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BACKGROUND AND PURPOSE

Pungent constituents of ginger (Zingiber officinale) have beneficial effects on inflammatory pain and arthritic swelling.
However, the molecular basis for these pharmacological properties is only partially understood. Here, we investigated the
molecular target of 1-dehydro-[10]-gingerdione (D10G), one of the pungent constituents of ginger, that mediates its
suppression of NF-kB-regulated expression of inflammatory genes linked to toll-like receptor (TLR)-mediated innate immunity.

EXPERIMENTAL APPROACH

RAW 264.7 macrophages or primary macrophages-derived from bone marrows of C57BL/6 or C3H/He] mice were stimulated
with the TLR4 agonist LPS in the presence of D10G. Catalytic activity of inhibitory kB (IxB) kinase B (IKKB) was determined by
a kinase assay and immunoblot analysis, and the expression of inflammatory genes by RT-PCR analysis and a
promoter-dependent reporter assay.

KEY RESULTS

D10G directly inhibited the catalytic activity of cell-free IKKB. Moreover, D10G irreversibly inhibited cytoplasmic IKKB-catalysed
IxBo. phosphorylation in macrophages activated by TLR agonists or TNF-o, and also IKKp vector-elicited NF-kB transcriptional
activity in these cells. These effects of D10G were abolished by substitution of the Cys'”? with Ala in the activation loop of
IKKB, indicating a direct interacting site of D10G. This mechanism was shown to mediate D10G-induced disruption of NF-xB
activation in LPS-stimulated macrophages and the suppression of NF-kB-regulated gene expression of inducible NOS, COX-2
and IL-6.

CONCLUSION AND IMPLICATIONS

This study demonstrates that IKKB is a molecular target of D10G involved in the suppression of NF-kB-regulated gene
expression in LPS-activated macrophages; this suggests D10G has therapeutic potential in NF-xB-associated inflammation and
autoimmune disorders.

Abbreviations

AP-1, activating protein 1; D10G, 1-dehydro-[10]-gingerdione; IxB, inhibitory kB; IKKB, IxB kinase B; iNOS, inducible
NOS; PTN, parthenolide; TNFSF11, receptor activator of NF-xB ligand; SEAP, secretory alkaline phosphatase; TLR,
toll-like receptor
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Introduction

Ginger (Zingiber officinale) is a member of the Zingiberaceae
family of plants, and its rhizomes are commonly used as a
spice or food supplement. Although often consumed for culi-
nary purposes, some patients take ginger powder to amelio-
rate inflammatory pain and chronic swelling of osteoarthritis
or rheumatoid arthritis (Bliddal et al., 2000; Ali et al., 2008).
Ginger extract or its pungent constituents, including gingerol
and shogaol, are also reported to have anti-inflammatory
activities in experimental animal models (Levy et al., 2006;
Fouda and Berika, 2009). The mechanism of the anti-
inflammatory action of ginger was first confirmed to be due
to dual inhibition of COX and S5-lipoxygenase, enzymes
essential for arachidonate metabolism (Kiuchi et al., 1992),
and then extended to down-regulation of the induction of
inflammatory genes (Ali ef al., 2008; Tripathi et al., 2008). The
latter effect means that ginger can modulate pathophysi-
ological pathways activated in chronic inflammation.
However, the molecular targets of ginger involved in the
suppression of inflammatory genes are only partially
understood.

Toll-like receptors (TLR) are involved in the innate
immune response and play pivotal roles in inflammation and
the initiation of the subsequent immune response (Ospelt
and Gay, 2010). TLR ligands stimulate the cellular activity of
NF-kB through adaptor molecules, such as the myeloid dif-
ferentiation primary-response gene 88 (MyD88), at an early
time point and the Toll/ IL-1 receptor domain-containing
adaptor-inducing IFN-B (TRIF) in delayed kinetics (Shen et al.,
2008). Under normal conditions, NF-kB is sequestered in the
cytoplasm as an inactive complex bound to inhibitory xB
(IxB) proteins (Baeuerle and Baltimore, 1988). Upon stimula-
tion with a TLR2/6, TLR4 or TLRS agonist, macrophages or
other target cells phosphorylate cytoplasmic IkBs: this is
induced by the catalytic activity of IxB kinase B (IKKf) (DiDo-
nato et al., 1996). These phospho (p)-IkBs are then degraded
by proteasome, after which NF-xB is translocated into the
nucleus (Karin and Ben-Neriah, 2000). Nuclear NF-xB binds
to the kB motifs on promoter regions of inflammatory genes,
including inducible NOS (iNOS), COX-2 and IL-6, for tran-
scriptional activation (Tian and Brasier, 2003). Therefore,
NF-xB is an attractive therapeutic target for inflammatory and
autoimmune disorders.

[6]-Gingerol from ginger suppresses iNOS expression by
inhibiting IxkBa phosphorylation in macrophages activated
by the TLR4 agonist LPS (Lee et al., 2009). It has also been
shown to inhibit COX-2 expression, by blocking p38 MAPK-
mediated phosphorylation of IkBo or the NF-xB p65 subunit,
in phorbol ester-treated mouse skin (Kim etal., 2005).
[6]-Shogaol from ginger suppresses NF-kB-regulated gene
expression of iNOS and COX-2 in LPS-activated macrophages
by targeting the activation of PI3K, p44/42 MAPK and IKKf
(Pan etal.,, 2008). 1-Dehydro-[10]-gingerdione (D10G,
Figure 1A) from ginger is more effective than [6]-shogaol and
other pungent constituents at inhibiting the production of
NO in LPS-activated macrophages (Koh et al., 2009). In a
preliminary study, D10G also inhibited LPS-induced NF-xB
transcriptional activity in macrophages, and it displayed the
highest inhibitory effect among the pungent isolates from
ginger (Figure S1). The current study was designed to eluci-
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date the molecular mechanism by which D10G is able to
suppress the NF-kB-regulated expression of inflammatory
genes linked to TLR-mediated innate immunity. Treatment
with D10G directly inhibited IKKP activity by targeting the
activation loop of IKKB, thus disrupting IKKB-catalysed IxBo
phosphorylation in macrophages stimulated with TLR2/6,
TLR4 or TLRS agonists. This effect of D10G mediated the
suppression of NF-kB-regulated expression of inflammatory
genes such as iNOS, COX-2 and IL-6 in these stimulated cells.

