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Nuclear factor erythroid 2-related factor (Nrf2) is the major regulator of cellular defenses against various
pathological stresses in a variety of organ systems, thus Nrf2 has evolved to be an attractive drug target
for the treatment and/or prevention of human disease. Several synthetic oleanolic triterpenoids including
dihydro-CDDO-trifluoroethyl amide (dh404) appear to be potent activators of Nrf2 and exhibit chemo-
preventive promises in multiple disease models. While the pharmacological efficacy of Nrf2 activators
may be dependent on the nature of Nrf2 activation in specific cell types of target organs, the precise role
of Nrf2 in mediating biological effects of Nrf2 activating compounds in various cell types remains to be
further explored. Herein we report a unique and Nrf2-dependent anti-inflammatory profile of dh404 in
inflamed macrophages. In lipopolysaccharide (LPS)-inflamed RAW264.7 macrophages, dh404 dramati-
cally suppressed the expression of pro-inflammatory cytokines including inducible nitric oxide synthase
(iNOS), monocyte chemotactic protein-1 (MCP-1), and macrophage inflammatory protein-1 beta (MIP-
1b), while minimally regulating the expression of interleulin-6 (IL-6), IL-1b, and tumor necrosis factor
alpha (TNFa). Dh404 potently activated Nrf2 signaling; however, it did not affect LPS-induced NF-jB
activity. Dh404 did not interrupt the interaction of Nrf2 with its endogenous inhibitor Kelch-like ECH
associating protein 1 (Keap1) in macrophages. Moreover, knockout of Nrf2 blocked the dh404-induced
anti-inflammatory responses in LPS-inflamed macrophages. These results demonstrated that dh404
suppresses pro-inflammatory responses in macrophages via an activation of Nrf2 independently of Keap1
and NF-jB, suggesting a unique therapeutic potential of dh404 for specific targeting a Nrf2-mediated
resolution of inflammation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear factor-erythroid 2-related factor 2 (Nrf2), a member of
the Cap’n’ collar (CNC) family of basic-leucine zipper transcription
factors, is a major negative regulator of oxidative stress and inflam-
matory responses [1,2]. Because of the wealth of evidence that has
accumulated showing that Nrf2 is the major regulator of cellular
defenses against various pathological stresses in a variety of organ
systems including lung, liver, gastrointestinal tract, bladder,
kidney, brain, skin, ovary, and heart, Nrf2 has evolved to be an
attractive drug target for the treatment and/or prevention of
human disease [1]. Several natural or synthetic compounds have
been studied to target Nrf2-mediated signaling for cancer chemo-
prevention [1]. Of these, the synthetic triterpenoid derivatives of
oleanolic acid seem to be the most promising drug candidates
[3]. Indeed the efficacy for the treatment of chronic kidney disease
associated with type II diabetes of 2-cyano-3,12-dioxooleana-
1,9(11)-dien-28-oicacid (CDDO), CDDO methyl ester (CDDO-Me)
has been demonstrated [4] despite concerns regarding a potential
deleterious effect of CDDO-Me in the kidney as well as other
unexpected side effects such as muscle spasm, hypomagnesemia,
elevation in alanine aminotransferase levels and gastrointestinal
effects [5–7]. The underlying mechanisms of the adverse events
associated with CDDO-Me in chronic kidney patients are presently
unknown. Nevertheless, Nrf2 still holds promise as a therapeutic
target in kidney and other organs [8].
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It is worthy to note that Nrf2 signaling is cell type specific [9].
Moreover, the magnitude of Nrf2 activation is functionally relevant
in specific settings as follows: (1) constitutive activation of Nrf2
due to the global knockout of Kelch-like ECH associating protein
1 (Keap1, a major endogenous inhibitor of Nrf2) causes juvenile
mortality [10]; (2) activation of Nrf2 by knockdown of Keap1 par-
adoxically leads to either anti-diabetic or pro-diabetic phenotypes
[11,12]; (3) selected activation of hepatic Nrf2 by conditional
knockout of Keap1 in the liver is beneficial [13]; and (4) over acti-
vation of Nrf2 is the dominant cause of the liver damage induced
by hepatic specific deletion of autophagy related gene (Atg)7,
whereas persistent activation of Nrf2 in Atg5 deficient liver is crit-
ical for the protection against acetaminophen-induced liver injury
[14,15]. These results suggest that the pharmacological efficacy of
Nrf2 activators may be dependent on the nature of Nrf2 activation
in specific cell types of target organs. However, the precise role of
Nrf2 in mediating biological effects of Nrf2 activating compounds
in various cell types remains to be further explored.

