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Abstract
Sepsis is characterized by an inappropriate host immune-inflammatory response and sustained
oxidative damage. Nrf2, a bZIP oxidant-responsive transcription factor, regulates a battery of
cytoprotective genes including antioxidants and maintains cellular redox homeostasis. Mouse studies
have demonstrated a critical role of Nrf2 in improving survival during sepsis. This preclinical ex
vivo study using neutrophils and peripheral blood mononuclear cells (PBMCs) as a surrogate cells
evaluates the efficacy of CDDO-Im and CDDO-Me [imidazole and methyl ester derivative of 2-
cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO)] to activate the Nrf2 pathway and protect
from lipopolysaccharide (LPS)-induced inflammatory response in humans. CDDO-Im treatment
significantly induced Nrf2–dependent antioxidative genes (HO-1, GCLC, GCLM, and NQO1) in
PBMCs isolated from six normal subjects. CDDO-Im increased nuclear accumulation of Nrf2
protein. Pretreatment of PBMC by CDDO-Im significantly attenuated LPS-induced cytokine
expression. Similar increases in levels of antioxidant genes and suppression of LPS-induced cytokine
expression was observed after CDDO-Me pretreatment. CDDO-Im also greatly inhibited LPS, fMLP,
TNF-α, and TPA-induced ROS generation in neutrophils. In conclusion, these results demonstrate
that activation of the Nrf2-dependent antioxidative pathway by CDDO-Im or CDDO-Me protects
against the LPS-induced inflammatory response and suggest that they can be potential therapeutic
candidates for intervening sepsis syndrome.

INTRODUCTION
Sepsis is a complex syndrome that is characterized by systemic inflammatory response to
infection, with its severe form associated with multiorgan failure (9). Around 750,000 patients
have sepsis each year in the United States (2), and a recent study reported a 70% increase in
the number of severe sepsis cases from 1993 to 2003 (8). Despite prompt treatment with
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antibiotics and advancement in the critical care of patients in the intensive care units, the case-
fatality rate remains extremely high (35–50%). Early diagnosis and therapy are critical to
improve the prognosis (8). In sepsis, infection (predominantly bacterial) stimulates immune
cells (neutrophils, macrophages, and lymphocytes) and nonimmune cells (endothelial and
epithelial cells) to produce exaggerated amounts of proinflammatory mediators (TNF-α, IL-6,
and IL-1), reactive oxygen species (ROS), and proteases. Greater activation of NF-κB, the
primary transcription factor regulating the expression of proinflammatory mediators, is
associated with higher mortality and a worse clinical outcome in sepsis (1). To counteract the
early amplified proinflammatory response, the host mounts a compensatory antiinflammatory
response (secretion of 1L-10, 1L-13), leading to a hyporeactive defense system. However,
newer data indicate that this concept of a simple, linear progression does not fully address the
complex nature of sepsis (24). Therapeutic strategies that can aid in maintaining an adequate
immune–inflammatory response as well as reduce oxidative stress may have the potential to
improve survival during sepsis (9).

Reactive oxygen species (ROS) play a key role in the pathogenesis of sepsis. ROS modulates
TLR4 signaling (23,25) and regulates priming of immune cells (20). ROS also causes oxidative
damage to endothelial and epithelial cells, leading to tissue damage and organ failure (9).
Nuclear factor-erythroid 2–related factor 2 (Nrf2) is a bZIP redox-sensitive transcription factor
that regulates a cytoprotective transcriptional program that includes antioxidants, xenobiotic
conjugating enzymes, ubiquitin/proteasomes, chaperone, and heat-shock proteins in response
to cellular stresses including ROS (16,31,34). Disruption of Nrf2 causes a decrease in the
constitutive expression of some cytoprotective genes and greatly impairs the capacity to mount
an adaptive stress response (16,34). Studies from our laboratory with murine models suggest
that the Nrf2-dependent transcriptional program determines the host response to inflammatory
and oxidative stress and that Nrf2 acts as a critical determinant of susceptibility to several
inflammatory diseases, including cigarette smoke–induced emphysema (27), hyperoxia-
induced acute lung injury (4), allergen-induced asthma (28), bleomycin-induced lung fibrosis
(5), and cancer (26). We reported that Nrf2 functions as a critical host factor for survival from
sepsis with using murine sepsis models (33). Disruption of Nrf2 caused enhanced sensitivity
to both endotoxin-induced shock and cecal ligation and puncture (CLP)-induced septic shock.
Nrf2 mediated its protective response by regulating the innate immune response by attenuating
oxidative stress (35). Gene-expression studies demonstrated amplified expression of
proinflammatory mediators, including cytokines, chemokines, and adhesion molecules in the
lungs, as well as innate immune cells (macrophages and neutrophils) of Nrf2–deficient mice
when challenged with lipopolysaccharide (LPS), a major ligand for TLR4 signaling (33).
Moreover, polymorphism in the Nrf2 gene has been associated with increased risk of
development of acute lung injury in trauma and septic patients (19).

