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Abstract

Nobiletin, a citrus flavonoid has been associated with various beneficial biological activities. 4-
Demethylnobiletin (4DN) is a major metabolite of nobiletin and its tissue level was found to be
much higher than that of nobiletin after oral administration of nobiletin in mice. Anti-
inflammatory effects of 4DN were studied in lipopolysaccharide (LPS)-treated RAW 264.7
macrophages. The results showed 4DN not only dose-dependently inhibited LPS-induced nitric
oxide production, but also significantly reduced expression of pro-inflammatory mediators,
namely PGE,, IL-1p and IL-6. 4DN potently suppressed the expression of iINOS and COX-2 at
both protein and mRNA levels. 4DN also inhibited nuclear translocation of NF-xB and AP-1.
Furthermore, we demonstrated that 4DN activated transcription factor Nrf2 and its dependent
genes including HO-1 and NQO1 whose expression may contribute to anti-inflammatory effects.
The results demonstrated anti-inflammatory effects of 4DN and provided a scientific basis for
using nobiletin as a nutraceutical to inhibit inflammation—driven diseases.
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1. Introduction

It is well recognized that there is a strong association of inflammation with various types of
chronic diseases such as cancer. Targeting inflammation has been recognized as a promising
diet-based strategy for prevention of inflammation-driven chronic diseases.
Polymethoxyflavones (PMFs) are unique flavonoids mainly found in citrus fruits. Nobiletin
is a major PMF and has been reported to have with a wide range of biological activities,
including anti-inflammation (Guo et al., 2012). Accumulating evidence supported the use of
nobiletin as an anti-inflammatory functional food ingredient. In vitro studies showed that
nobiletin inhibited LPS-induced production of NO and PGE, in RAW 264.7 macrophages
(Guo et al., 2012), and suppressed gene expression of pro-inflammatory cytokines including
IL-1B, IL-6 and TNF-a in J774A.1 macrophages (Lin et al., 2003). In vivo studies
demonstrated that nobiletin inhibited TPA-induced skin inflammation (Murakami et al.,
2000) and suppressed dextran sulfate sodium-induced colitis (Miyamoto, Yasui, Tanaka,
Ohigashi, & Murakami, 2008).

Biotransformation plays critical roles in the biological activities of dietary components
(Lotito, Zhang, Yang, Crozier, & Frei, 2011; Yang, Cheng, Yang, & Guo, 2012). A
compound can be biotransformed to produce metabolites that may exhibit enhanced or
reduced biochemical and pharmacological activities. We and others have studied
biotransformation of polymethoxyflavones including nobiletin and identified their major
metabolites in mice (S. Li et al., 2007; S. Li, Wang, Sang, Huang, & Ho, 2006; Wu et al.,
2015; Zheng et al., 2015b; Zheng et al., 2013). After oral administration, nobiletin was
transformed to its demethylated metabolites such as 3’-demethylnobiletin, 4’
demethylnobiletin (4DN), and 3/, 4’-didemethylnobiletin. Interestingly, 4DN was the most
abundant metabolite, and its abundance was even much higher than that of nobiletin in
certain tissues (Wu et al., 2015). Moreover, it has been reported that 4DN had stronger
bioactivities than nobiletin such as anti-inflammation and anti-cancer effects (Wu et al.,
2015). However, the detailed information on anti-inflammatory effects of 4DN and its
molecular mechanisms remains unknown. Therefore, the aim of this study was to determine
the inhibitory effects of 4DN on LPS-induced inflammation in RAW 264.7 macrophage
cells, and elucidate the underlying molecular mechanisms.