The synthetic oleanolic triterpenoid of dihydro-CDDO-trifluoro-
ethyl amide (dh404, a novel analog of CDDO-Me) is a potent Nrf2
activator [16]. Dh404 is well tolerated in rodents and primates
[17] and has been shown to improve obesity, type II diabetes,
and Huntington’s disease, as well as cardiac maladaptive remodel-
ing and dysfunction in rodents [18–21]. Furthermore, we have
demonstrated an essential mediator role of Nrf2 in dh404-induced
suppression of oxidative stress in cardiomyocytes [16]. However,
the effect of dh404-Nrf2 signaling axis in other cell types is un-
clear. Herein, we report a unique anti-inflammatory profile of
dh404 which is Nrf2 dependent and NF-jB independent in in-
flamed macrophages, suggesting a novel potential of dh404 for
specific targeting Nrf2-mediated resolution of inflammation in
macrophages.
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Fig. 1. Effect of dh404 on the expression of iNOS, MCP-1, and MIP-1b in inflamed RAW26
LPS (1 lg/ml) and dh404 (0.2 lM) in DMEM with 2% FBS as indicated for 4 h and subject
were treated with or without LPS (1 lg/ml) and dh404 (0.2 lM) for 6 h and subjected to W
2. Materials and methods

2.1. Synthesis and preparation of dh404

Triterpenoid, dihydro-CDDO-trifluoroethyl amide (dh404) of 2-
cyano-3,12-dioxooleana-1-ene-28-trifluoroethylamide (C33H45F3-

N2O3) with a molecular weight of 574.338, was synthesized, puri-
fied, and analytically characterized using methodology as
previously described [1]. The preparation of dh404 for experimen-
tal use involved dissolving it in DMSO and then diluting it in the
culture media to a final DMSO concentration of 0.01% (v/v).

2.2. Animals and cell cultures

All of the animal procedures were conducted in accordance
with the NIH Guide for Care and Use of Laboratory Animals and
approved by the University of South Carolina Institutional Animal
Care and Use Committee. Littermate wild-type (WT) and Nrf2
knockout (Nrf2�/�) mice were generated by breeding heterozygous
Nrf2 (Nrf2+/�) mice as previously described [22]. Bone marrow-
derived macrophages were generated from bone marrow progeni-
tors of adult male 8–16 weeks old WT and Nrf2�/� littermates as
previously described [23,24]. Briefly, bone marrow cells flushed
from femora of the littermates were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 20% mouse L929 (American Type Culture Collection,
ATCC) cell supernatant as a source of colony-stimulating factor
(CSF), penicillin (100 U/ml) and streptomycin (100 mg/ml) in a
95% O2: 5% CO2 humidified atmosphere at 37 �C. Eight days after
the culture, flow cytometer (BD Accuri™ C6, BD Biosciences) anal-
ysis confirmed that almost 100% of these cells are double positive
with macrophage specific biomarkers CD11b and F4/80 using
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anti-CD11b (cat# 14-0112, eBioscience) and anti-F4/80 (cat#
123109, Biolegend) as previously reported [23,24]. In addition,
RAW 264.7 cells (ATCC), a murine macrophage cell line, were cul-
tured in DMEM (Invitrogen) supplemented with 10% FBS as previ-
ously described [25]. Cell viability assays were determined by
monitoring the release of the cytoplasmic enzyme, lactate dehy-
drogenase (LDH), utilizing a cytotoxicity detection kit (Clontech
Laboratories, Inc.) as previously described [26].
2.3. Quantitative real-time PCR (Q-PCR)

Q-PCR was performed as previously described [25]. Expression
levels of target genes were normalized by concurrent measure-
ment of GAPDH mRNA levels. All primers used are listed in Supple-
mentary Table 1 of Online Supporting Information.
2.4. Western blot analysis