Methods

Chemicals, antibodies and plasmids

D10G (>95% purity) was isolated from ginger (Z. officinale) as
described previously (Koh et al., 2009). In brief, the dried
rhizomes of Z. officinale were extracted with 70% methanol
and then partitioned with H,O : dichloromethane (1:1). The
dichloromethane fraction was repetitively subjected to chro-
matographic purification using a silica gel column. Purity of
D10G was determined by HPLC analysis (Figure S2). Primary
and secondary antibodies used in this study were purchased
from Cell Signaling Tech (Danvers, MA, USA) or Santa Cruz
Biotech (Santa Cruz, CA, USA). A NF-kB-dependent reporter
construct of pNF-kB-secretory alkaline phosphatase-
neomycin phosphotranferase (pNF-kB-SEAP-NPT) and
promoter-dependent reporter plasmids of piNOS (-1592/
+183)-Luc or pCOX-2 (-963/+1)-Luc were as previously
described (Lowenstein et al., 1993; Moon et al., 2001; Yeo
etal., 2003). All other chemicals including TLR agonists were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

RAW 264.7 macrophages were purchased from ATCC (Man-
assas, VA). Primary macrophages were prepared from bone
marrows of C57BL/6 or C3H/He] mice as described previously
(Chung etal., 2010). All studies involving animals are
reported in accordance with the ARRIVE guidelines (Kilkenny
et al., 2010;McGrath et al., 2010). Animal experiments were
carried out following the protocols approved by Animal
Experimentation Ethics Committee in CBNU institute. Mac-
rophages were grown in DMEM containing 10% FBS, ben-
zylpenicillin potassium (143 U'mL™") and streptomycin
sulfate (100 pg-mL™) at 37°C and 5% CO,. RAW 267.4 cells
harbuoring the pNF-kB-SEAP-NPT construct were cultured in
the same media with an additional supplement of geneticin
(500 pug-mL™).

IKK kinase assay

Ser/Thr kinase activity of IKKPB was determined as described
previously (Kim et al., 2008). In brief, IKKB proteins were
reacted with substrate GST-IkB (2 pug) and co-factor [y-*?P]-ATP
(5 uCi) in a kinase buffer (20 mM HEPES, pH 7.7, 2 mM
MgCl,, 50 uM ATP, 10 mM B-glycerophosphate, 10 mM NaF,
300 ug-mL™" Na;VOs, 2uM PMSE 10 pug-mL™' aprotinin,
1 ug-mL™" leupeptin, 1 ug-mL™" pepstatin) at 30°C for 1 h.
These reaction mixtures were resolved on SDS-acrylamide
gels by electrophoresis. Radioactive bands from the dried gels
were then visualized by exposure to X-ray film. Wild-type
IKKPB proteins were purchased from Millipore (Billerica, MA,
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Figure 1

Effect of D10G on IKK activity. (A) Chemical structure of D10G. (B) Wild-type IKKB proteins were pretreated with D10G for 30 min and then
reacted with substrate GST-IxB and cofactor ATP. Catalytic activity of the enzyme was measured by GST-IkB phosphorylation (3?P). (C) Wild-type
IKKB proteins were pretreated with D10G at 30 uM for the indicated times and then subjected to the kinase reaction for GST-IkB phosphorylation
(3?P). RAW 264.7 cells were transfected with FLAG-tagged expression vector encoding point-mutated IKKB protein, IKKB (SS/EE) (D) or IKKB (C/A)
(E). Cell extracts were immunoprecipitated with anti-FLAG M2 affinity gel freezer-safe beads. These immunoprecipitates were pretreated with
D10G or parthenolide (PTN) for 30 min and then subjected to the kinase reaction for GST-IkB phosphorylation (32P) and Western blot analysis (WB)
normalizing IKKB levels in the immunoprecipitates. Data are represented as the relative ratio %, mean * SD of three independent experiments,
in which the density of the IKKB alone-treated group is expressed as 100%. *P < 0.05 versus IKKB alone-containing group.

USA). For preparing point-substituted IKKB proteins, RAW
264.7 cells were transfected with FLAG-tagged expression
vector encoding IKKP (SS/EE) with Glu residues instead of
Ser'”” and Ser'™ or IKKB (C/A) with Ala residue instead of
Cys'? (Kim et al., 2008). Point-substituted IKKp proteins were
precipitated from cell extracts using anti-FLAG affinity gel
freezer-safe beads, washed with 20 mM HEPES (pH 7.7) and
then subjected to the kinase assay.

