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ABSTRACT: In this study, we identified Nrf2 as a molecular target of [6]- e . )
shogaol (6S), a bioactive compound isolated from ginger, in colon epithelial Q/\N\N\ - W e e
cells in vitro and in vivo. Following 6S treatment of HCT-116 cells, the T et
intracellular GSH/GSSG ratio was initially diminished but was then elevated e GsH N . %%}L'?
above the basal level. Intracellular reactive oxygen species (ROS) correlated conjugate ON:\N\
inversely with the GSH/GSSG ratio. Further analysis using gene microarray 68 bids to Keapd .
showed that 6S upregulated the expression of Nrf2 target genes (AKRIBIO, { ¢
FTL, GGTLA4, and HMOX1) in HCT-116 cells. Western blotting confirmed ,." ? g
upregulation, phosphorylation, and nuclear translocation of Nrf2 protein s e B
followed by Keapl decrease and upregulation of Nrf2 target genes (AKR1B10, L e 2 ot

FTL, GGTLA4, HMOX1, and MT1) and glutathione synthesis genes (GCLC Nrf2 Adaio

and GCLM). Pretreatment of cells with a specific inhibitor of p38 @ — |

(SB202190), PI3K (LY294002), or MEK1 (PD098059) attenuated these

effects of 6S. Using ultra-high-performance liquid chromatography—tandem mass spectrometry, we found that 6S modified
multiple cysteine residues of Keap1 protein. In vivo 6S treatment induced Nrf2 nuclear translocation and significantly upregulated
the expression of MT1, HMOX1, and GCLC in the colon of wild-type mice but not Nrf2™~ mice. Similar to 6S, a cysteine-
conjugated metabolite of 6S (M2), which was previously found to be a carrier of 6S in vitro and in vivo, also activated Nrf2. Our
data demonstrated that 6S and its cysteine-conjugated metabolite M2 activate Nrf2 in colon epithelial cells in vitro and in vivo
through Keapl-dependent and -independent mechanisms.

B INTRODUCTION TLRs by targeting TBK1."® Furthermore, Ling et al. reported
that 6S inhibits breast cancer cell invasion by reducing matrix
metalloproteinase-9 expression via blockade of NF«B activa-
tion."” A recent study showed 6S protects dopaminergic
neurons in Parkinson’s disease models via inhibition of
neuroinflammation.”® We have also demonstrated that 6S
exhibits much higher antiproliferative potency than that of [6]-
gingerol against human lung and colon cancer cells.”!

The mercapturic acid pathway is one of the major routes for

Ginger (Zingiber officinale Roscoe) has been used worldwide as
a spice, dietary supplement, and traditional medicine for
centuries." The major pharmacologically active compounds of
ginger are gingerols and shogaols.z_6 [6]-Shogaol (6S), a major
component of dried ginger, has received much attention
because of its superior biological activity and enhanced stability
compared to its counterpart in fresh ginger extract, [6]-

gingerol.” ™" 68, with an electrophilic a,f-unsaturated carbonyl lism in h ) 1 cells 2223 < initial
moiety, has been extensively reported for its various 68 metabolism in humans, mice, and cells. 68 is initially

pharmacological effects including anti-inflammatory, analgesic, conjugated with glutathiope (GSH) by glutathione—S—tran§—
antipyretic, antioxidant, and anticancer properties.”>”"> In feras'es, apd the GSH conjugate unde'rgoes fu'rther enzymatic
particular, 6S induces autophagy by inhibiting the AKT/ modlﬁcatlons to form cyst'emylgly.cme conjugate, cysteine
mTOR pathway in human nonsmall cell lung cancer A-549 conjugate, and N-acetylcysteine conjugate. Among the thiol-
cells.'® Additionally, Tan et al. showed that 6S inhibits breast conjugated metabolites, cysteine-conjugated 65 (M2) (Figure
and colon cancer cell proliferation through activation of
peroxisomal proliferator activated receptor 7.'” Park et al. Received: May 27, 2014

showed 6S inhibits the TRIF-dependent signaling pathway of Published: August 22, 2014
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Figure 1. 6S and its effects on glutathione metabolism, intracellular ROS, and gene expression in HCT-116 cells. (A) Structures of 6S and its
cysteine conjugated metabolite, M2. (B) Effect of 6S on cellular GSH/GSSG ratio. HCT-116 cells were treated with 20 uM 6S for 0, 2, 4, 8, or 24 h,
and cellular GSH/GSSG was measured using a commercial kit. Each bar represents the mean + SD of six experiments. *p < 0.0001. (C) Effect of 6S
on intracellular ROS. HCT-116 cells were treated with 20 uM 6S for 0, 2, 4, 8, or 24 h, ROS was determined using carboxy-DCFDA, and the starting
ROS level was set as 1. *p < 0.0001. (D) A heatmap of differentially expressed genes due to 6S treatment with the brightest green, black, and
brightest red of the color scale used for expression values of —3, 0, and +3, respectively. HCT-116 cells were treated with 20 uM 6S for 24 h, and
mRNA was isolated for microarray analysis using Agilent two-channel human 8 X 60k microarrays. The heatmap was generated using Cluster 3.0
with data of 11 upregulated and 36 downregulated genes that were identified by SAM. Known Nrf2 target genes are marked with arrows.