Epidemiological studies and molecular studies have shown that inflammatory conditions
increase the risk of malignancy. Chronic inflammation has tumor-promoting effects by
various mechanisms including enhancing proliferation of malignant cells, promoting tumor
angiogenesis and metastasis, and altering tumor response to chemotherapeutic drugs
(Mantovani, Allavena, Sica, & Balkwill, 2008). In tumor cells and inflammatory cells,
eukaryotic transcription factor nuclear factor-kappa B (NF-xB) contributes to the activation
of genes coding pro-inflammatory enzymes, such as induce inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2), which in turn stimulates the expression of nitric
oxide (NO) and prostaglandins, respectively. Prostaglandin E, (PGEy), the major bioactive
lipid derived from COX-2 activity, is a key inflammatory mediator that promote tumor
growth and metastasis. Similarly, iNOS-mediated overproduction of NO can cause
modifications and structure damage of DNA, and promote tumor angiogenesis (Surh et al.,
2001). NF-xB also triggers the expression of pro-inflammatory cytokines, such as
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interleukin-1p (IL-1p). Besides NF-xB, activator protein 1 (AP-1) is another transcription
factor that plays an important role in the regulation of the expression of genes responsible
for inflammatory responses including iNOS and COX-2 (Guha & Mackman, 2001). Nuclear
factor erythroid 2-related factor 2 (Nrf2), a redox-sensitive transcription factor, translocates
to the nucleus and triggers the expression of a set of phase Il detoxification and antioxidant
enzymes including heme oxygenase-1 (HO-1) and NADH quinone oxidoreductase 1
(NQOL1) when stimulated by prooxidant stimulus. In contrast to the pro-inflammatory effects
of NF-xB and AP-1, Nrf2 was reported to inhibit abnormal inflammatory response (Zhang,
2006), and alleviate adverse effects of LPS-induced NF-xB activation (Thimmulappa et al.,
2006). Previous studies have shown that increased HO-1 and NQO1 expression contributed
to the adaptive increase of cellular anti-oxidant and anti-carcinogenic capacity (Lee & Surh,
2005). Since Nrf2 and its downstream anti-oxidative enzymes play critical roles in down-
regulation of inflammation, they are important targets for anti-inflammation remedy. Herein,
we will determine the effects of 4DN on these important signaling molecules to establish its
molecular mechanism.

2. Materials and methods

2.1 Cell cultures and treatments

RAW 264.7 cells were purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA) and were cultured in RPMI-1640 media supplemented with 10% heat-
inactivated FBS (Medistech, Herndon, VA, USA), 100 units/mL of penicillin, and 0.1 mg/
mL of streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C with 5% CO, and 95%
air. 4DN was chemically synthesized as previously described (Zheng et al., 2015a; Zheng et
al., 2013). Chemical structure of 4DN was illustrated in Figure.1. Dimethylsulfoxide
(DMSO) was used as the vehicle to deliver 4DN to the cells. The final concentration of
DMSO in all experiments was 0.1% (v/v) in cell culture media.

2.2 Cell viability and nitric oxide assay

The cell viability was determined as previously described (Charoensinphon et al., 2013; Guo
etal., 2012; Qiu et al., 2010; Xiao, Zhang, Lin, Reddy, & Yang, 2008). RAW 264.7 cells
were seeded in 96-well plates. After 24 hours, cells were treated with serial concentrations
of 4DN in 200 pL of serum complete media. After another 24 hours of treatment, cells were
subject to MTT assay. Media were replaced by 100 uL of fresh media containing 0.1 mg/mL
of MTT (Sigma-Aldrich, St. Louis, MO, USA). After 2 hours of incubation, MTT-
containing media were removed, and the reduced formazan dye was solubilized by adding
100 pL of DMSO to each well. After gentle mixing, the absorbance was monitored at 570
nm using a plate reader (EIX800TM absorbance microplate reader, BioTek Instrument,
Winooski, VT, USA). The nitrite concentration in the culture media was measured as an
indicator of NO production by the Griess reaction (Guo et al., 2012). The culture media
were mixed with an equal volume of Griess reagent A and B (A: 1% sulphanilamide in 5%
phosphoric acid, and B: 0.1% naphthylethylenediamine dihydrochloride in water).
Absorbance at 540nm was measured by a plate reader, and concentrations of nitrite were
calculated according to a standard curve constructed with sodium nitrite as a standard as we
previously reported (Guo et al., 2012).
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2.3 ELISA for PGE> and cytokines

RAW 264.7 cells (5 x 106 cells/well) were seeded in 6-well plates. After 24 hours, cells
were treated with 1 ug/mL LPS alone or with serial concentrations of 4DN in 2 mL of serum
complete media. After another 24 hours of incubation, the culture media were collected and
analyzed for PGE,, IL-1 and IL-6 levels by ELISA kits, according to the manufacturer's
instructions (R&D Systems, Minneapolis, MN, USA).