Western blot analysis was performed as previously described
[27]. The primary antibodies included: anti-iNOS (BD610431, BD
Biosciences); anti-IjBa (sc-371, Santa Cruz Biotechnology, Inc.);
anti-Nrf2 (sc-722, Santa Cruz Biotechnology, Inc.); anti-NQO-1
(ab34173, Abcam Inc.); anti-HO-1 (SPA-896, Stressgen Biotechnol-
ogies); and anti-b-actin (Sigma A1978, Sigma–Aldrich).
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Fig. 2. Effect of dh404 on the expression of IL-1b, IL-6, and TNFa as well as the activation
analyzed as in Fig. 1B. n = 4, ⁄p < 0.05 vs. control (�). (B) RAW264.7 cells were treated with
30 min (Upper panel) or different time periods (Lower panel) and the subjected to West
RAW264.7 cells transfected with pNF-jB-TA-Luc and pRL-TK-renilla were treated with o
6 h and then subjected to measurement of NF-jB transcriptional activity. n = 4, ⁄p < 0.05
2.5. Transfection and reporter gene luciferase assay

Transcriptional activity of NF-jB and Neh2 activity [28] were
determined by measurement of luciferase (Luc) activities in RAW
264.7 cells that were transfected with their reporter plasmids
(pNF-jB-TA-Luc or pNeh2-Luc with pRL-TK-renilla) as previous
described [25].
2.6. Immunofluorescence and confocal microscopic analysis

Raw 264.7 cells cultured on Lab-Tek� Chamber Slides (Thermo
Scientific) were treated by dh404 (200 nM) for 1 h and then fixed
with 4% paraformaldehyde at room temperature for 15 min.
Immunofluorescence staining was performed with rabbit anti-
Nrf2 (sc-13032, Santa Cruz Biotechnology, Inc.) antibodies as
previously described [22]. Nuclei were labeled using blue dye of
40, 6-diamidino-2-phenylindole (DAPI, Sigma–Aldrich). F-actin
was labeled using green dye of Alexa Fluor� 488 phalloidin
(Invitrogen). Images were acquired using a confocal microscope
(LSM510META, Carl Zeiss Inc.).
2.7. Statistics

Values are expressed as mean ± SD in the text and figures. The
data were analyzed using ANOVA with the Newman–Keuls’ test
N
F-

κ B
 tr

an
sc

rip
tio

na
l a

ct
iv

ity
(fi

re
fly

/re
ni

lla
)

0 

50

100

150

PS (1 μg/ml)
404 (0.2 μM)

* * 

ns

−
−

+
−

+
+

−
+

S (1 μg/ml)
4 (0.2 μM)

−
−

+
−

+
+

−
+

0 5 15 30 60 5 15 30 60 (min) 

 Ikβ-α
β-actin 

g/ml)
.2 μM)

IκB 
β-actin 

−
−

+
−

+
−

+
−

+
−

+
+

+
+

+
+

+
+

of NF-kB pathway in inflamed RAW264.7 cells. (A) RAW264.7 cells were treated and
or without LPS (1 lg/ml) and dh404 (0.2 lM) in DMEM with 2% FBS as indicated for

ern blot analysis. Results are representatives of three independent experiments. (C)
r without LPS (1 lg/ml) and dh404 (0.2 lM) in DMEM with 2% FBS as indicated for

vs. control (�).



558 B. Li et al. / Biochemical and Biophysical Research Communications 444 (2014) 555–561
unless otherwise specified. Values of p < 0.05 were considered to
be statistically significant.
3. Results

3.1. Dh404 treatment suppresses a selected set of pro-inflammatory
factors in RAW 264.7 macrophages

Considering the potent anti-inflammatory effects of triterpe-
noids [3,29], we postulated that dh404 treatment could suppress
the inflammatory response in macrophages. We used the expres-
sion of iNOS to reflect the pro-inflammatory status in LPS-inflamed
RAW 264.7 macrophages as previously described [25]. To optimize
our experimental system, we first examined the impact of dh404
on cell viability in RAW 264.7 macrophages. In a dose response
study, we observed that dh404 did not affect the cell viability be-
low the concentration of 500 nM in serum free condition for 24 h
(Supplementary Fig. 1). Then, we treated cells with a dh404 non-
cytotoxic dose of 200 nM. As expected, we observed dh404 to po-
tently suppress LPS-induced iNOS expression at both mRNA and
protein levels (Fig. 1A), suggesting an anti-inflammatory effect of
dh404 in macrophages. In addition, we determined whether
dh404 is capable of suppressing other pro-inflammatory cytokines
including MCP-1, MIP-1b, IL-1b, IL-6, and TNFa in LPS-inflamed
RAW264.7 macrophages. Interestingly, dh404 suppressed the
expression of MCP-1 and MIP-1b while hardly affecting the expres-
sion of IL-1b, IL-6, and TNFa (Figs. 1B and 2A). These results reveal
a unique anti-inflammatory profile of dh404 in macrophages.
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Fig. 3. Effect of dh404 on the activation of Nrf2 signaling in RAW264.7 macrophages. (A)
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3.2. Dh404 treatment minimally regulates NF-jB pathway in RAW
264.7 macrophages