Immunoblot analysis

Cell extracts were resolved on SDS-acrylamide gels by electro-
phoresis and then transferred to a PVDF membrane. Either 5%
non-fat milk in PBS with Tween 20 or 5% BSA in Tris-buffered
saline with Tween 20 was used as the blocking buffer. The blots
were reacted at 4°C overnight with primary antisera (dilution):
anti-IKKB (1:200), anti-p-IxkBa (1:300), anti-IxBo (1:1000),
anti-iNOS (1:1500), anti-COX-2 (1:1500) or anti-GAPDH
(1:2000). The blots were then incubated with appropriate
HRP-labelled secondary antisera (1:2500) at room temperature
for 2-5 h. These immune complexes were visualized by expo-
sure to X-ray film after reacting with an enhanced chemilumi-
nescence reagent (GE Healthcare, Chalfont St Giles, UK).
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SEAP reporter assay

RAW 264.7 cells containing the pNF-kB-SEAP-NPT construct
were stimulated with LPS (1 pg-mL™) or the receptor activa-
tor of NF-xB ligand (TNFSF11, RANKL) 40 ng-mL™ for 20 h
in the presence of D10G. SEAP expression, a reporter of
NF-xB transcriptional activity, was measured as described
previously (Moon etal.,, 2001). In brief, aliquots of the
culture media were heated at 65°C for 5 min and then
reacted with 4-methylumbelliferyl phosphate (500 uM) in
the dark. SEAP activity was measured as the relative fluores-
cence units (RFUs) with emission at wavelength 449 nm
and excitation at wavelength 360 nm. Separately, RAW
264.7 cells containing the pNF-kB-SEAP-NPT construct were
transfected with the expression vector encoding IKKB (SS/
EE) or IKKB (C/A) in combination with pSV-B-galactosidase
control vector, using lipofectamine (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. These
cells were treated with D10G for 20 h. Aliquots of culture
media were subjected to SEAP reporter assay and cell
extracts to f-galactosidase assay, in which SEAP activity was
normalized to B-galactosidase activity for determining trans-
fection efficiency.



Molecular modelling

The D10G-IKKp covalent bound complex was built using the
crystal structure of human IKKp (Protein Data Bank accession
code 3QA8). D10G was introduced into the Cys'”’ of IKKp by
visual manipulation. Energy minimization of the D10G-IKKf
complex was carried out using the steepest descent method,
the minimization step was set as 1000, and final convergence
was set as 0.01 kcal-mol™-A-'. The calculations were per-
formed with OPLS-2005 force field in MacroModel. Molecular
graphics for the D10G-IKKf covalent bound complex were
generated using the PyMol package (DeLano Scientific, San
Carlos, CA, USA).

Confocal microscopy

RAW 264.7 cells were fixed in 4% p-formaldehyde, permea-
bilized in 0.5% Triton X-100 and then blocked in 1% BSA. For
immunostaining, these cells were incubated with anti-NF-xB
p65 antibody for 2 h and then reacted with Alexa Fluor 568-
labelled secondary antibody (Invitrogen). For nuclei staining,
the cells were also incubated with DAPI solution, and then
analysed under a confocal fluorescence microscope.

Cell proliferation assay

RAW 264.7 cells were incubated with D10G for 24 h in the
presence of LPS (1 ug-mL™") and then reacted with water-
soluble ~ WST-1 (500 uM) of 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfonyl)-2H-tetrazolium (Dojindo Lab,
Kumamoto, Japan) for 3-4 h. Absorbance values were meas-
ured at wavelength 450 nm.

RT-PCR analysis

Total RNAs were subjected to RT-PCR using an RNA PCR kit
(Solgent, Daejeon, Korea). In brief, total RNAs were reverse
transcribed at 42°C for 1 h and then subjected to 25-30 cycles
of PCR consisting of 30 s denaturation at 94°C, 30 s anneal-
ing at 50-60°C and 90s extension at 72°C. Nucleotide
sequences of RT-PCR primers and the sizes of PCR products
are as follows: iNOS, sense 5-GTCAACTGCAAGAGAACGG
AGAC-3’, anti-sense 5-GAGCTCCTCCAGAGGGTAGGCTTG-
3’, 457 base pair (bp); COX-2, sense 5-ACTCACTCAGTT
TGTTGAGTCATTC-3’, anti-sense 5-TTTGATTAGTACTGTA
GGGTTAATG-3, 583 bp; IL-6, sense 5-ATGAAGTTCCTC
TCTGCAAGAGACT-3’, anti-sense 5-CCTTCTGTGACTCCA
GCTTATCTGT-3’, 549 bp; and B-actin, sense 5-CACCACA
CCTTCTACAATGAGCTGC-3’, anti-sense 5-GCTCAGGAGG
AGCAATGATCTTGAT-3’, 745 bp. RT-PCR products were
resolved on agarose gels by electrophoresis and then visual-
ized by staining with ethidium bromide.

Luciferase reporter assay

RAW 264.7 cells were transiently transfected with each luci-
ferase reporter construct of piNOS (-1592/+183)-Luc, pCOX-2
(-963/+1)-Luc or pAP-1-Luc, in combination with Renilla
control vector, using lipofectamine. These cells were then
stimulated with LPS (1 ug-mL™) for 20 h in the presence of
D10G. Cell extracts were subjected to dual-luciferase assay
(Promega, Madison, WI, USA), in which firefly luciferase
activity was normalized to Renilla activity.
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ELISA

RAW 264.7 cells were stimulated with LPS (1 ug-mL™) for 24 h
in the presence of D10G. The concentrations of IL-6 or PGE,
in the culture media were determined using an ELISA kit (R&D
Systems, Minneapolis, MN, USA).

NO quantification

RAW 264.7 cells were stimulated with LPS (1 ug-mL™) or
TNFSF11 (40 ng-mL™) for 24 h in the presence of D10G, and
then the concentrations of nitrite, a stable metabolite of NO,
were determined. In brief, aliquots of the culture media were
reacted with 0.1% sulfanilamide and 0.1% N-(1-naphthyl)
ethylenediamine in 5% phosphoric acid. Absorbance values
were measured at wavelength 540 nm with NaNO, as a
standard.