1A) is one of the major metabolites of 6S and displays the
highest potency against the growth of human colon and lung
cancer cells, which is comparable to that of 6S. More
importantly, M2 showed much lower toxicity toward human
normal colon fibroblast cells and human normal lung cells than
its parent compound. Both 6S and M2 trigger apoptosis in
cancer cells.** Further studies on the mechanisms of action
indicated that it acts as a carrier of 6S in both cancer cells and in
Nevertheless, whether M2 acts on cells through
mechanisms similar to those of 6S is yet to be determined.
Multiple mechanisms of action of 6S have been proposed in
the literature; however, its molecular targets have not yet been
elucidated. We previously found that treatment of human lung
and colon cancer cells with 6S or M2 caused transient GSH
depletion but then enhanced the intracellular GSH content.*>*®
It is known that the enhanced GSH content may result from
the induction of the phase II antioxidant enzymes, which are
regulated by the antioxidant-response element (ARE),”
through the Keapl/Nrf2 signaling pathway.”®** Under the
normal quiescent cellular environment, Nrf2 is strictly regulated
by its cytosolic inhibitor, Keapl. Alkylation of one or more of
the cysteine residues of Keapl by chemical compounds appears
to be an important signaling mechanism for Nrf2 activation.*
Upon activation, Nrf2 is released from Keapl and translocates
to the nucleus, where it binds to ARE after heterodimerizing to
other leucine zipper proteins to transcriptionally activate

. 25
mice.
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31,32
downstream genes.

In addition, Nrf2 activity is also
regulated by various transcriptional and post-translational
modifications, such as phosphorylation by cellular kinases,
which in turn results in its stabilization.”>** Stabilization of
Nrf2 is considered to be important to maintain the cellular
defense system.**>°

Although 6S-rich ginger extract, 6S, and its analogues have
been reported to induce ARE reporter activity and Nrf2
expression in vitro,””*" the precise mechanisms by which 6S
activates Nrf2 are poorly understood, especially in vivo. In the
present study, we aimed to identify the molecular targets of 6S
and to elucidate how 6S and its metabolite M2 modulate the
cellular redox status.

H MATERIALS AND METHODS

Chemicals. 6S was purified from ginger extract in our laboratory.*!
M2 was synthesized in our laboratory as previously reported.**
PD98059 (MEKI1 inhibitor), LY294002 (PI3K inhibitor), and
SB202190 (p38 inhibitor) were acquired from Selleckchem (Houston,
TX), Cayman Chemical (Ann Arbor, MI), and Thermo Fisher
Scientific (Waltham, MA), respectively.

Cell Culture. HCT-116 cells derived from colon were obtained
from ATCC (Manassas, VA). McCoy’s SA medium was purchased
from Thermo Fisher Scientific. Supplements of FBS and penicillin/
streptomycin were purchased from Gemini Bio-Products (West
Sacramento, CA).
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Measurement of the Intracellular GSH, GSSG, and GSH/
GSSG Ratio. HCT-116 cells were plated in 145 X 20 mm culture
plates and were allowed to attach overnight at 37 °C with 5% CO,.
Cells were treated with 20 uM 6S and incubated for 0, 2, 4, 8, or 24 h.
Cells were harvested by gentle scraping with cold PBS, and proteins
were precipitated with $% (w/v) metaphosphoric acid. The GSH
content was measured using a HT glutathione assay kit (Trevigen,
Galthersburg, MD) and a Biotek plate reader (Winooski, VT). In brief,
the sulfhydryl group of GSH reacts with 5,5’-dithiobis-2-nitrobenzoic
acid (Ellman’s reagent) to produce yellow-colored S-thio-2-nitro-
benzoic acid (TNB) that absorbs at 405 nm. Mixed disulfide, which is
concomitantly produced, is reduced by glutathione reductase to
recycle glutathione and produce more TNB. The rate of TNB
production is directly proportional to the concentration of glutathione
in the sample. Glutathione is further normalized by protein
concentration, which was determined using a Pierce BCA kit (Thermo
Fisher Scientific).

For measurement of oxidized glutathione, samples and GSSG
standards were treated with 2 M 4-vinylpyridine (1 4#L/S0 L sample)
at room temperature for 1 h. 4-Vinylpyridine (Sigma-Aldrich, St.
Louis, MO) blocks free thiols present in the reaction, eradicating the
contribution to the recycling reaction caused by GSH. A 2 M solution
was freshly prepared by diluting 4-vinylpyridine in ethanol in a ratio of
approximately 1:3.6. After incubation, samples were analyzed using the
HT glutathione assay kit as above-described. Then, reduced
glutathione was calculated by subtracting values derived from oxidized
samples from those of total glutathione. The ratio of reduced to
oxidized glutathione (GSH/GSSG) is calculated as an indicator of
cellular redox status.