We have hypothesized that activators of the Nrf2-mediated cytoprotective pathways protect
against sepsis syndrome by the regulating innate immune response as well as attenuating
oxidative pathologic organ damage (14,35). Triterpenoid analogues such as CDDO-Im {1-[2-
cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole}, an imidazole derivative of CDDO,
are exceptionally potent activators of Nrf2 in cell culture and in vivo (37,38). We demonstrated
recently in mice that activation of the Nrf2 pathway by CDDO-Im attenuated LPS-induced
ROS generation and protected from exaggerated expression of proinflammatory mediators in
macrophages and neutrophils (35). More important, CDDO-Im decreased mortality in wild-
type mice exposed to LPS, while failing to protect Nrf2–deficient mice from exaggerated
inflammation and greater mortality (35). However, the capacity of CDDO-Im to activate the
Nrf2 pathway in humans is not known. In the current study, we investigated ex vivo by using
PBMCs and neutrophils of normal subjects: (a) the efficacy of triterpenoid analogues (CDDO-
Im and CDDO-Me) to activate Nrf2 signaling, (b) the interindividual variation in the activation
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of the Nrf2 pathway by triterpenoid analogues, and (c) the ability of CDDO-Im and CDDO-
Me to suppress LPS-induced ROS generation and inflammation.

METHODS
Subjects

Peripheral blood mononuclear cells (PBMCs) and neutrophils were isolated from six healthy
human subjects. None of the subjects had any relevant acute or chronic disease and were not
taking any medication that might affect the immune response. The purpose, potential risks, and
benefits of the study were explained, and written informed consent was obtained from each
participant. The Johns Hopkins University Institutional Review Board approved the study
design.

Isolation of PMBCs and neutrophils
Normal human PBMCs and neutrophils were isolated from the EDTA-anticoagulated venous
blood by using density-gradient centrifugation over Ficoll-Histopaque plus (Pharmacia,
Uppsala, Sweden). In brief, blood samples were diluted 1:2 with Hank's balanced salt solution
(HBSS), layered over Ficoll-Histopaque plus, and centrifuged at 600 g for 20 min. PBMC-rich
plasma above the Ficoll-Histopaque was collected by a plastic-tip pipette. Neutrophils were
prepared after Ficoll-Histopaque separation of PBMCs and sedimentation of the erythrocyte–
granulocyte pellet in 1% dextran. Neutrophils pellets were resuspended in NH4Cl lysis buffer
to eliminate remaining erythrocytes, and the neutrophils were pelleted and washed twice with
HBSS. The purity and viability of the neutrophils preparation was more than 95%, as assessed
by Giemsa staining and the trypan blue dye exclusion test, respectively. The number of PBMCs
and neutrophils was counted by using a hemocytometer and they were resuspended at a density
of 2 × 106 /ml in RPMI 1640 with 5% fetal calf serum, 1% Penn-strep, and cultured at 37°C
in a 5% CO2 atmosphere.

Treatment
PBMCs and neutrophils were plated at a density of 2 × 106 cells/ml in tissue-culture plates and
were treated with vehicle or CDDO-Im or CDDO-Me for 20 h. After 20-h pretreatment, cells
were incubated with LPS (100 ng/ml; Escherichia coli, serotype 055.B5; Sigma, St. Louis,
MO) for an additional 4 or 24 h. Culture media and cells were harvested. Cells were processed
for RNA and protein extraction. For measurement of ROS, neutrophils were harvested
immediately after 20-h pretreatment with vehicle or CDDO-Im and suspended in complete
PBS.

Measurement of ROS
Generation of ROS was assessed by luminol-derived horse-radish peroxidase–dependent
chemiluminescence (35). Neutrophils (1 × 105) were incubated in a test tube containing 10
μM luminol and 0.5 unit of horseradish peroxidase at 37°C for 10 min, after which, cells were
placed in the luminometer (Biolumat LB 9505, Berthold Co., Wildbad, Germany) and activated
with chemotactic peptide fMLP (10 μM), TNF-α (10 ng/ml), LPS (100 ng/ml) or phorbol 12-
myristate 13-acetate (TPA, 50 nM) at time 0. Chemiluminescence was recorded immediately
for 30 min.