2.4 Immunoblotting analysis

Whole Cell lysate were prepared as previously described (Charoensinphon et al., 2013; Guo
etal., 2012; Qiu et al., 2010; Xiao et al., 2008). RAW 264.7 cells were seeded in 10 mm
culture dishes. After 24 h of incubation, cells were treated with 1 pg/mL LPS alone or with
serial concentrations of 4DN. After 24 h of incubation, the cells were harvested and
extracted with RIPA lysis buffer (Tris-HCI pH 7.2, 25 mM; SDS 0.1%; Triton X-100 1%;
sodium deoxycholate 1%; NaCl 0.15 M; ethylenediaminetetraacetic acid (EDTA) 1 mM)
(Boston Bioproducts, Ashland, MA, USA) containing 1% protease inhibitor cocktail. The
nuclear and cytosolic fractions were prepared using NE-PER Nuclear and Cytoplasmic
Extraction Kit (Thermo Fisher Scientific, Rockford, IL, USA). Protein concentrations were
determined using the BCA method (Pierce, Rockford, IL, USA). The cell lysates were
further subjected to Western blotting analysis as we previously described(Charoensinphon et
al., 2013; Guo et al., 2012; Qiu et al., 2010; Xiao et al., 2008). Antibodies for iINOS, COX-2,
p-1xBa, IxBa, PI3K, p-Akt, Akt, p-JNK, JNK, HO-1 and PARP were obtained from Cell
Signaling Technology (Beverly, MA, USA). Antibodies for NF-xB, p50, p65, c-Fos, c-Jun,
p-PI3K, NQO1 and Nrf2 were obtained from Santa Cruz (Santa Cruz, CA, USA). Anti -
actin antibody was from Sigma-Aldrich.

2.5 gRT-PCR analysis

Real-Time qRT-PCR analysis was conducted as previously described (Guo et al., 2012). The
primer pairs were synthesized by Integrated DNA Technologies, Inc. (Coralville, 1A, USA)
with the following primers: INOS F: 5’- TCC TAC ACC ACA CCA AAC-3,R: 5- CTC
CAA TCT CTG CCT ATC C-3’; COX-2 F: 5’- CCT CTG CGA TGC TCT TCC-3/, R: 5'-
TCA CAC TTA TAC TGG TCA AAT CC-3; HO-1 F: 5-AAG AGG CTA AGA CCG
CCTTC-3,R: 5-GTC GTC GTC AGT CAA CAT GG-3’; NQO1 F: 5-TCG GAG AAC
TTT CAG TAC CC-3, R: 5’-TGC AGA GAG TAC ATG GAG CC-3; GADPH F: 5- TCA
ACG GCA CAG TCA AGG-3, R: 5’- ACT CCA CGA CAT ACT CAG C-3'. At least three
independent experiments were carried out, and triplicate samples were used for each
treatment. The copy number of each transcript was calculated with respect to the GADPH
copy number, using the 272ACt method.

2.6 Statistical analysis

Data were presented as means + SD for the indicated number of independently performed
experiments. Student's t-test was used to assess the mean difference between treatment
groups and the control group. A p-value <0.05 was considered statistically significant.
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3.1 Inhibition of LPS-induced production of NO, PGEy, IL-1B and IL-6 by 4DN

To investigate the anti-inflammatory effect of 4DN in LPS-stimulated macrophage cells, we
firstly established nontoxic dose range of 4DN in RAW 264.7 cells. As shown in Figure 2A,
4DN at up to 50 uM showed no effects on the viability of RAW 264.7 cells. Using the
nontoxic dose range established, we further examined the effects of 4DN on LPS-induced
production of inflammation mediators, namely NO, PGE,, IL-1p and IL-6. As shown in
Figure 2B, the production of NO was significantly increased by LPS (1 pg/mL) treatment by
12.1-fold in macrophages. Treatment with 4DN dose-dependently inhibited LPS-induced
NO production by 90-100%, at a dose range of 10 - 50 uM. Furthermore, we determined the
effects of 4DN on LPS-induced production of PGE,, IL-1p and IL-6 by using ELISA assay.
The LPS treatment resulted in significant increases in the concentration of PGE,, IL-1f and
IL-6 in the cell culture media (Figure 2C). Treatments with 4DN at 30 uM suppressed the
levels of PGE; by 98%, as compared to the LPS-treated positive control cells. Similarly,
treatments with 4DN at 30 uM decreased the production of pro-inflammatory cytokines by
92% (for IL-1p), and 99% (for IL-6).