Measurement of Intracellular Reactive Oxygen Species
(ROS). This assay employed a cell-permeable fluorogenic probe,
2/,7’-dichlorodihydrofluorescin diacetate (Sigma-Aldrich), to measure
the relative changes in O™, and H,0, levels in HCT-116 cells after
treatment. HCT-116 cells were seeded in 96-well black-sided, clear-
bottomed culture plates, with 5000 cells/well and were allowed to
adhere for 24 h in a 37 °C incubator with 5% CO,. 6S (20 uM) or
DMSO diluted in media was added to designated wells, which were
run in triplicate. After 0, 2, 4, 8, or 24 h of incubation, media was
aspirated. Cells were washed three times with 200 uL of PBS before
addition of 100 yL of 1 mM probe. After incubation for 1 h at 37 °C,
plates were immediately placed in a Biotek microplate reader to
measure fluorescence at 485 excitation and 528 emission. Raw values
were normalized to DMSO control for each time point and are
presented as fold induction versus 0 h time point (n = 3).

Gene Microarray and Data Analysis. HCT-116 cells were plated
in 100 X 20 mm culture plates and were allowed to attach overnight at
37 °C. Cells were treated with 20 uM 6S or DMSO control and
incubated for 24 h. Cells were harvested, and total RNA was isolated
using the RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The quantity of RNA was measured using
a spectrophotometer (NanoDrop 2000c; Thermo Scientific). RNA
quality was determined by gel electrophoresis and Bioanalyzer (Agilent
Technologies, Santa Clara, CA).

Microarray experiments were performed at the Genomics Core
Facility of Lineberger Comprehensive Cancer Center, UNC Chapel
Hill, with Agilent two-channel human 8 X 60k microarrays. Red
channel (CyS) was used for samples, and green channel (Cy3), for
human universal reference RNA. Hybridization was performed
according to the standard protocol for two-color microarray-based
gene expression analysis for Agilent Gene Expression Oligo micro-
arrays, version 5.0.1. Briefly, a 2X target mix was generated containing
125 ng of cyanine 3-labeled cRNA, 125 ng of cyanine S-labeled cRNA,
appropriate amounts of labeled synthetic target, and 25 uL of Agilent’s
10X control solution in a final volume of 125 yL. The sample was then
fragmented by the addition of 5 uL 25X fragmentation buffer followed
by incubation at 60 °C for 30 min. Samples were moved to ice, and
fragmentation was stopped by addition of 125 uL of Agilent’s 2X in
situ hybridization buffer. Microarrays were hybridized in Agilent
microarray hybridization chambers for 17 h at 60 °C with mixing on an
Agilent rotator in a Robbin’s Scientific hybridization oven. After
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hybridization, the arrays were scanned by an Axon GenePix 4000B
scanner (Axon Instruments; Foster City, CA). The images were
analyzed using Gene Pix Pro 5.0 software (Axon Instruments). Gene
expression values were quantified by log, ratio of red channel intensity
(mean) and green channel intensity (mean), followed by Lowess
normalization to remove the intensity-dependent dye bias.

Data preprocessing was carried out via the UNC Microarray
Database for quality filtering and data normalization. Agilent array data
was extracted on the probe level. For probes spotted multiple times,
the mean expression value was computed and retained. All probe
sequences were searched via BLAST against the NCBI database and
were annotated with their Entrez ID. When multiple probes were
targeted on the same gene (with the same Entrez ID), these data were
collapsed onto the Entrez ID, and mean values were computed as the
gene expression value. To perform hierarchical clustering analysis, a
data matrix with all the genes was extracted, row median-centered, and
column-standardized. Clustering analysis was performed with Cluster
3.0. The microarray data have been submitted to the GEO database
(GSES7006).

Significance analysis of microarrays (SAM) was used for
identification of differentially expressed genes. Preprocessed data
were used to construct a series of data matrix files for further analysis.
For a given data matrix, the rows were excluded if more than 40% of
missing values were observed. The rest of missing data was imputed
with a K-nearest neighbor (k = 9) approach. Differentially expressed
genes were obtained from two-class SAM in Excel with a median
number of false positives of 1.45. To perform hierarchical clustering
analysis, a data matrix with differentially expressed genes only was
extracted, row median-centered, and column-standardized.

Gene set analysis (GSA) was carried out as an add-in in Excel to
identify differentially expressed gene sets. One thousand permutations
were applied to generate a null distribution for statistical testing, and
significantly enriched gene sets were obtained at a false discovery rate
cutoff of 0.5. Curated gene sets in three major categories, canonical
pathway (880 gene sets), transcription factor targets (615 gene sets),
and Gene Ontology (CS, 1454 gene sets), were downloaded from the
GSEA web portal and used in this study (http://www.broadinstitute.
org/gsea/index.jsp).

Determination of Alkylation of Cysteine Residues of Keap1
by UPLC—MS/MS. Human recombinant Keapl (no. NM_ 012289,
OriGene, Rockville, MD) was incubated with 6S [molar ratios of 1:10
(Keap1/6S)] or DMSO in 120 uL of 25 mM Tris-HCI buffer (pH 8)
for 2 h at room temperature. The reaction was quenched by adding 1
mM DTT, and the mixture was incubated for an additional 15 min.
Trypsin was added to the sample at a trypsin/Keap] ratio of 1:50 (w/
w) and incubated at 37 °C for 1.5 h. The samples were centrifuged,
and the supernatant was pipetted into autosampler vials. The tryptic
peptides were analyzed using ultra-high-performance liquid chroma-
tography—tandem mass spectrometry (UPLC—MS/MS) to determine
sites of modification by 68.