Measurement of gene expression with real-time PCR
Nrf2–regulated antioxidative genes and inflammatory cytokines were measured in PBMCs and
neutrophils with real-time PCR (33). Total RNA was extracted from the cells by using TriZol
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Total RNA
was used for cDNA synthesis with random hexamers and MultiScribe reverse transcriptase,
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according to the manufacturer's recommendations (Applied Biosystems). cDNA (100 ng) was
used for quantitative PCR analyses of selected genes heme oxygenase-1 (HO-1), glutamate
cysteine ligase catalytic (GCLC), and modifier subunits (GCLM), NADPH-quinone
oxidoreductase (NQO1), TNF-α, and IL-6 by using primers and probe sets commercially
available from Applied Biosystems. Assays were performed by using the ABI 7000 Taqman
system (Applied Biosystems). β-Actin was used for normalization. Relative fold change for
each gene was calculated as described elsewhere (35).

Measurement of Nrf2 activation by immunoblot
Nuclear and cytoplasmic extracts from PBMCs and neutrophils were prepared by using NE-
PER Nuclear Extraction Reagents (Pierce). Protein concentrations were measured by the BCA
method (Pierce). Immunoblot analysis was performed according to previously published
procedures (30), by using antibodies specific for Nrf2 and Lamin B1 (Santa Cruz
Biotechnology, Inc.).

Statistics
The nonparametric Wilcoxon signed-rank test was used to compare the levels of Nrf2 and
expression of target genes and inflammatory markers between the drug-treated and control
cultures at baseline and after inflammatory stimuli. Statistical significance was accepted at p
< 0.05.

RESULTS
CDDO-Im significantly upregulated Nrf2–dependent antioxidative genes in human PBMC ex
vivo

To evaluate the efficacy of CDDO-Im to activate the Nrf2 pathway, we measured the
expression of Nrf2 and several antioxidant genes (NQO1, GCLM, GCLC, and HO-1) in
PBMCs of six subjects. The constitutive expression of the Nrf2 gene in PBMC ranged threefold
among the six subjects, and CDDO-Im treatment had no effect (Fig. 1). However, expression
of several Nrf2-dependent antioxidative genes was significantly elevated in treated PBMCs of
all subjects (Fig. 1B). The mean fold increase in transcript levels by CDDO-Im compared with
vehicle was 16-fold for NQO1 and threefold to fourfold for the other antioxidative genes
(GCLM, GCLC, and HO-1), suggesting that NQO1 might be a suitable biomarker for assessing
Nrf2 activation in human PBMCs.

CDDO-Im treatment increased nuclear Nrf2 protein levels
CDDO-Im pretreatment showed no effect on the mRNA expression of the Nrf2 gene in PBMC
(see Fig. 1A). Under normal condition, cellular levels of Nrf2 protein are very low, as Keap1
binds to Nrf2 and constantly targets it for proteosomal degradation. However, in conditions of
stress or treatment with inducers, Nrf2 escapes degradation and translocates to the nucleus.
Nuclear levels of Nrf2 protein increase, and it binds to antioxidant response elements to
transactivate the expression of target genes (17). To probe the underlying mechanism of
induction of Nrf2 targets by CDDO-Im, we measured the nuclear distribution of Nrf2 in
PBMCs isolated from one subject. CDDO-Im at 20 nM and 50 nM concentrations increased
the nuclear levels of Nrf2 protein fourfold to fivefold; however, no significant difference in
nuclear levels was found between the two concentrations of CDDO-Im (Fig. 2).

CDDO-Im treatment inhibited LPS-induced inflammatory response in PBMCs
Previously we demonstrated in mice that CDDO-Im significantly suppresses LPS-induced
inflammation, primarily by activating the Nrf2 pathway (35). To test whether CDDO-Im
inhibits LPS-induced inflammation in human PBMCs, PBMCs isolated from all six subjects

THIMMULAPPA et al. Page 4

Antioxid Redox Signal. Author manuscript; available in PMC 2008 May 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were challenged with LPS after 20 h of CDDO-Im pretreatment. Vehicle or CDDO-Im alone
did not show any significant induction of IL-6; however, TNF-α showed a small but significant
increase. After LPS stimulation for 4 h, a dramatic increase was noted in the expression of IL-6
and TNF-α in PBMCs of all subjects. CDDO-Im pretreatment substantially blunted the
expression of IL-6 and TNF-α in PBMCs of all the subjects (Fig. 3) when compared with LPS
alone.