Statistical analysis

Data are expressed as mean + SD of at least three independ-
ent experiments and were subjected to one-way ANOVA
followed by Dunnett’s test. P < 0.05 was considered as statis-
tically significant.

Results

D10G inhibits catalytic activity of IKKf

The IKKB-catalysed phosphorylation of cytoplasmic IkB pro-
teins plays a pivotal role in the activation of NF-kB in inflam-
matory responses or other cellular activities (Schmid and
Birbach, 2008). Firstly, we examined whether D10G can
directly affect the Ser/Thr kinase activity of cell-free IKKf.
Wild-type IKKB proteins were pretreated with D10G for
30 min and then reacted with substrate GST-IxB and co-factor
ATP to determine the catalytic activity for GST-IkB phospho-
rylation. Treatment with D10G inhibited the IKKB-catalysed
GST-IkB phosphorylation in a dose-dependent manner
(Figure 1B). To better understand the time it takes for D10G
to inactivate IKKP, we carried out a time course study. Pre-
treatment of IKKB with D10G (30 uM) for 1 h completely
inhibited its in vitro kinase activity in the presence of a sub-
strate, whereas pre-incubation for 15-30 min exhibited about
60-75% inhibition and co-treatment in the presence of sub-
strate yielded no inhibition (Figure 1C). Therefore, D10G was
an efficient inhibitor of IKKf activity only when it was pre-
incubated with the enzyme source before the kinase reaction
in vitro.

Some thiol-reactive chemicals such as parthenolide (PTN;
Figure S3) directly interact with the Cys'” in the activation
loop of IKKp through Michael addition (Hehner et al., 1999;
Gupta et al., 2010). D10G also contains a good electrophile in
its o,B-unsaturated carbonyl structure (Figure 1A). Hence, we
determined whether D10G inhibits the catalytic activity of
IKKP by a direct interaction with the activation loop of IKKf.
To address this issue, we transfected RAW 264.7 cells with a
FLAG-tagged expression vector encoding IKKf (SS/EE) or IKKJ
(C/A). The IKKB (SS/EE) is a point-substituted IKKB with Glu
residues instead of two Ser'”” and Ser'®! of IKKB that function
as phosphate acceptors to become more active on stimulation
of its kinase activity (Mercurio et al., 1999). The IKKp (C/A) is
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Effect of D10G on TLR agonist- or TNF-a-induced lkBo. phosphorylation. RAW 264.7 cells (A) or primary macrophages-derived from C57BL/6 mice
(B) were pretreated with D10G for 2 h and stimulated with the TLR4 agonist LPS for 10 min in the presence of D10G. Primary macrophages
derived from C3H/He| mice were pretreated with D10G for 2 h and stimulated with the TLR2/6 agonist MALP-2 (C) or TLR5 agonist flagellin (D)
for 15-20 min in the presence of D10G. (E) RAW 264.7 cells were pretreated with D10G for 2 h and stimulated with TNF-o. for 10 min in the
presence of D10G. (F) RAW 264.7 cells were pretreated with D10G at 30 uM for 30 min to 2 h, followed by washing the cells and recovery in the
complete media for 1 h. These cells were then stimulated with LPS alone for 10 min. Cell extracts were subjected to Western blot analysis with
anti-p-lkxBo or anti-lkBo. antibody. The p-lkBo. levels are represented as a relative ratio % after normalizing to total IkBo.. Data are expressed as
mean = SD of three independent experiments. *P < 0.05 versus media alone-added group. *P < 0.05 versus TLR agonist or TNF-o. alone-stimulated

group.

another point-substituted IKKB with Ala residue instead
of Cys'®. The Cys'® residue of IKKB is often altered by
thiol-reactive inhibitors (Byun et al.,, 2006). These point-
substituted IKKB proteins were immunoprecipitated with
anti-FLAG antibody from the cell extracts. They still exhib-
ited catalytic activity for GST-IkB phosphorylation in vitro,
and IKKpB (SS/EE) showed much higher kinase activity than
IKK (C/A) as expected (Figure 1D, E). Treatment with D10G
inhibited the catalytic activity of IKKB (SS/EE) immunopre-
cipitates, as did the positive control PTN (Figure 1D). In con-
trast, treatment with D10G or PTN had no apparent effect on
the kinase activity of IKKB (C/A) immunoprecipitates
(Figure 1E). These findings suggest that D10G might directly
interact with Cys'” in the activation loop of IKK@, thus inhib-
iting the catalytic activity of cell-free IKKp.

D10G inhibits TLR- or TNF-a-mediated IxBo
phosphorylation in macrophages

To understand whether D10G can also inhibit IKKp activity
in intact cells, we stimulated macrophages with various TLR
agonists or TNF-o. in the presence of D10G and then per-
formed Western blot analysis with anti-p-IxkBa or anti-IxBo
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antibody. Upon stimulating TLR4 with LPS alone for 10 min,
macrophages markedly phosphorylated the Ser** and Ser* of
cytoplasmic IkBo under conditions prior to IkBa degradation
(Figure 2A, B). Treatment with D10G dose-dependently
inhibited LPS-induced IxBo. phosphorylation in RAW 264.7
cells (Figure 2A) and also in primary macrophages derived
from C57BL/6 mice (Figure 2B). Moreover, D10G inhibited
not only TLR2/6 agonist MALP-2- or TLRS agonist flagellin-
induced IxBo phosphorylation in primary macrophages
derived from C3H/HeJ mice (Figure 2C, D) but also TNF-o-
induced IkBo phosphorylation in RAW 264.7 cells
(Figure 2E). However, LPS alone or treatment with D10G did
not induce or affect IxkBo. phosphorylation in primary mac-
rophages derived from C3H/He] mice (data not shown),
which have a missense mutation disrupting TLR4 function
(Poltorak et al., 1998). We next asked whether the effect of
D10G on cellular IKKpB-catalysed IxBa phosphorylation is irre-
versible or not. RAW 264.7 cells were pre-incubated with
D10G for various time periods ranging from 30 min to 2 h,
then washed, allowed to recover in complete media for 1 h
and stimulated with LPS for 10 min. Treatment with D10G
still inhibited LPS-induced IKKP activity phosphorylating
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cytoplasmic IxBo even after it was removed from the cells
before stimulation with LPS (Figure 2F). Therefore, D10G
inhibited cytoplasmic IKKB-catalysed IxkBo. phosphorylation,
a converging step in the TLR2/6, TLR4, TLRS or TNF-o-
induced NF-xB activating pathways in macrophages, and its
mechanism of action was irreversible.