The processed samples were analyzed on a Thermo Scientific LTQ
Orbitrap XL mass spectrometry system coupled to a Waters nano-
ACQUITY UPLC system. Peptides were separated on a Waters nano-
ACQUITY UPLC Column (1.7 ym BEH 130 C18, 75 gm X 250 um)
using a linear gradient from 2 to 40% B by 60 min, to 90% B by 65
min, to 2% B by 67 min, then kept at 2% B for 23 min, where A is
99.9:0.1 water/formic acid and B is 99.9:0.1 acetonitrile/formic acid.
Mass spectra were acquired using data dependent scans on the LTQ
Orbitrap XL system over 90 min. The resulting data files were
searched against the SwissProt (human) database in MASCOT. The
following variable modifications were chosen for the search including:
carbamidomethyl, deamidated, oxidation, and 6S. Peptide tolerances
were 20 ppm for MS and 0.5 Da for MS/MS.

Western Blotting. HCT-116 cells were plated in 145 X 20 mm
flat-bottomed tissue culture dishes and grown to 70—80% confluence
in a 37 °C incubator with 5% CO,. Cells were treated with 6S or M2
for various time points and doses. At the end of incubation period, cell
lysates were prepared in ice-cold RIPA lysis buffer with a protease
inhibitor cocktail (Thermo Fisher Scientific). Cell lysates (30 ug
protein/lane) were resolve by SDS-PAGE. Proteins were then electro-
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Figure 2. Effects of 6S on expression of Nrf2 and Nrf2 target genes in HCT-116 cells. (A) Effect of 6S on expression of AKR1B10, GGTLA4, FTL,
HMOX1, GCLC, GCLM, and MT1 in HCT-116 cells. (B) Effect of 6S on the expression of Keapl, Nrf2, and phosphorylated Nrf2 (p-Nrf2). The
protein levels of AKR1B10, GGTLA4, FTL, HMOX1, GCLC, GCLM, MT1, Keapl, Nrf2, and p-Nrf2 were determined by western blotting at the
indicated time points after treatment of HCT-116 cells with 6S (20 uM). f-Actin was used as an internal standard. (C) Time-dependent effect of 6S
on Nrf2 nuclear translocation. HCT-116 cells were treated with 20 M 6S for 0, 2, 4, 6, 12, and 24 h. (D) Dose-dependent effect of 6S on Nrf2
nuclear translocation. HCT-116 cells were treated with 0, 5, 10, 20, and 40 M 6S for 6 h. Lamin B and f-actin were used as internal controls for
nuclear and cytoplasmic fractions, respectively. (E) IF staining of Nrf2. HCT-116 cells were treated with 20 M 6S for 12 or 24 h and then fixed and
labeled with anti-Nrf2 and appropriate FITC-conjugated secondary antibodies. Cells were counterstained with DAPI for visualization of the nuclei.
Slides were viewed using fluorescent microscopy (DAPI, blue; Nif2, red).

transferred onto PVDF membranes, and blots were blocked for 1 h at
room temperature in 1X TBS with 1% Casein (Bio-Rad Laboratories,
Berkeley, CA). Blots were then incubated overnight at 4 °C with the
desired primary antibody diluted in TBS with 0.5% Tween-20. Primary
antibodies against AKR1B10, GGTLA4, MT1, GCLC, GCLM, Nrf2,
and Keapl (Santa Cruz Biotechnology, Santa Cruz, CA) or against
FTL and p-Nrf2 (Abcam, Cambridge, MA) were used at 1:1000
dilutions. HMOX1 (Cell Signaling Technology, Beverly, MA) was
used at a 1:1500 dilution. Blots were then washed with TBS—Tween-
20 and probed for 1 h with the appropriate secondary antibody
(1:1000). Protein bands were visualized with chemiluminescence using
West Femto maximum detection substrate (Thermo Fisher Scientific).
Cytoplasmic proteins and nuclear proteins were fractionated with a
nuclear extract kit (Active Motif, Carlsbad, CA), and colon tissue
samples were homogenized with OMNI Bead Ruptor (OMNI
International) for western blotting. To confirm equal protein loading
in each lane, immunoblots were stripped and reprobed with an anti-f-
actin (Cell Signaling Technology) or an anti-lamin B (Cell Signaling
Technology) antibody. f-actin and lamin B served as loading controls
of cytoplasmic and nuclear fractions, respectively.
Immunofluorescence Staining (IF). Cells were grown on
fibronectin-coated coverslips in the presence or absence of 6S. After
treatment with test samples for the indicated times, cells were fixed
with cold 2% (w/v) paraformaldehyde for 20 min, permeabilized in
0.1% (w/v) Triton X-100 in 1X PBS, washed, and blocked in 1% BSA
at room temperature for 1 h. Tissue sample sections were
deparaffinized and rehydrated. After being washed with PBS for 5
min three times, the cells were incubated with a rabbit anti-Nrf2
antibody (1:200; Santa Cruz Biotechnology) and tissue sections were
incubated with a rabbit anti-Nrf2 antibody (1:200)* overnight at 4
°C, followed by FITC-conjugated secondary antibody (1:200) for 1 h
at room temperature. Samples were counterstained with DAPI (1 mg/