CDDO-Im upregulated Nrf2 pathway and attenuated ROS generation induced by different
inflammatory stimuli in neutrophils ex vivo

Excessive production ROS along with proinflammatory mediators by neutrophils contributes
to pathologic damage and multiorgan failure (10). ROS greatly affect neutrophil function by
modulating TLR4-dependent NF-κB activation (3). We first assessed the efficacy of CDDO-
Im to activate the Nrf2 pathway in peripheral blood neutrophils. Activation of Nrf2 pathway
was measured by real-time RT-PCR for antioxidative target genes after CDDO-Im treatment
in blood neutrophils pooled from two subjects. As in PBMCs, CDDO-Im did not affect basal
expression of Nrf2 mRNA in neutrophils (Fig. 4). CDDO-Im significantly induced expression
of glutathione-biosynthesizing enzymes (GCLC and GCLM), NQO1, and HO-1 (Fig. 4B).
NQO1 transcripts showed the highest induction. Next we assessed whether CDDO-Im
suppressed ROS generation in neutrophils after stimulation with LPS and other soluble stimuli,
such as fMLP, TNF-α, and TPA. All of the inflammatory agents rapidly induced ROS
generation, as measured by luminol-based chemiluminescence (Fig. 5). TPA induced the
highest levels of ROS (4.4 × 109 counts) followed by fMLP (3.5 × 108 counts), LPS (9.6 ×
107 counts), and TNF-α (7.3 × 107 counts). Regardless of inflammatory stimulus, CDDO-Im
pretreatment suppressed ROS generation more than twofold, suggesting that it can potentially
be used to blunt the response of neutrophils in septic patients (see Fig. 5).

CDDO-Me, a methyl ester derivate of CDDO, also activated Nrf2 pathway and attenuated LPS-
induced inflammation in PBMCs

Along with CDDO-Im, we also evaluated the efficacy of CDDO-Me to activate gene expression
in PBMCs isolated from a normal subject. CDDO-Me is already in phase I clinical trials. Like
CDDO-Im, CDDO-Me significantly activated the Nrf2 pathway, as assessed by measuring
expression of NQO1, GCLC, GCLM, and HO-1 transcripts and also suppressed LPS-induced
expression of IL-6 and TNF-α (Fig. 6).

DISCUSSION
We established that Nrf2 is a critical host factor in protecting against sepsis-induced mortality
in mice (33,35). Absence of effective therapies for sepsis syndrome has led to an urgent need
to explore novel targets for intervention. Based on the animal studies of efficacy of the Nrf2
activator CDDO-Im in protecting against LPS-mediated mortality (14) and association of Nrf2
polymorphism in septic patients (15), we performed a preclinical evaluation of triterpenoid
analogues as Nrf2 activators to inhibit the oxidative stress and inflammatory response elicited
by LPS in human peripheral blood cells. Major findings of the study are severalfold. First,
CDDO-Im and CDDO-Me upregulate the expression of Nrf2 transcriptional targets NQO1,
GCLC, GCLM, and HO-1. Second, CDDO-Im induced nuclear translocation of Nrf2 but did
not affect Nrf2 transcript levels. Third, CDDO-Im and CDDO-Me suppressed LPS-induced
inflammatory response in PBMCs. Fourth, CDDO-Im attenuated LPS-induced ROS generation
and the expression of inflammatory cytokines in neutrophils.

Among the different analogues of triterpenoids, CDDO-Im and CDDO-Me have been reported
to exhibit proapoptotic activity that was mainly mediated by inhibition of NF-κB activation
(29,39). Interestingly, at low nanomolar concentrations, CDDO-Im and CDDO-Me
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upregulated cytoprotective genes mediated by activation of Nrf2 (7). Yates et al. (38)
extensively characterized the pharmacodynamics of CDDO-Im in activating the Nrf2 pathway
in different organs (lung, liver, kidney, heart, intestine, brain) of mice (38). Our study reports
the ability of CDDO-Im and CDDO-Me to activate Nrf2 signaling in peripheral immune cells
of normal subjects ex vivo. Although a considerable degree of interindividual variation was
noted in the magnitude of induction, CDDO-Im upregulated gene expression in each of the
subject's PBMCs. In line with the results of the murine study reported by Yates et al., the
present study also found that expression of NQO1 exhibits a large dynamic range, rendering
it suitable as a marker for assessment of Nrf2 activation. Although the study focused on the
expression of antioxidative genes, Nrf2 is known to induce a host of other cytoprotective genes,
including xenobiotic conjugating enzymes, ubiquitin/proteosomes, chaperones, and heat-
shock proteins (16).