Synthetic oleanane triterpenoids, such as CDDO-Me, has an
inhibitory effect on NF-jB signaling [3] and NF-jB is known to
be a key transcriptional regulator for orchestrating the expression
of many inflammatory genes including those aforementioned [30].
Therefore, we sought to determine whether dh404 is capable of
suppressing the expression of these inflammatory cytokines via
interfering with the NF-jB pathway in macrophages. While LPS ro-
bustly activated NF-jB pathway as evidenced by the enhancement
of IjB degradation and the subsequent activation of NF-jB tran-
scriptional activity in RAW264.7 macrophages, dh404 treatment
was unable to prevent the activation of the NF-jB pathway in
the inflamed macrophages (Fig. 2B). These results indicate that
dh404 inhibits pro-inflammatory responses in macrophages via a
mechanism that is independent of the NF-jB signaling pathway.

3.3. Dh404 activates Nrf2 in RAW 264.7 macrophages

Since Nrf2 appears to be a critical suppressor of inflammatory
responses [2] and we have demonstrated that dh404 is a strong
Nrf2 activator in cardiomyocytes [16], we next examined whether
dh404 activates Nrf2 in RAW264.7 macrophages. As shown in
Fig. 3A, dh404 treatment rapidly increased Nrf2 protein expression
and the increased expression of Nrf2 was sustained for at least 6 h.
The subsequent induction of Nrf2 downstream genes, such as
NAD(P)H:quinone oxidoreductase (NQO)1 and heme oxygenase 1
(HO-1) [1], at the mRNA and protein levels was also apparent
Dh404 Veh

Dh404 Veh

Western blot analysis of the expression of Nrf2 and its downstream genes. The cells
endent experiments. (B). qPCR analysis of the mRNA expression of Nrf2 downstream
0.05 vs. control (0). (C). Immunofluorescence staining of Nrf2. The cells were treated
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(Fig. 3A and B). In addition, confocal microscopic analysis revealed
that the dh404-upregulated Nrf2 proteins translocated into nuclei
(Fig. 3C). These results clearly demonstrate that dh404 activates
Nrf2 signaling in macrophages. Mechanically, we have observed
that dh404 does not interfere with Keap1 binding with Nrf2. In-
stead it inhibits the Keap1-dependent degradation of Nrf2. As a re-
sult, the newly synthesized Nrf2 proteins saturate the capacity of
Keap1 to bind with Nrf2, accumulate in the cytoplasm and subse-
quently translocate into the nucleus thereby activating Nrf2 signal-
ing [16]. Because the protein turnover of Nrf2 is rapid with the
half-life of Nrf2 in cells estimated to be less than 20 min [1], it is
conceivable that dh404 activates Nrf2 via the same mechanism
in macrophages. However, utilizing a Neh2-luciferase reporter sys-
tem reflecting the amount of Nrf2 which is degraded via directly
binding with Keap1 [28], we found that dh404 did not affect the
binding of Keap1 and Nrf2 (Neh2) and the Keap1-mediated Nrf2
(Neh2) degradation whereas the positive control (American gin-
seng crude extract) interrupted Keap1 and Nrf2 binding thereby
blocking the Keap1-mediated Nrf2 (Neh2) degradation in
RAW246.7 cells (Supplementary Fig. 2). These results reveal that
dh404 upregulates Nrf2 expression via a mechanism independent
of Keap1 in macrophages.
3.4. Knockout of Nrf2 blocks dh404-suppressed expression of iNOS,
MCP-1, and MIP-1b in primary culture of bone marrow-derived
macrophages