D10G inhibits cellular NF-xB activation
elicited by IKKp expression vector

To confirm that D10G can really interact with the activation
loop of IKKP inside the cells, we transfected RAW 264.7 cells
containing the pNF-kB-SEAP-NPT construct, a SEAP reporter
fused to four copies of the NF-kB-responsive kB motifs (Moon
et al., 2001), with the expression vector encoding IKKf (SS/
EE) or IKKB (C/A), and then treated these cells with D10G.
Ectopic expression of IKKB (SS/EE) or IKKB (C/A), which
bypasses TLRs, increased SEAP expression as a reporter of
NF-xB transcriptional activity over the basal levels (Figure 3A,
B). Treatment with D10G inhibited the IKKB (SS/EE) vector-
elicited SEAP expression in these macrophages, in which IKK(
inhibitor PTN was also effective but the TLR4 antagonist lipid
IVa (Ohto et al., 2007) was inert as expected (Figure 3A). In
contrast, treatment with D10G or PTN did not affect the IKKf
(C/A) vector-elicited SEAP expression but aspirin, another
IKKB inhibitor targeting ATP binding site (Yin et al., 1998),
was effective as expected (Figure 3B). These cellular results
with IKKp vectors were consistent with the in vitro readouts of
kinase activities with point-substituted IKKB proteins. Fur-
thermore, treatment with D10G still showed significant
inhibitory effects on the LPS-induced NF-xB transcriptional
activity even after it was washed out from the cells before
stimulation with LPS (Figure 3C), also indicating its irrevers-

ible mechanism of action. From these results we concluded
that D10G inhibits NF-xB transcriptional activity induced by
an IKKB vector or LPS in an irreversible mechanism by
directly interacting with Cys'”” in the activation loop of IKKp.

Molecular docking of D10G to IKKf

As described above, D10G inhibits the catalytic activities of
wild-type IKKB proteins or IKKf (SS/EE) immunoprecipitates
but not those of IKKB (C/A) immunoprecipitates, and it sup-
presses cellular NF-xB activation elicited by a IKKB (SS/EE)
vector but not the IKKB (C/A) vector. Based on our experi-
mental evidence, we proposed model in which D10G is cova-
lently bound to the crystal structure of human IKKf (Xu et al.,
2011). As shown in Figure 4, D10G was well fitted into the
activation loop of IKKB, displaying a Michael adduct with
Cys'”?, and close contacts with Asn*, Arg®, Leu'”’, Tyr'® and
Val'® under the most energetically favourable simulation.
The methoxy group at the phenyl moiety and the carbonyl
group at the C-5 position of D10G achieved hydrogen bonds
with side chains of Arg®” and Tyr'® in the activation loop of
IKKB, respectively.

D10G prevents LPS-induced NF-xB activation
It is important to prove a cross-relationship between IKKJ
inhibition and the resultant cellular response. We next
assessed LPS-induced signalling events downstream of IxBo
phosphorylation that are required for NF-kB activation. Upon
exposure to LPS alone, RAW 264.7 cells dramatically degraded
IxBa proteins in the cytoplasm within 30-40 min (Figure SA).
Treatment with D10G prevented IxBo. degradation in LPS-
activated macrophages (Figure SA); this occurred after IKKp-
catalysed IxkBa phosphorylation. Confocal fluorescence
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Figure 4

-

Molecular docking of D10G to IKKB. A docking arrangement of D10G to the crystal structure of human IKKB is represented as D10G by green

colour and its interacting residues in the activation loop of IKKf by yellow colour with a covalent linkage to the Cys

179

of IKKB. Hydrogen bonding

between the Arg®” of IKKB and the methoxy group at phenyl moiety of D10G or between the Tyr'® of IKKB and the carbonyl group at C-5 position

of D10G is also indicated as a red dotted line.

analysis revealed another sequential effect of D10G; it pre-
vented NF-kB movement from the cytoplasm to the nucleus.
NF-xB was localized within the cytoplasm in cells in media
alone, LPS induced the nuclear import of NF-xB p65 and
treatment with D10G suppressed this translocation of NF-xB
(Figure 5B). We further analysed the transcriptional activity
of NF-xB, a hallmark of NF-xB activation. RAW 264.7 cells
containing the pNF-«B-SEAP-NPT reporter construct were
stimulated with LPS for 20 h in the presence of D10G.
Although D10G had no effect on the basal levels of SEAD, it
dose-dependently inhibited LPS-induced SEAP expression
with an ICs, value of 8 pM (Figure 5C). As expected, the IKKB
inhibitor PTN also inhibited LPS-induced SEAP expression
(Figure 5C). D10G at concentrations that were effective at
inhibiting NF-«B activation did not affect the proliferation of
RAW 264.7 cells (Figure SD), excluding a possible non-
specific cytotoxic effect of D10G.