1578

mL) for visualization of the nuclei. Stained samples were mounted and
visualized under a fluorescent microscope (Thermo Fisher Scientific).
Animal Study. Experiments with mice were carried out according
to a protocol approved by the Institutional Animal Care and Use
Committee, North Carolina Central University (protocol no. XC-12-
03-2008). Wild-type (WT) CS7BL/6J mice were purchased from the
Jackson Laboratory (Bar Harbor, ME) and allowed to acclimate for at
least 1 week prior to the start of the experiment. Nrf2™/~ mice have
been described in detail previously.* Mice were housed S per cage and
maintained in air-conditioned quarters with a room temperature of 20
+ 2 °C, relative humidity of 50 + 10%, and an alternating 12 h light/
dark cycle. Mice were fed Purina Rodent Chow no. 5001 (Research
Diets) and water and were allowed to eat and drink ad libitum. Mice
were divided into four groups: (a) control WT (n = S); (b) control
Nrf2™/~ (n = 5); (c) WT + 6S (n = 5); and (d) Nr2™/~ + 6S (n = 5).
The mice were then administered 6S at a dose of 100 mg/kg
(dissolved in DMSO) for four consecutive days by oral gavage. The
control group animals were administered vehicle only. Mice were
sacrificed 2 h after 6S or vehicle treatment. Tissues (colon, liver,
esophagus, stomach, and small intestine) were harvested with a part
snap frozen in liquid nitrogen and another part fixed with 10% PBS
buffered formalin, processed, and embedded in paraffin.
Immunohistochemical Staining (IHC). Deparaffinized sections
were submerged in methanol containing 0.3% hydrogen peroxide for
1S min at RT to inhibit endogenous peroxidase activity. Antigen
retrieval was done prior to incubation with a rabbit anti-Nrf2 antibody
(1:200),* a mouse monoclonal anti-MT1 antibody (1:100; Accurate
Chemical & Scientific, Westbury, NY), or a rabbit polyclonal anti-
HMOXI1 antibody (1:25; Abcam, Cambridge, MA) overnight at 4 °C.
Tissue sections were then washed again in PBS and incubated with
peroxidase-conjugated secondary antibody for 30 min at 37 °C.
Detection of the antibody complex was done using the streptavidin—
peroxidase reaction kit with DAB as a chromogen (ABC kit; Vector
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Figure 3. Effects of kinase inhibitors on 6S-induced Nrf2 translocation, phosphorylation, and HMOX1 expression in HCT-116 cells. (A) Effect of
kinase inhibitors on 6S induced Nrf2 translocation and phosphorylation. PD098059 (50 xM, a MEKI inhibitor), LY294002 (50 uM, a PI3K
inhibitor), or SB202190 (50 1M, a p38 inhibitor) was used to pretreat the cells for 30 min before they were exposed to 20 uM 6S. After another 24 h
of incubation, cytosolic and nuclear Nrf2 as well as p-Nrf2 was determined using western blotting with the appropriate specific antibodies. Lamin B
and f-actin were used as internal controls for nuclear and cytosolic extracts, respectively. *p < 0.0S. (B) Effect of kinase inhibitors on 6S-induced
HMOZX1 expression. Inhibitor was used to pretreat the cells for 30 min before they were exposed to 20 uM 68S. After another 24 h of incubation,
whole-cell lysates were prepared and assessed for HMOX1 expression by western blotting. *p < 0.05.

Laboratories, Burlingame, CA). To ensure the specificity of the
primary antibody, control tissue sections were incubated in the
absence of primary antibodies.

Reverse Transcription and Real-Time PCR. cDNA was
prepared from DNase-treated total RNA using the Advantage RT-
for-PCR Kit (Clontech; Mountain View, CA). TagMan gene
expression assays (FAM dye-labeled) with predesigned primers for
each target gene were obtained from Applied Biosystems (Foster City,
CA). The three target genes were Hmoxl (assay ID:
Mm00516005_m1), MtI (assay ID: Mm00496660 gl), and Gclc
(assay ID: MmO00802655_ml). 18S (18S rRNA; hypothetical
LOC790964, assay ID: MmO03928990 gl) was used as the
endogenous control. Relative quantitative real-time PCR was
performed using an ABI 7900HT fast real-time PCR system (Applied
Biosystems) with SDS v2.3 software. The real-time data exported from
RQ Manager 1.2 were further analyzed by DataAssist 3.0 (Applied
Biosystems) to generate the RQ_Plot.

Statistical Analysis. For simple comparisons between two groups,
a two-tailed Student’s t-test was used. A p value of less than 0.05 was
considered to be statistically significant in all tests.