Sepsis syndrome is characterized by an inappropriate response of immune cells, particularly
neutrophils. A growing body of evidence relates neutrophil dysfunction with severity of sepsis
and is linked with end-organ failure and mortality (9). Excessive release of proinflammatory
mediators, ROS, and proteases by activated neutrophils exacerbates sepsis by increasing
inflammation, oxidative tissue damage, vascular permeability, and organ injury (9). With
animal models of sepsis, depletion of neutrophils before CLP or administration of
Staphylococcus aureus has been shown to increase bacteremia and mortality (10,36).
Interestingly, depletion of neutrophils after CLP in the mice model has been shown to reduce
bacteremia significantly, to reduce liver and renal dysfunction, as well as to decrease serum
levels of proinflammatory cytokines (10). Similarly, in a rat model of peritonitis, neutrophils
have been associated with liver failure (21). Recently, Kaufmann et al. (15) reported neutrophil
dysfunction in patients with severe sepsis (15). Neutrophils from severely septic patients
exhibited a compromised phagocytic function; however, they produced higher amounts of ROS
on activation by soluble stimuli (like fMLP, TNF-α, and TPA) compared with healthy subjects
(15). Our study illustrates the effectiveness of CDDO-Im to attenuate ROS production by
neutrophils stimulated with LPS or soluble stimuli like, fMLP, TNF-α, and TPA, or both. We
previously showed that CDDO-Im mediates its antioxidant activity by inducing the Nrf2
pathway (35). CDDO-Im failed to inhibit LPS-induced ROS production in peritoneal
neutrophils of Nrf2–deficient, but not wild-type mice. In another study, CDDO-Im was
reported to inhibit IFN-γ–induced nitric oxide production by macrophages (7). The inhibition
of nitric oxide was correlated with Nrf2–mediated inhibition of iNOS expression. Taken
together, these results support a potential therapeutic role of CDDO-Im in modulating
neutrophil function during sepsis. This effect may be beneficial for preventing organ failure.

Enhanced apoptosis of lymphocytes is another characteristic feature of septic patients that leads
to immunosuppression and increases susceptibility to further infection (12). In animal models
of sepsis, overexpression of antiapoptotic protein such as Bcl2 and inhibition of caspases
resulted in reduction in lymphocyte apoptosis as well as improved survival (11,13). Activation
of the Nrf2 pathway protects cells from oxidative and inflammatory stimulus–induced
apoptosis by maintaining cellular redox homeostasis. Nrf2–deficient splenocytes are more
susceptible to hydrogen peroxide–induced apoptosis (18). Interestingly, Nrf2 also protected
from FasL- and TNF-α–induced apoptosis by maintaining GSH levels (22). The ability of
CDDO-Im and CDDO-Me to upregulate the Nrf2 pathway in PBMCs, which encompasses
lymphocytes as a major population, might protect them from proapoptotic ligands such as FasL
and TNF-α during sepsis.