D10G suppresses NF-kB-regulated

gene expression

Since D10G inhibited LPS-induced NF-«xB activation and also
IKKP (SS/EE) vector-elicited NF-xB transcriptional activity in
macrophages, we next asked whether it could suppress the
expression of NF-kB-target genes. LPS-responsive kB motifs
have been identified on the promoter regions of iNOS with
two sites at -8287/-8270 and —-119/-102 relative to the tran-
scription start, COX-2 with one site at —-223/-214, and IL-6
with one site at -72/-63 (Lowenstein et al., 1993; Zhang et al.,
1995; Yeo et al., 2003). Protein levels of iNOS or COX-2 were
barely detectable in resting RAW 264.7 cells, as determined by
Western blot analysis, but markedly increased upon exposure
to LPS alone (Figure 6A). Protein levels of IL-6 were 37 *
11 pg-mL™ in the culture media of resting RAW 264.7 cells
(detected by ELISA) and increased to 1483 * 46 pg-mL™ upon
exposure to LPS alone (Table 1). Treatment with D10G
decreased LPS-inducible protein levels of iNOS and COX-2
(Figure 6A) and those of IL-6 (Table 1). Accordingly, treat-
ment with D10G attenuated LPS-induced mRNA levels of
iNOS, COX-2 and IL-6 (Figure 6B). To further understand

134 British Journal of Pharmacology (2012) 167 128-140

whether these down-regulatory effects of D10G took place at
the transcription level, we transfected RAW 264.7 cells with
the piNOS-Luc construct of a luciferase reporter containing
an iNOS promoter (-1592/+183) (Lowenstein et al., 1993), or
a pCOX-2-Luc reporter construct containing a COX-2 pro-
moter (-963/+1) (Yeo etal., 2003). Upon exposure to LPS
alone, these transfected cells increased luciferase expression
as a reporter of iNOS or COX-2 promoter activity up to 11- to
15-fold over the basal levels (Figure 6C, D). Treatment with
D10G dose-dependently inhibited LPS-induced iNOS pro-
moter activity with an ICs, value of 12 pM (Figure 6C) and
also COX-2 promoter activity with an ICs, value of 14 uM
(Figure 6D). We then quantified NO and PGE,; levels in LPS-
activated macrophages to delineate the resultant effects of
D10G on the gene expression of iNOS and COX-2, respec-
tively. Treatment with D10G dose-dependently inhibited LPS-
induced NO production with an ICs, value of 13 uM (Table 1).
In a parallel experiment, treatment with D10G also inhibited
LPS-induced PGE, production with an ICs, value of 9 uM
(Table 1).

D10G inhibits TNFSF1 1-elicited NF-xB
activation and LPS-induced AP-1 activation
IKKo. and IKKB contain very similar kinase domains with
essentially identical activation loops (Mercurio et al., 1997).
To understand whether D10G can affect the IKKo-dependent
NF-xB activating pathway, we determined NF-xB transcrip-
tional activity and inflammatory mediator production in
macrophages stimulated with TNESF11, an efficient IKKo
activator (Affara and Coussens, 2007). Treatment with D10G
inhibited TNFSF11-increased SEAP expression, a reporter of
NF-xB transcriptional activity, in RAW 264.7 cells containing
the pNF-kB-SEAP-NPT construct (Figure 7A). Moreover, treat-
ment with D10G consistently inhibited TNFSF11-induced
IL-6 or NO levels in these cells (Figure 7B, C).

Bacterial LPS also activates the activating protein 1 (AP-1)
in addition to NF-xB through TLR4 in macrophages (Lu et al.,
2008). To investigate whether D10G can inhibit this NF-xB-
independent pathway, we determined MAPK activation and
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Effect of D10G on the LPS-induced NF-xB activating pathway. (A) RAW 264.7 cells were pretreated with D10G for 2 h and stimulated with LPS
for 30-40 min in the presence of D10G. Cell extracts were subjected to Western blot analysis with anti-lkBo. or anti-GAPDH antibody. The IxBo
levels are presented as the relative ratio %, in which a density of media alone-treated group is expressed as 100%, after normalizing to
housekeeping GAPDH levels. (B) RAW 264.7 cells were pretreated with D10G for 2 h and stimulated with LPS (1 ug-mL™) for 1 h in the presence
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antibody as a red colour and the nuclei-stained with DAPI as a blue colour. (C) RAW 264.7 cells containing pNF-kB-SEAP-NPT reporter construct
were stimulated with LPS for 20 h in the presence of D10G or parthenolide (PTN). SEAP expression, a reporter of NF-kB transcriptional activity,
was measured as RFU. (D) RAW 264.7 cells were incubated with D10G for 24 h in the presence of LPS. Proliferation of the cells was analysed by
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AP-1 transcriptional activity in LPS-stimulated macrophages.
Upon exposure to LPS alone, RAW 264.7 cells dramatically
increased the phosphorylation of JNK at Thr'®? and Tyr'**, p38
at Thr'® and Tyr'®? and ERK at Thr** and Tyr**; these are
activation indexes of each MAPK (Figure S4). Treatment with
D10G differentially inhibited LPS-induced MAPK phosphot-
ylation in the cells, in which JNK activation was more sensi-
tive (Figure S4). We next transfected RAW 264.7 cells with
pAP-1-Luc construct, a luciferase reporter gene fused to three
copies of the AP-1-binding DNA motif. Upon exposure to LPS
alone, these transfected cells increased luciferase expression
reporting AP-1 transcriptional activity up to 12-fold over the
basal levels (Figure S4). Treatment with D10G inhibited LPS-

induced AP-1 transcriptional activity in the cells, in which
the JNK inhibitor SP600125 was also effective (Figure S4).