3.2 Inhibition of LPS-induced iNOS and COX-2 gene expression by 4DN

To investigate the molecular mechanism by which 4DN inhibits the production of
aforementioned inflammation mediators, we next determined the effects of 4DN on the
protein levels of iINOS and COX-2 by immunoblotting analysis. We found that 4DN at 10
and 30 pM significantly decreased protein levels of iNOS by 69 and 88%, respectively,
when compared with LPS-treated positive control (Figure 3A). Similarly, 4DN at 10 and 30
UM suppressed the protein levels of COX-2 by 54% and 91%, respectively. We further
examined the mMRNA levels of iNOS and COX-2 using qRT-PCR technique. As shown in
Figure 3B, RAW 264.7 macrophages expressed very low levels of iNOS and COX-2 mRNA
without LPS stimulation. After 24 hours of LPS treatment, the mRNA levels of iNOS and
COX-2 significantly elevated by 408- and 153-fold, respectively, which is in accordance
with the protein levels of iINOS and COX-2 shown in Figure 3A. The results further showed
that 4DN significantly reduced the mRNA levels of both iNOS and COX-2 in a dose-
dependent manner. Treatments with 4DN at 30 uM resulted in a decrease on mRNA levels
of iINOS by 83%. Similarly, 4DN at 30 uM suppressed mRNA level of COX-2 by 81%. The
effects of 4DN on the gene expression levels of iINOS and COX-2 were consistent with their
effects on the protein levels of iNOS and COX-2.

3.3 Inhibition on the activation of NF-xB by 4DN

Activation and nuclear translocation of NF-xB plays central roles in mediating
inflammation, and it is involved in regulation of INOS and COX-2 gene expression. Since
4DN can inhibit iNOS and COX-2 on transcriptional levels, we next investigated the
inhibitory effect of 4DN on the activation and nuclear/cytosolic levels of p65 and p50, the
functional subunits of NF-xB. As shown in Figure 4A, we found that LPS treatment caused
nuclear translocation of both p65 and p50, as evidenced by the increased nuclear
accumulation of p65 and p50, and their decreased cytosolic levels after LPS stimulation.
Treatments with 4DN significantly and dose-dependently inhibited LPS-induced nuclear
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translocation of both p65 and p50, which was evidenced by lower nuclear levels of p65 and
p50, and higher cytosolic levels of p65 and p50 (Figure 3A) in comparison with those found
in LPS-treated positive control cells. In the unstimulated state, NF-xB binds to IxBa, which
sequesters NF-xB in an inactive cytoplasmic complex (Mantovani et al., 2008). Upon
stimulation, phosphorylation of 1xBa can occur, which results in dissociation of IxBa from
NF-xB, and activated NF-xB can then be translocated into the nucleus where it acts as a
transcription factor to initiate pro-inflammatory responses. We examined the expression and
phosphorylation levels of 1xBa protein and found that LPS treatment significantly increased
phosphorylation of 1xBa. Treatments with 4DN dose-dependently suppressed the
phosphorylation levels of 1kBa. Treatments with LPS or 4DN did not change the expression
levels of 1xBa.

3.4 Inhibition on the activation of AP-1, JNK, PI3K and Akt by 4DN

Besides NF-xB, AP-1 is another critical transcription factor whose activation is involved in
the pro-inflammatory responses (Guha & Mackman, 2001). We examined the effects of
4DN on the levels of ¢c-Jun and c-Fos, the key components of AP-1 protein complex. As
shown in Figure 5, LPS treatment increased nuclear levels of c-Jun and c-Fos, indicating
nuclear accumulation of AP-1 and hence its activation. LPS treatment also increased the
cytosolic level of c-Jun, but not that of c-Fos. Treatments with 4DN dose-dependently
decreased nuclear levels of c-Jun and c-Fos, as well as cytosolic levels of c-Jun and c-Fos.

The activation of INK MAP kinase was found to be involved in the upregulation of iNOS
and COX-2 gene expression(Chiang et al., 2005). Since phosphorylation is essential in the
activation of INK, we examined the effect of 4DN on the phosphorylation of INK. As
shown in Figure 6, LPS treatment showed marginal effects on the phosphorylation of INK,
and 4DN at 30 uM significantly decreased phosphorylation of INK. PI3K/Akt pathway is
another signaling pathway whose activation has been found to be associated with pro-
inflammatory effects such as up-regulation of the transcriptional activity of NF-xB (Lai et
al., 2008). We examined the phosphorylation levels of PI3K and Akt. The results showed
that 4DN showed moderate inhibitory effects on the phosphorylation of PI3K, but had
potent inhibitory effects on the phosphorylation of Akt. For example, 5HN at 30 uM
decreased the phosphorylation level of Akt by 90%. 4DN treatments had no effects on the
protein levels of INK, PI3K, or Akt.