As the sepsis syndrome was characterized by an amplified innate immune response, most of
the clinical trials were directed toward suppressing the immune response by using
antiinflammatory agents such as anti-endotoxin, anti-CD14, anti-LBP, anti–platelet-activating
factor, anti-TNF, anti–IL-1, and glucocorticoid therapies. Unfortunately, most of these trials
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showed poor or negative outcomes. Death in septic patients is due to multiorgan failures that
are caused mainly by inflammation as well as sustained oxidative tissue damage. Patients with
higher levels of oxidative damage byproducts and low antioxidants levels have a higher
incidence of multiorgan failure and poorer prognosis (6). Because Nrf2–regulated
cytoprotective genes protect from oxidative damage as well as suppress inflammation by
modulating immune cell function, we speculate that the activation of the Nrf2 pathway might
prove to be a suitable therapeutic strategy for intervention in sepsis as well as in systemic
inflammatory response and other inflammatory disorders such as acute lung injury and acute
respiratory distress syndrome. This view is reinforced by recent reports that other classes of
Nrf2 activators also protect against sepsis in rodents (14), the association of an Nrf2
polymorphism with increased risk of developing acute lung injury in trauma and septic patients
(19), and a significant decline in the Nrf2 pathway with age in animal models (32).
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ABBREVIATIONS
CDDO-Im, 1-2-cyano-3-12-dioxooleana-1,9(11)-dien-28–oyl]-imidazole; CDDO-Me,
methyl ester derivative of [2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid; LPS,
lipopolysaccharide; Nrf2, nuclear factor-erythroid 2–related factor 2; PBMCs, peripheral blood
mononuclear cells; ROS, reactive oxygen species.
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FIG. 1. CDDO-Im pretreatment up-regulates expression of Nrf2-dependent antioxidative genes in
human PBMCs
(A) mRNA expression of Nrf2 in PBMCs isolated from six normal subjects. (B) mRNA
expression of Nrf2-dependent antioxidants NQO1, GCLM, HO-1, and GCLC in PBMCs
isolated from six normal subjects. Isolated PBMCs were treated either with vehicle or CDDO-
Im (20 nM) for 20 h, and gene-expression analysis was done by real-time PCR. Data are
expressed as fold changes relative to the lowest value in the vehicle-treated groups. Horizontal
line represents the mean fold change. *Distribution differs from vehicle-treated group (p <
0.05).
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FIG. 2. CDDO-Im induces nuclear accumulation of Nrf2 protein
(A) Immunoblot demonstrating increase levels of Nrf2 protein in nuclear extracts of PBMCs
treated with CDDO-Im. PBMCs were treated with either vehicle or CDDO-Im (20 nM or 50
nM) for 6 h. Cells were then harvested and processed for nuclear extraction. Nuclear proteins
(20 μg) were resolved on a 10% PAGE, and immunoblotting was performed with an Nrf2
antibody, as described in Methods. The blot was reprobed with anti-Lamin B1 antibody as a
marker of nuclear proteins. (B) Quantification of Nrf2 protein. For band densitometry, bands
in nuclear extract blot were normalized to Lamin B1.
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FIG. 3. CDDO-Im pretreatment attenuated LPS-induced cytokine expression in PBMCs isolated
from normal subjects
CDDO-Im pretreatment suppressed LPS-induced mRNA expression of IL-6 and TNF-α in
PBMCs of six subjects measured 4 h after LPS treatment. Ex vivo PBMCs were pretreated with
DMSO or CDDO-Im for 20 h followed by LPS (100 ng/ml) stimulation. Horizontal line
represents the mean fold change. †Differs from vehicle control. *Differs from only LPS-treated
group (p < 0.05).
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FIG. 4. Treatment of peripheral blood neutrophils with CDDO-Im upregulated Nrf2–dependent
antioxidative genes
(A) mRNA expression of Nrf2 in neutrophils after CDDO-Im. (B) CDDO-Im induced
expression of Nrf2–dependent antioxidative genes (GCLC, GCLM, NQO1, and HO-1). Ex
vivo blood neutrophils pooled from two subjects were treated with either vehicle or CDDO-
Im (20 nM) for 20 h and processed immediately for measurement of antioxidant gene
expression. Experiments were performed in triplicate.
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FIG. 5. CDDO-Im treatment attenuated ROS generation in peripheral blood neutrophils induced
by LPS, fMLP, TNF-α, and TPA
Ex vivo pooled peripheral blood neutrophils isolated from two subjects were treated with
DMSO or CDDO-Im (20 nM) for 20 h. Immediately after this, cells were harvested and
stimulated with different inflammatory agents (LPS, 100 ng/ml; fMLP, 10 μM; TNF-α, 10 ng/
ml; TPA, 50 nM). Each bar is the mean ± SD (n = 3) of values presenting the integration of
the area under curve for 30 min, expressed in counts. *Differs from LPS alone. δ, Differs from
saline (p < 0.05).
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FIG. 6. CDDO-Me, a methyl ester derivative of CDDO, significantly upregulated Nrf2–dependent
antioxidants and suppressed LPS-induced cytokine expression in PBMCs isolated from a normal
subject
(A) mRNA levels of Nrf2 and antioxidative genes (GCLC, GCLM, and NQO1) in PBMCs
after CDDO-Me treatment. (B) IL-6 and TNF-α expression in PBMCs pretreated with CDDO-
Me after LPS challenge. Ex vivo PBMCs isolated from normal subjects were treated with either
vehicle or CDDO-Me (20 nM) for 20 h and processed immediately for measurement of
antioxidant gene expression. For assessing LPS-induced inflammation, cells were incubated
with LPS for additional 4 h, and expression of IL-6 and TNF-α was assessed by real-time PCR.
Experiments were performed in triplicate.
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