broth (Brewer, 4%). Isolated cells were plated into
96-well plates at a density of 105 cells per well in RPMI medium 1640 contain-
ing 2 mM L-glutamine, 10% heat-inactivated FBS, 100 U/ml penicillin, and 100
�g/ml streptomycin. After 3 h of incubation at 37°C in 5% CO2, nonmacro-
phage cells were washed out by DPBS. The remaining macrophages were
exposed immediately to serial dilutions of test compounds in the presence of
100 ng/ml LPS or 10 ng/ml of both IFN-� and TNF-� for 24 h.

Measurement of iNOS Induction. Nitrite concentration in culture supernatants
of RAW264.7 cells and peritoneal macrophages, measured as an indicator of
iNOS induction, were determined by the Griess reaction (53). Briefly, 100 �l of
each supernatant was mixed with 100 �l of Griess reagent [1% sulfanilamide
in 5% phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamide dihydrochlo-
ride]. Absorbance was measured at 550 nm and compared with a standard
curve of sodium nitrite. The nitrile values of cells treated with LPS but without
test compounds were used as controls.

Assay of NAD(P)H-Quinone Acceptor Oxidoreductase (NQO1) Activity. After the
Griess reaction assays for nitrite, the culture media were discarded, and cells
were washed three times with DPBS. Cell lysates were prepared, and the
specific activities of NQO1 were determined (11, 54). Cells treated with LPS or
IFN-� and TNF-� but without test compounds were used as controls.

Detection of Intracellular ROS. Macrophages were treated with serial dilutions
of the test compounds for 24 h, and then incubated with 20 �M 2�,7�-DCFH-DA
for 30 min (55). After washing with PBS twice, the cells were challenged with
500 �M tert-butyl hydroperoxide for 30 min, and fluorescence intensity was
measured in a microplate reader with excitation at 485 nm and emission at
535 nm.
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Statistical Analysis. All calculations were performed with STATA 10.0 (Stata
Corporation, College Station, TX). The Np trend used is a nonparametric test
for trend across ordered groups and is an extension of the Wilcoxon rank
sum test.
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