3.6 Induction of anti-oxidative enzymes by 4DN

HO-1 and NQOL1 are anti-oxidative enzymes that are associated with anti-inflammatory
effects (Guo et al., 2012; Lyu et al., 2012). We determined the effect of 4DN on the protein
and gene expression of HO-1 and NQO1. As shown in Figure 7A, treatments with 4DN at
10 and 30 pM significantly increased the protein levels of HO-1 by 2.0 and 2.12-folds,
respectively, when compared with LPS-treated positive control cells. Similarly, the protein
levels of NQO1 were also increased by 4DN treatment as compared to the LPS-treated
positive control group. Next, we analyzed the mRNA levels of HO-1 and NQO1 using qRT-
PCR technique (Figure 7B). It was found that 4DN treatments does-dependently and
significantly elevated the mMRNA expressions of HO-1 and NQO1, which is in accordance
with the effects of 4DN on the protein levels of HO-1 and NQO1. Treatment with 4DN at 30

J Funct Foods. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 7

UM resulted in an increase on mRNA level of HO-1 by 72% in comparison with the LPS-
treated positive control cells. Treatments with 4DN at 30 uM enhanced mRNA level of
NQOL1 by 76%, compared to the LPS-treated positive control cells. The results demonstrated
that 4DN treatment induced gene and protein expression of HO-1 and NQO1.

Previous reports showed that the transcription factor Nrf2 mediates the transcriptional
activation of many anti-oxidative genes. For example, activation and nuclear translocation of
Nrf2 plays a key role in the induction of HO-1 and NQO1 (Lee & Surh, 2005; Zhang, 2006).
To elucidate the mechanisms underlying the induction of HO-1 and NQO1 elicited by 4DN,
we determined the effects of 4DN on the protein levels Nrf2. The protein levels of Nrf2 in
nuclear and cytosolic fractions were determined after treatment with 4DN by
immunoblotting analysis. As shown in Figure 7C, 4DN significantly enhanced the protein
level of Nrf2 in nuclear fraction in comparison with LPS-treated positive control cells, and
these effects were in a dose-dependent fashion. Meanwhile, the protein level of Nrf2 in
cytosolic fraction was decreased by 4DN treatment. The results suggested that 4ADN
treatment resulted in nuclear translocation of Nrf2, which in turn induced expression of Nrf2
dependent genes such as HO-1 and NQO1.

4. Discussion

Biotransformation is critical factor that may profoundly influence the biological effects of
orally ingested bioactive compounds such as nutraceuticals (Yang et al., 2012). Many
nutraceuticals undergo extensive metabolism in the gastrointestinal tract and the liver to be
transformed to various metabolites. These metabolites may elicit significant biological
effects depending on their chemical structures and abundance in the specific tissues. As a
major polymethoxyflavone found in citrus fruits, nobiletin has been shown to have various
beneficial health effects. Several metabolites of nobiletin have been identified in in vivo
studies (S. Li et al., 2006; Wu et al., 2015; Zheng et al., 2015b; Zheng et al., 2013). Our
recent study revealed that 4DN was the most abundant colonic metabolite of nobiletin after
long-term dietary administration of nobiletin in mice (Wu et al., 2015). Furthermore, it is
noteworthy that the level of 4DN in the colonic mucosa was about 12-fold higher that that of
nobiletin (Wu et al., 2015). These findings suggested that due to its high abundance, 4DN
might play important roles in the biological effects elicited by dietary treatment with
nobiletin. Inflammation is associated with multiple diseases, and anti-inflammation is
considered as a promising strategy to the prevention of inflammation-driven diseases.
Therefore, it is meaningful to determine the anti-inflammatory effects of 4DN. The main
objective of this study is to establish the inhibitory effects of 4DN on LPS-induced
inflammation and elucidate the underlying molecular mechanisms.

Our results demonstrated that 4DN (at 10 and 30 uM) effectively suppressed LPS-induced
inflammation by down-regulating iNOS, COX-2, PGE,, IL-1p and IL-6, inhibiting the
activation of NF-xB, AP-1, INK MAP kinase, and PI3K/Akt pathways, and up-regulating
Nrf2-regulated anti-oxidative genes such as NQO-1 and HO-1. These findings are
physiologically relevant to the in vivo situation because 10 and 30 uM of 4DN are
achievable in animal tissues after oral administration of nobiletin. This was based on our
previous finding that long term (20 weeks) feeding of mice with nobiletin (500 ppm in diet)
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resulted in 20-30 uM of 4DN in the colonic mucosa (Wu et al., 2015). Inflammation plays
important roles in promoting colon carcinogenesis, and previous studies have showed that
dietary administration of nobiletin suppressed colon carcinogenesis in rodent (Miyamoto et
al., 2008; Suzuki et al., 2004; Tang et al., 2011). Therefore, based on our results, it is
reasonable to argue that 4DN as a major colonic metabolite of nobiletin may significantly
contributed to the anti-colon carcinogenesis effects of nobiletin by eliciting anti-
inflammatory effects in the colon.