Finally, we examined whether Nrf2 is a critical mediator for
dh404-induced anti-inflammation effects in macrophages using
the primary cultures of bone marrow-derived macrophages from
WT and Nrf2�/� mice. As shown in Fig. 4, dh404 dramatically
inhibited LPS-induced expression of iNOS, MCP-1, and MIP-1b in
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Fig. 4. Effect of dh404 on iNOS, MCP-1, and MIP-1b expression in inflamed bone marrow
cells were treated in DMEM with 2% FBS as indicated for 4 h and then subjected to Q-PC
were treated in DMEM with 2% FBS as indicated for 6 h and then subjected to Western
bone marrow-derived macrophages from WT; however, the anti-
inflammatory effect of dh404 was blocked in LPS-inflamed bone
marrow-derived macrophages from Nrf2�/� mice. The exaggerated
expression of these pro-inflammatory cytokines in LPS-inflamed
bone marrow-derived macrophages from Nrf2�/� mice reveals that
Nrf2 is a suppressor of inflammatory responses in macrophages
(Fig. 4). Taken together, these results clearly demonstrate that
Nrf2 is an essential mediator for dh404-induced resolution of
inflammatory responses in macrophages.
4. Discussion

In the present study, we demonstrate first the time that dh404
could specifically activate Nrf2-mediated resolution of inflamma-
tory responses in macrophages which is independent of Keap1
and NF-jB, highlighting a unique potential of dh404 for the treat-
ment of diseases that are associated with chronic inflammatory re-
sponses in macrophages.

The finding of dh404-induced Keap1 independent activation of
Nrf2 is particularly intriguing although the precise mechanism by
which dh404 activates Nrf2 in macrophages remains unknown.
Previous studies have shown that amplification of Nrf2 by pharma-
cological inducers or genetic deletion of hepatic Keap1 attenuates
inflammatory damage of liver [13], whereas the activation of
Nrf2 by genetic knockout or knockdown of Keap1 is not always
beneficial [10,12,14]. While it remains unclear as to whether Keap1
is required for realizing Nrf2-mediated beneficial effects such as
suppression of inflammation; it is likely that the activation of
Nrf2 due to the Keap1 loss-of-function is detrimental in certain
specific pathological settings. Thus, it is plausible that the maximal
beneficial effects of Nrf2 might be achieved by targeting Nrf2 while
keeping Keap1 function intact.
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Of note, the NF-jB pathway also plays a critical role in the sup-
pression of the pro-inflammatory response in macrophage and the
resolution of inflammation in vivo [31,32]. Inappropriate suppres-
sion of NF-jB signaling results in adverse consequences. For exam-
ple, macrophage specific knockout of NF-jB kinase (IKK)b, which is
essential for NF-jB activation and NF-jB-driven expression of
inflammatory cytokines, increases atherosclerosis in LDL recep-
tor-deficient mice [33]. Also, the loss of IKKb or the NF-jB essential
modulator IKKc/NEMO in murine cardiomyoyctes exaggerates or
results in dysregulated myocardial inflammatory responses and di-
lated cardiomyopathy and cardiac dysfunction [34,35]. Of interest,
increased oxidative stress is a common feature in cardiomyocyte
specific IKKb and IKKc knockout mice and is also the causative
mechanism for the dilated cardiomyopathy and heart failure in
these mice. In this context and unlike the other synthetic oleanane
triterpenoids which directly bind IKK to suppress NF-jB [3], we
observed that dh404 minimally regulates the IKK/NF-jB pathway
and specifically activates Nrf2 signaling which presumably mimics
the IKK-mediated antioxidant defense and resolution of inflamma-
tion. Accordingly, dh404 is positioned to be a promising drug for
the maximal activation of Nrf2-driven cytoprotective signaling.

Indeed, while we have recently demonstrated that Nrf2 cardio-
myocyte-specific transgenic mice are resistant to pressure over-
load-induced cardiac maladaptive remodeling and dysfunction
(manuscript submitted), we have also found that oral administra-
tion of dh404 exerts similar effects in mice [18]. Since macrophage
associated inflammation plays a critical role in cardiac dysfunction
[36], the observed dh404-induced anti-inflammatory effects in
macrophages appears to be an important mechanism by which
dh404 protects against cardiac dysfunction. In addition, given the
key role of Nrf2 in cellular defense in diverse organ systems [1],
the specific targeting of Nrf2 by dh404 may have a unique pharma-
cological potential for the treatment of many diseases. However,
whether the unique feature of dh404-induced Nrf2 activation is
critical for its pharmacological efficacy in vivo over the other
Nrf2 activators regarding inflammation resolution and side effects
needs to be determined in future.
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