B RESULTS

Effects of 65 on Cellular Redox Status. The GSH/GSSG
ratio was quantitated as an indicator of cellular redox status. In
HCT-116 cells, the ratio of GSH/GSSG was initially reduced
by 20 uM 6S to about 60% of the basal level at 4 h. It returned
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to the basal level within 8 h and then rose 2.5-fold higher than
the basal level at 24 h (Figure 1B). In parallel with the GSH/
GSSG ratio, intracellular ROS started to accumulate at 2 h. At
24 h, the ROS level was much lower than that of the basal level
(Figure 1C).

Identification of Nrf2 as a Molecular Target of 6S. To
identify the direct molecular targets of 6S, gene microarrays
were used to profile gene expression in HCT-116 cells treated
with 6S (20 uM for 24 h). Hierarchical clustering of gene
microarray data for all genes separated the samples into two
groups, control (1, 2, 3, 4) and 6S-treated (S, 6, 7, 8), indicating
a good quality of the microarray data (data not shown). SAM
analysis showed that 11 genes were upregulated and 36 genes
were downregulated by 6S. Among the upregulated genes, there
were four known Nrf2 target genes, AKR1B10, FTL, GGTLA4,
and HMOX1 (Figure 1D). GSA analysis showed enrichment of
two Nrf2-associated gene sets, VSNRF2 Q4 (transcription
factor targets) and KEGG_GLUTATHIONE_METABOLISM
(canonical pathway), in 6S-treated samples. In addition,
GDF15/NAG1 was upregulated by 6S in HCT116 cells, as
reported in MCF-7 cells."” Nonsteroidal anti-inflammatory
drugs like Sulindac inhibited intestinal tumorigenesis through
induction of this gene.*"** Transgenic overexpression of
GDF1S suppressed intestinal neoplasia.**

dx.doi.org/10.1021/tx500211x | Chem. Res. Toxicol. 2014, 27, 1575—1585
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We then decided to focus on Nrf2 and validated it as a
molecular target of 6S. With western blotting, we confirmed
that 6S upregulated five Nrf2 target genes (AKR1B10, FTL,
GGTLA4, HMOXI1, and MT1), and four of them were
identified by gene microarray (Figure 2A). MT1, as an Nrf2-
regulated gene, was analyzed to understand the transcriptional
activity of Nrf2. MT1 gene is known to harbor at least one ARE
in its promoter.** Many studies have shown MTI1 as a
downstream gene of Nif2 in multiple tissues. In the intestine,
for example, Keapl knockout would upre§ulate MT1
expression in human colon cancer HT29 cells.* A classical
Nrf2 activator, butylated hydroxyanisole, induced expression of
MT1 in the small intestine of WT mice but not Nrf2~/~ mice.*
In addition, we also examined expression of two Nrf2 target
genes, GCLC and GCLM, with western blotting (Figure 2A).
Upregulation of these two GSH synthesis genes explains why
6S treatment increased the GSH/GSSG ratio and reduced
intracellular level of ROS at the later time points (Figure 1B,C).

Under normal conditions, Nrf2 is sequestered in the
cytoplasm via binding to its repressor molecule, Keapl.
Oxidative, electrophilic, and ER stress as well as Nrf2
phosphorylation by protein kinases cause dissociation of the
Nrf2—Keapl complex, which culminates in ubiquitination of
Keapl and nuclear translocation of Nrf2. We next decided to
examine whether the expression levels of Nrf2 and Keapl
changed. With western blotting, we confirmed that 6S
significantly increased expression of both Nrf2 and phosphory-
lated Nrf2 in HCT-116 whole-cell lysates (Figure 2B).
Oppositely, the expression of the Nrf2 repressor Keapl was
decreased (Figure 2B).

We further investigated subcellular localization of Nrf2 with
western blotting and IF. Cells were treated with 20 uM 6S for
0, 2, 4, 6, 12, or 24 h. Nuclear Nrf2 increased in a time-
dependent manner in parallel with a time-dependent decrease
of cytoplasmic Nrf2 (Figure 2C). In addition, 6S dose-
dependently activated nuclear translocation of Nrf2 (Figure
2D). Furthermore, IF clearly showed that Nrf2 translocated
from cytoplasm to nucleus in a time-dependent manner (Figure
2E). These data clearly demonstrate that 6S activated nuclear
translocation of Nrf2 and upregulated Nrf2 target genes in
colon epithelial cells.

6S Activates Nrf2 via Phosphorylation Induced by the
Kinase Cascade. It is known that phosphorylation of serine/
threonine residues of Nrf2 by protein kinases facilitates nuclear
translocation of Nrf2 and its subsequent transcriptional
activities.***** As shown in Figure 2B, increased phosphory-
lated Nrf2 (p-Nrf2) was observed in 6S-treated HCT-116 cells
in a time-dependent manner. Therefore, HCT-116 cells were
pretreated with pharmacological inhibitors of PI3K
(LY294002), MEK1 (PD098059), or p38 (SB202190) for 30
min before being exposed to 6S at 20 M. After 24 h, the cells
were lysed and analyzed for nuclear and cytoplasmic Nrf2 or p-
Nif2 by western blotting. Nrf2 translocation and phosphor-
ylation was partially blocked by all three inhibitors, with
$B202190 being the most potent inhibitor (Figure 3A). In
addition, transcriptional activity of Nrf2, as measured by
HMOXI1 expression, was also significantly inhibited by these
inhibitors (Figure 3B). These data show that 6S activated Nrf2
nuclear translocation through phosphorylation induced by
protein kinases.