As NF-xB and AP-1 are critical transcription factors that regulate inflammatory pathways
(Guha & Mackman, 2001; Mantovani et al., 2008), we determined the effects of 4DN on
those transcription factors in LPS-stimulated macrophage cells. Nuclear translocation of NF-
kB is known to play a crucial role in the regulation of genes coding many pro-inflammatory
enzymes and cytokines, including iNOS and COX-2 (Surh et al., 2001). Our results showed
that LPS caused increased level of phosphorylation of 1xBa, which led to dissociation of
IxBa from NF-xB in the cytosol (Figure 4). Freed NF-xB can then be translocated to
nucleus and elicit its transcriptional activity. Treatment of 4DN effectively inhibited LPS-
induced phosphorylation of IxBa, which increased anchorage of NF-xB in the cytosol
(Figure 4). This in turn deceased nuclear translocation of NF-xB. Nuclear translocation of
AP-1, induced by a number of stimuli, including cytokines, growth factors and infections, is
also crucial in regulating the induction of iNOS and COX-2 (Guha & Mackman, 2001). Our
results indicated that 4DN dose-dependently inhibited LPS-induced nuclear translocation of
key subunits of AP-1, namely c-Jun and c-Fos (Figure 5). Interestingly, the cytosolic levels
of c-Jun and c-Fos were also significantly decreased by 4DN treatments. This result
suggested that in addition to the inhibition on nuclear translocation of AP-1, 4DN might also
promote degradation of AP-1 subunits in the cytosol. The inhibitory effects of 4DN on NF-
kB and AP-1 were consistent with the inhibitory effect of 4DN on the gene transcription of
iNOS and COX-2 (Figure 3). Furthermore, the activation of NF-xB and AP-1 has been
proposed to be mediated by many signaling pathways, including PI3K/Akt and INK
pathways (Chiang et al., 2005; Johnson & Lapadat, 2002; Pan & Ho, 2008). Our results
demonstrated that 4DN suppressed phosphorylation levels of JNK, PI3K and Akt. Taken
together, our results suggest that 4DN exerts its anti-inflammatory effects by suppressing
NF-xB and AP-1 dependent pro-inflammatory gene expression.

A growing number of studies have demonstrated that increased levels of anti-oxidative
enzymes, such as HO-1 and NQO1, play important roles in inhibiting LPS-induced
inflammation in RAW 264.7 cells (Guo et al., 2012; Lyu et al., 2012). HO-1 can promote
the production of antioxidants such as bilirubin and carbon monoxide (CO); further leads to
decreased iNOS and COX-2 enzymatic activities (Suh, Jin, Yi, Wang, & Choi, 2006;
Thorup, Jones, Gross, Moore, & Goligorsky, 1999). Overexpression of NQOL1 has been
shown to inhibit LPS-induced TNF and IL-1f expression through an NF-xB-independent
pathway (Rushworth, MacEwan, & O'Connell, 2008). Nrf2 is a key transcription factor that
mediates the gene expression of a number of enzymes, including HO-1, NQO1, Glutamate-
cysteine ligase, catalytic (Gclc), glutamate-cysteine ligase, modifier (GCLM) and
glutathione S-transferase (GST) family. It has been reported that activation and nuclear
translocation of Nrf2 can protect abnormal inflammatory response by inducing cellular
rescue pathways and relieve adverse effects of LPS-induced NF-xB activity (Thimmulappa
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et al., 2006; Zhang, 2006). Furthermore, Nrf2 has been shown to be protective against
various inflammatory diseases, such as acute lung inflammation (Lyu et al., 2012),
colorectal cancer (Pandurangan, Saadatdoust, Mohd Esa, Hamzah, & Ismail, 2015),
cardiovascular disease (J. Li, Ichikawa, Janicki, & Cui, 2009) and diabetic retinopathy (Xu
et al., 2014). Therefore, modification of Nrf2 activity has been considered as a rational
approach for chemoprevention of inflammation-driven diseases. Our results demonstrated
that 4DN dose-dependently increased nuclear translocation of Nrf2, which in turn led to
increased expression of HO-1 and NQO1 at both mRNA and protein levels (Figure 7). These
findings suggested that induction of HO-1 and NQO1 via the activation of Nrf2 contributed
to the inhibitory effect of 4DN on LPS-induced inflammation in RAW 264.7 macrophages.