Discussion and conclusion

TLRs or antigen receptors activate NF-xB for innate or
acquired immunity, in which they transmit signal cascades
across the plasma membrane, converging on the IKK-
catalysed phosphorylation of cytoplasmic IxkBa for NF-xB
activation even starting from distinct adaptor molecules
(Ruland and Mak, 2003; Ospelt and Gay, 2010). Therefore,
IKKB inhibitors are attractive as candidates for the ameliora-
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Figure 6

Effect of D10G on LPS-induced expression of inflammatory genes. (A) RAW 264.7 cells were stimulated with LPS for 20 h in the presence of D10G.
Cell extracts were subjected to Western blot analysis with anti-iINOS, anti-COX-2 or anti-GAPDH antibody. Protein levels of iNOS or COX-2 are
presented as the relative ratio %, in which a density of LPS alone-stimulated group is expressed as 100%, after normalizing to housekeeping
GAPDH. (B) RAW 264.7 cells were pretreated with D10G for 2 h and stimulated with LPS for 4-6 h in the presence of D10G. Total RNAs were
subjected to RT-PCR analysis. The mRNA levels of iNOS, COX-2 or IL-6 are presented as the relative ratio %, in which a density of LPS
alone-stimulated group is expressed as 100%, after normalizing to housekeeping B-actin as an internal control. RAW 264.7 cells were transiently
transfected with the reporter construct of piNOS (-1592/+183)-Luc (C) or pCOX-2 (-963/+1)-Luc (D) in combination with Renilla control vector.
These transfected cells were stimulated with LPS for 20 h in the presence of D10G. Cell extracts were subjected to dual-luciferase assay. Luciferase
expression is represented as a relative fold change, in which firefly luciferase activity was normalized to the Renilla activity. Data are expressed as
mean = SD of three independent experiments. P < 0.05 versus media alone-added group. *P < 0.05 versus LPS alone-stimulated group.

tion of a broad spectrum of NF-kB-associated inflammatory
and autoimmune disorders (Karin et al., 2004). In the present
study, we demonstrated that IKKf is a molecular target of
D10G, one of the pungent isolates from ginger, in the inhi-
bition of NF-kB activation and NF-xB-regulated gene expres-
sion in macrophages. D10G directly inhibited the Ser/The
kinase activity of cell-free IKKB and the IKKB-catalysed phos-
phorylation of cytoplasmic IxBa in macrophages stimulated
with agonists of TLR2/6, TLR4 or TLRS. D10G interacted with
Cys'” in the activation loop of IKKB, as was evidenced by its
selective inhibition of in vitro kinase activities of wild-type
IKKB proteins or IKKB (SS/EE) immunoprecipitates but not
those of IKKB (C/A) immunoprecipitates. Accordingly, D10G
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inhibited the NF-«xB activation elicited by ectopic expression
of IKKB (SS/EE) in macrophages but was ineffective against
those elicited by the IKKB (C/A) vector.

Genetic substitutions of the activation loop Ser'”” and
Ser'®! residues with Ala decrease IKKp activity, whereas those
of IKKpB (SS/EE) stimulate kinase activity by mimicking Ser
phosphorylation (Mercurio et al., 1997; 1999). Interestingly,
IKKB (C/A) decreases its kinase activity, suggesting that Cys'”’
plays an important role in the binding affinity of cofactor ATP
with IKKB and in the Ser phosphorylation of IKK to stimu-
late its kinase activity (Byun et al., 2006). To further under-
stand the molecular mechanism of D10G, we proposed
molecular docking of D10G to the crystal structure of human
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Table 1
Effect of D10G on LPS-induced production of IL-6, NO and PGE,

Treatment IL-6 (pg-mL™")
Media alone 37 = 11

LPS alone 1483 + 46"
LPS + D10G (1 uM) 1429 = 48

LPS + D10G (3 uM) 1067 = 36*
LPS + D10G (10 uM) 568 = 19*
LPS + D10G (30 uM) 258 + 9*

PGE; (pg-mL™")

1.2 = 2.6 65 = 103
343 + 2.3% 3,176 = 207*
33.0 £ 3.9 2,523 = 92*
27.3 = 1.8 1,827 = 193*
22.4 = 3.0* 1,454 = 139*

9.4 £ 1.7* 472 + 218*

RAW 264.7 cells were stimulated with LPS (1 ug-mL™) for 24 h in the presence of D10G. The concentrations of IL-6, NO and PGE, were
determined in the culture media. Data are expressed as mean = SD of three to five independent experiments. *P < 0.05 versus media

alone-added group. *P < 0.05 versus LPS alone-stimulated group.
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Figure 7

Effect of D10G on TNFSF11-induced NF-kB transcriptional activity and production of IL-6 or NO. (A) RAW 264.7 cells containing pNF-xB-SEAP-NPT
reporter construct were stimulated with TNFSF11 for 20 h in the presence of D10G. SEAP expression reporting NF-xB transcriptional activity was
measured as RFU. (B, C) RAW 264.7 cells were stimulated with TNFSF11 for 24 h in the presence of D10G. Concentrations of IL-6 or nitrite (a stable
metabolite of NO) were determined in the culture media. Data are expressed as mean *+ SD of three to five independent experiments. *P < 0.05
versus media alone-added group. *P < 0.05 versus TNFSF11 alone-stimulated group.

IKKP. The activation loop of IKKB was somewhat flexible by
itself but subtly rearranged to an extended structure upon
irreversible binding of D10G with the Cys'”’ under the most
energetically favourable simulation. This conformational
change might contribute to the inhibitory mechanism of
D10G on IKKp activity.