6S Activates Nrf2 via Alkylation of Cysteine Residues
of Keap1 Protein. Alkylation of one or more of the sulfhydryl
groups of the 27 cysteine residues of human Keapl has been
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proposed to be one of the activating mechanisms for Nrf2
nuclear translocation.*” To test whether 6S can modify the
cysteine residues of Keapl protein, human recombinant Keapl
(10 uM) was treated with 100 uM 6S for 2 h at room
temperature. Three separate experiments were performed, and
the adducts were mapped by UPLC—MS/MS. Among the 17
cysteines modified by 6S, modification of 4 cysteines (Cys23,
Cys38, Cys39S, and Cys406) were detected in all three
experiments. Six cysteines (Cys77, Cys171, Cys196, Cys368,
CysS83, and Cys613) were detected in two of the three
experiments, and 7 cysteines (Cys226, Cys297, Cys319,
Cys434, Cys489, Cys622, and Cys624), in one of the three
experiments. These cysteine residues are scattered in the N-
terminal, BTB, central linker, Kelch, and C-terminal domains of
Keapl protein (Table 1).

Table 1. Cysteine Residues of Keapl Modified by 6S as
Determined by UPLC—MS/MS Analysis®

domain cysteine exp. 1 exp. 2 exp. 3

N-terminal C13

Cl4

C23 X X X

C38 X X X
BTB C77 X X

C151

C171 X X
Central linker C196 X X

C226 X

C241

C249

C257

C273

C288

C297 X

C319 X
Kelch C368 X X

C395 X X X

C406 X X X

C434 X

C489 X

C513

C518

C583 X X
C-terminal C613 X X

C622 X

C624 X

“These data represent the results of UPLC—MS/MS analyses of three
independent experiments.

6S Activates Nrf2 in Colon Epithelial Cells in Vivo. To
determine whether 6S activates Nrf2 and its target genes in
colon epithelial cells in vivo, we treated Nrf2~~ and WT mice
with 6S and then examined expression of Nrf2 and its target
genes in mouse colon. 6S treatment for four consecutive days
(100 mg/kg p.o., once per day) increased nuclear Nif2 in colon
epithelial cells as detected by IF (Figure 4A). IHC also showed
increased expression of Nrf2 target genes, MT1 and HMOXI,
in colon epithelial cells of WT mice but not Nrf2™~ mice
(Figure 4B). Western blotting and semiquantitation further
confirmed increased expression of HMOXI1 and GCLC due to
6S treatment in WT mice but not in Nrf2™~ mice (Figure 4C).
Real-time PCR also showed that 6S treatment significantly
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Figure 4. 6S induced Nrf2 expression in mouse colon. (A) 6S treatment increases nuclear Nrf2 levels in the colon of wild-type (WT) mice. Nrf2
expression is shown by IF and THC staining. (B) IHC staining of HMOX1 and MT1 in the colon of WT and Nrf2™/~ mice after 6S treatment. Scale
bar = 50 pum (C) Effects of 6S on HMOX1 and GCLC expression in the colon of WT and Nrf2™~ mice. Colon lysates from five animals of each
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the colon of WT and Nrf2™/~

mice as determined by real-time PCR. *p < 0.05, **p < 0.01.

upregulated mRNA expression of Gclc and Mtl in colon
epithelial cells of WT mice but not Nrf2~/~ mice. HmoxI
mRNA was also increased by 6S treatment, yet without
statistical significance (Figure 4D), in colon epithelial cells of
WT mice. In addition, we also observed an increase of nuclear
Nrf2, MT1, and HMOX1 in other gastrointestinal tissues,
particularly in the liver (data not shown). Taken together, our
data clearly indicate that 6S activated Nrf2 in vivo and further
induced expression of Nrf2 target genes in an Nrf2-dependent
manner.

Similar to 6S, M2 Activates Nrf2 in Colon Epithelial
Cells. As a cysteine-conjugated metabolite of 6S, M2 is known
to be metabolized as a carrier of 6S both in vitro and in vivo.”®
To determine whether M2 shares biological activities of 6S on
Ni1f2, we treated HCT-116 cells with M2 using an experimental
design similar to that for the above experiments with 6S. As
expected, M2 time-dependently upregulated the expression of
Nrf2 target genes, AKR1B10, GGTLA4, FTL, HMOXI,
GCLC, GCLM, and MTI1 (Figure SA), upregulated the
expression of Nrf2 and p-Nrf2 while downregulating Keapl
(Figure SB), induced nuclear translocation of Nrf2 in a time-
and dose-dependent manner (Figure SC,D), and activated Nrf2
via phosphorylation by the kinase cascade (Figure SE).
HMOZX1 expression was significantly inhibited by three kinase
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inhibitors as well (Figure SF). These data suggested that M2
activated Nrf2 through similar mechanisms as those of 6S.