5. Conclusion

The 4DN, a major metabolite of nobiletin, at physiologically achievable concentrations,
effectively inhibited LPS-induced inflammatory responses in RAW 264.7 macrophages,
such as production of NO and gene expression of iNOS and COX-2. These effects were
associated with suppression of nuclear translocation of NF-xB and AP-1 transcription
factors. Furthermore, for the first time, we demonstrated that the anti-inflammatory effects
of 4DN were associated with its ability to up-regulate the gene expression of anti-oxidative
enzymes HO-1 and NQO1 by promoting the nuclear translocation of Nrf2. This study
provided a scientific basis for using nobiletin as a nutraceutical to prevent inflammation-
driven diseases in human.
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Abbreviations

4DN 4’-demethylnobiletin

LPS lipopolysaccharide

iNOS inducible nitric oxide synthase

COX-2 cyclooxygenase-2

NF-xB nuclear factor-xB

AP-1 activator protein 1

Nrf2 nuclear factor erythroid 2-related factor 2
HO-1 heme oxygenase-1

NQO1 NADH quinone oxidoreductase 1

PMF polymethoxyflavone
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Highlights

1. 4’-demethylnobiletin (4DN) dose-dependently inhibited lipopolysaccharide
(LPS)-induced nitric oxide production in macrophages.

2. 4DN inhibited reduced LPS-induced expression of pro-inflammatory proteins,
namely iINOS, COX-2, PGE2, IL-1p and IL-6.

3. 4DN inhibited LPS-induced nuclear translocation of NF-xB and AP-1.

4. 4DN activated transcription factor Nrf2 and its dependent genes including HO-1
and NQO1.

J Funct Foods. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wu et al.

oc
e O
O

H4CO
66 Ry
H4CO Phase | metabolism
T o
OCH;0
Nobiletin 4'-demethylnobiletin (4DN)

Figure 1.

Chemical structures of 4’-demethylnobiletin (4DN), a major metabolite of nobiletin.
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Figure 2.
(A) Cytotoxicity profile of 4DN in RAW 264.7 macrophages. Macrophages were seeded in

96-well plates. After 24 hours, cells were treated with serial concentrations of 4DN. After
another 24 hours of incubation, cells were subject to MTT assay for viability. The viability
of control cells was set as the reference with a value of 100%. Results were presented as
mean + SD from six replicates (n = 6). No significant difference was found between any
treatment and the control group.

(B) Effects of 4DN on LPS-induced NO production in RAW 264.7 macrophages. The cells
were treated with LPS (positive control) or LPS plus serial concentrations of 4DN as
indicated in the bar graph. After 24 hours of incubation, the culture media were collected to
determine the levels of NO as described in the Method section. Results were presented as
mean + SD from six replicates (n = 6). All treatments showed statistical significance in
comparison with the LPS-treated positive control. *p < 0.05, **p < 0.01, and ***p < 0.001
indicate statistically significant differences from the LPS-treated positive control group.

(C) Effects of 4DN on LPS-induced production of PGE,, IL-18 and IL-6 in RAW 264.7
macrophages. The cells were treated with LPS or LPS plus 4DN at concentrations indicated
in the figure. After 24 hours of incubation, the culture media were collected and analyzed for
protein levels of PGE,, IL-18 and IL-6 by ELISA. Results were presented as mean + SD
from six replicates (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically
significant differences from the LPS-treated positive control group.
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Figure 3.
Inhibitory effects of 4DN on LPS-induced protein and gene expression of iNOS and COX-2

in RAW 264.7 macrophages. (A) The cells were seeded in 10-cm dishes for 24 h, and then
treated with LPS or LPS plus 4DN at concentrations indicated in the figure. After 24 hours
of incubation, cells were harvested for immunblotting as described in Methods. The
numbers underneath of the blots represent band intensity (normalized to -actin, means of 3
independent experiments) measured by Image J software. The standard deviations (all
within £15% of the means) were not shown. $-Actin was served as an equal loading control.
*indicates statistical significant difference compared to the LPS-treated positive control
group (p < 0.05, n = 3). (B) The cells were treated with LPS or LPS plus 4DN at
concentrations indicated in the figure. After 24 hours of incubation, total RNA was
subjected to quantitative real-time RT-PCR as described in Methods section. The RT
products were labeled with SYBR Green dye. Relative iNOS and COX-2 mRNA expression
(270ACY was determined by real-time PCR and calculated by the Ct value for iNOS and
COX-2 from GAPDH mRNA. AACt=(Ct target gene-Ct aPDH) ~(Ct control-Ct cappH). Each
value represents the mean £ SD of three independent experiments. *p < 0.05, **p < 0.01,
and ***p < 0.001 indicate statistically significant differences compared to the LPS-treated
positive control group.
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Figure 4.
Inhibitory effects of 4DN on LPS-induced NF-kB activation in RAW 264.7 macrophages.