Small-molecule inhibitors of IKKp activity for which a
mechanism of action is known can be divided into three
general groups: (i) thiol-reactive inhibitors that interact with
Cys'” in the activation loop of IKK, (ii) ATP analogues that
target the cofactor-binding site of IKKB with some specificity
and (iii) allosteric inhibitors of IKKB. In the present study,
D10G was a thiol-reactive inhibitor of IKKB and its effect was
abolished by substitution of Cys'”® with Ala in the activation
loop of IKKB. By this mechanism, D10G was able to inhibit
the IKKB-catalysed phosphorylation of cytoplasmic IkBo in
macrophages and to suppress the expression of NF-kB-target
inflammatory genes such as iNOS, COX-2 and IL-6 in LPS-
activated cells. Arsenic trioxide is an effective drug for the
treatment of promyelocytic leukaemia, and its biological

effects are confined to structural and functional alterations of
critical cellular proteins, including IKKB due to its reactivity
with sulfahydryl groups (Kapahi et al., 2000). Other thiol-
reactive inhibitors of IKKB activity include herbimycin A,
cyclopentenone PGs, artemisolide, celastrol, piceatannol and
the synthetic triterpenoid 1-[2-cyano-3,12-dioxooleana-
1,9(11)-dien-28-oyl]imidazole (Hehner et al., 1999; Kim et al.,
2007; Gupta etal., 2010; Son et al., 2010). However, some
non-steroidal anti-inflammatory drugs, such as aspirin and
sulindac, inhibit IKKB activity by another mechanism
(decreased ATP-binding affinity with IKKp), which is inde-
pendent of their well-known effects on COX activity (Yin
etal., 1998; Yamamoto et al., 1999). Many pharmaceutical
companies have undertaken drug discovery efforts targeting
IKKB. For example, B-carboline PS-1145, quinazoline SPC 839
and aminothiophenecarboxamide SC-514 inhibit IKKp activ-
ity by acting on the ATP-binding site and successfully display
pharmacological effectiveness in preclinical arthritis models
(Castro et al., 2003; Karin et al., 2004; Schopf et al., 2006).
Imidazoquinoxaline BMS-345541 is an allosteric inhibitor of
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Proposed mechanism for D10G-mediated suppression of NF-kxB-
regulated gene expression. D10G directly inhibits IKKp activity, cata-
lysing lxBo. phosphorylation in the cytoplasm of macrophages
activated by TLR2/6, TLR4 or TLR5 agonist. This mechanism of action
disrupts downstream signalling events such as IkBo degradation and
the nuclear import of NF-xB in the canonical pathway of NF-«xB
activation and sequentially suppresses NF-«xB-regulated expression of
iNOS, COX-2 and IL-6.

IKKB and prevents collagen-induced arthritis (Burke et al.,
2003). In the present study, D10G also inhibited TNFSF11-
induced NF-xB activation and LPS-induced AP-1 activation in
macrophages. These results suggest that D10G is a muti-
kinase inhibitor or targets another signalling molecule in
addition to IKKp for the suppression of TLR-mediated innate
immunity.

Taken together, D10G from ginger inhibited the catalytic
activity of IKKB by interacting directly with Cys'® in the
activation loop of IKKB. This mechanism of action contrib-
uted its ability to inhibit IKKpB-catalysed IxBo. phosphoryla-
tion, a converging step in the NF-xB activating pathways in
macrophages mediated by TLR2/6, TLR4 or TLRS, and
sequentially to suppress NF-kB-regulated expression of
inflammatory genes such as iNOS, COX-2 or IL-6 in the cells
(Figure 8). The current study reveals a new molecular target of
D10G that can be evaluated for its therapeutic potential in
NF-xB-associated inflammatory and autoimmune disorders. A
more complete understanding of the efficacy of IKKP inhibi-
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tion in human disease, in addition to its safety evaluation,
would be a requisite for small-molecule drug candidates to
progress into clinical trials.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Inhibitory effects of pungent isolates from ginger
on LPS-induced NF-xB transcriptional activity. RAW 264.7
cells containing p-NF-xB-SEAP-NPT reporter construct were
stimulated with LPS (1 ug-mL™) for 20 h in the presence of
each compound at concentrations of 10 and 30 uM. A
reporter of NF-xB transcriptional activity was measured by
SEAP activity and is represented as inhibition %, compared
with the LPS alone-stimulated group. Data are expressed as
mean * SD of three independent experiments. *P < 0.05
versus LPS alone-stimulated group.

Figure S2 HPLC-DAD chromatogram of 1-dehydro-[10]-
gingerdione (D10G). HPLC analysis was performed on a
Water system (2996 photodiode array detector with two 515
pumps) and a YMC J'sphere ODS-H80 column (4 um, 150 x
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20 mm), using the mixed solvent system CH3;CN-H,O (50:50
to 100:0) at a flow rate of 1.0 mL-min™".

Figure S3 Electrophilic moieties in the chemical structures
of parthenolide and D10G.

Figure $4 Effect of D10G on LPS-induced MAPK activation
and AP-1 transcriptional activity. (A) RAW 264.7 cells were
pretreated with D10G for 2 h and stimulated with LPS for
30 min in the presence of D10G. Cell extracts were subjected
to Western blot analysis with pairs of antibodies against
p-JNK and JNK, p-p38 and p38 or p-ERK and ERK. (B) RAW
264.7 cells were transfected with pAP-1-Luc, an AP-1-
dependent luciferase reporter construct, in combination with
Renilla control vector. These transfected cells were stimulated
with LPS for 20 h in the presence of D10G or SP600125. Cell
extracts were subjected to dual-luciferase assay. Luciferase
expression is represented as a relative fold, in which firefly
luciferase activity was normalized to Renilla activity. Data are
expressed as mean = SD of three independent experiments. *P
< 0.05 versus media alone-added group. *P < 0.05 versus LPS
alone-stimulated group.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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