The cells were seeded in 10-cm dishes for 24 hours, and then treated with LPS or LPS plus
4DN at concentrations indicated in the figure. After 24 hours of incubation, cytoplasmic and
nuclear fractions were prepared for immunblotting as described in Methods. The numbers
underneath of the blots represent band intensity that was normalized to PARP (nuclear
fraction) or B-actin (cytosolic fraction) and measured by Image J software (means of three
independent experiments). The standard deviations (all within £15% of the means) were not
shown. PARP and -Actin were served as an equal loading control for nuclear fraction and
cytosolic fraction, respectively. *indicates statistical significance from the LPS-treated
group (p <0.05, n = 3).
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Figure 5.
Inhibitory effects of 4DN on LPS-induced AP-1 activation in RAW 264.7 macrophages. The

cells were seeded in 10-cm dishes for 24 h, and then treated with 1 ug/mL of LPS or LPS
plus 4DN at concentrations indicated in the figure. After 24 hours of incubation, cytoplasmic
and nuclear fractions were prepared for immunoblotting as described in Methods. The
numbers underneath of the blots represent band intensity that was normalized to PARP
(nuclear fraction) or B-actin (cytosolic fraction) and measured by Image J software (means
of three independent experiments). The standard deviations (all within £15% of the means)
were not shown. PARP and -Actin were served as an equal loading control for nuclear
fraction and cytosolic fraction, respectively. *indicates statistical significance from the LPS-
treated group (p < 0.05, n = 3).
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Figure 6.

Inhibitory effects of 4DN on phosphorylation of PI3K, Akt and JNK in RAW 264.7
macrophages. The cells were seeded in 10-cm dishes for 24 hours, and then treated with LPS
or LPS plus 4DN at concentrations indicated in the figure. After 24 hours of incubation,
cells were prepared for immunoblotting as described in Methods. The numbers underneath
of the blots represent band intensity that was normalized -actin and measured by Image J
software (means of three independent experiments). The standard deviations (all within
+15% of the means) were not shown. f-Actin were served as an equal loading control.
*indicates statistical significance from the LPS-treated group (p < 0.05, n = 3).
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Figure 7.
Effects of 4DN on protein and gene expression of anti-oxidative enzymes HO-1 and NQO1

in LPS-stimulated RAW 264.7 macrophages. The cells were seeded in 10-cm dishes for 24
hours, and then treated with LPS or LPS plus 4DN at concentrations indicated in the figure.
After 24 h of incubation, cells were harvested for western immunoblotting as described in
Methods. The numbers underneath of the blots represent band intensity (normalized to f3-
actin, means of 3 independent experiments) measured by Image J software. The standard
deviations (all within £15% of the means) were not shown. B-Actin was served as an equal
loading control. *indicates statistical significance from the LPS-treated positive control
group (p < 0.05, n = 3). (B) The cells were treated with LPS or LPS plus 4DN at
concentrations indicated in the figure. After 24 h of incubation, total RNA was subjected to
quantitative real-time RTPCR. Relative HO-1 and NQO1 mRNA expression (2724Ct) was
determined by real-time PCR and calculated by the Ct value for HO-1 and NQO1 from
GAPDH mRNA. Each value represents the mean + SD of three independent experiments. *p
<0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences from the
LPS-treated positive control group. (C) Effects of 4DN on nucler translocation of Nrf2 in
RAW 264.7 macrophages. The cells were seeded in 10-cm dishes for 24 h, and then treated
with LPS or LPS plus 4DN at concentrations indicated in the figure. After 24 hours of
incubation, cytoplasmic and nuclear fractions were prepared for western immunoblotting as
described in Methods. The numbers underneath of the blots represent band intensity
(normalized to PARP or B-actin, means of three independent experiments) measured by
Image J software. The standard deviations (all within +15% of the means) were not shown.
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PARP and p-Actin were served as an equal loading control. *indicates statistical
significance from the LPS-treated group (p < 0.05, n = 3).
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