B DISCUSSION

In the present study, we identified N1f2 as a molecular target of
6S in colon epithelial cells both in vitro and in vivo. Our data
obtained with gene expression profiling, western blotting, and
immunostaining clearly demonstrate that 6S induced nuclear
translocation of Nrf2 and activated Nrf2 target genes in an
Nrf2-dependent manner. Although 6S induced transient
glutathione depletion and oxidative stress in colon epithelial
cells at early time points, upregulation of two glutathione
synthesis genes as well as Nrf2 target genes, GCLC and GCLM,
increased intracellular the GSH/GSSG ratio and reduced the
ROS level at latter time points. Modification of multiple
cysteine residues of Keapl protein and the expression of Keapl
by 6S suggested a Keapl-dependent mechanism for Nrf2
activation. Inhibition of Nrf2 activation and Nrf2 phosphor-
ylation by kinase inhibitors suggested that 6S also activated
Nif2 through a Keapl-independent mechanism. Moreover, our
data demonstrate that M2 activated Nrf2 in a way similar to
that of 6S.

Nrf2 is known to be regulated by Keapl-independent and
-dependent mechanisms.** Phosphorylation of serine/threo-
nine residues of Nrf2 by protein kinases facilitates nuclear
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Figure S. Effects of M2 on expression of Nrf2 and Nrf2 target genes in HCT-116 cells. (A) Effect of M2 on the expression of AKR1B10, GGTLA4,
FTL, HMOXI1, GCLC, GCLM, and MT1. (B) Effect of M2 on the expression of Keapl, Nrf2, and p-Nrf2. The protein levels of AKR1B10,
GGTLA4, FTL, HMOX1, GCLC, GCLM, MT1, Keap1, Nrf2, and p-Nrf2 were determined by western blotting at the indicated time points after the
treatment of HCT-116 cells with M2 (20 uM). -Actin was used as internal standard. (C) Time-dependent effect of M2 on Nrf2 nuclear
translocation. HCT-116 cells were treated with 20 uM M2 for 0, 2, 4, 6, 12, and 24 h. (D) Dose-dependent effect of M2 on Nrf2 nuclear
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HMOXI1 expression by western blotting. *p < 0.05.

translocation of Nrf2 and its subsequent transcriptional
activities.*>*”** MAPKs have been associated with the Nrf2
pathway in an inducer- and cell type-dependent manner.*
PI3K has also been extensively investigated for its regulation of
Nrf2.%*%% For example, tBHQ has been shown to activate
PI3K, inhibition of which caused a significant decrease in ARE-
dependent gene expression.’’ To identify which signaling
cascade controls Nrf2 activation by 6S, we examined the effects
of inhibitors of MAPKs or PI3K on Nrf2 nuclear translocation
and HMOX1 upregulation. The inhibitors of MEKI1 and p38
attenuated the 6S-induced phosphorylation and nuclear
translocation of Nrf2 as well as HMOXI1 overexpression. In
addition, inhibition of PI3K/AKT signaling by LY294002 led to
a decrease of 6S-induced Nrf2 phosphorylation and trans-
location as well as HMOXI1 expression. These findings suggest
that MAPKs and PI3K/AKT pathways participated in 6S-
induced Nrf2 activation in HCT-116 cells.

Activation of Nrf2 through modification of Keapl cysteine
residues is another important mechanism of cellular defense
against oxidative stress. Under basal conditions, interaction
between cytosolic Keapl with Nrf2 results in a low level of
expression of Nrf2 target genes. Keapl serves as a substrate
linker protein for interaction of Cul3-based E2-ubiquitin ligase
complex with Nrf2, leading to continuous ubiquitination of
Nrf2 and its proteasomal degradation.” Targeted disruption of
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the Keapl gene in mice clearly demonstrated the crucial role of
Keapl in the regulation of Nrf2.>®> Keapl is a cysteine-rich
protein possessing 27 cysteine residues in the human protein.
Alkylation of one or more of the cysteine residues of Keapl by
ROS and xenobiotic electrophiles appears to be an important
signaling mechanism for the regulation of ARE activity through
Nrf2.*” In this study, we found that 6S modified Keapl at 17
cysteine residues and that these cysteine residues were located
in all five domains of Keapl protein (Table 1). Although only
some cysteine residues (e.g, CyslSl, Cys273, and Cys288)
have been validated by mutagenesis experiments as being
critical modification sites of Keap1,>* many cysteine residues of
Keapl are known to be modified by chemicals as a potential
mechanism of Nrf2 activation. Some 6S-modified cysteine
residues identified in this study have been shown to be
modified by other chemicals, for example, Cys23, Cys226, and
Cys368 by tert-butylbenzoquinone,® Cys77 and Cys368 by
andrographolide,®® Cys297 by BM31,°° and Cys434 by nitric
oxide and ROS.>” Even GSSG can modify cysteines of Keapl to
form type I disulfides (Cys77, Cys297, Cys319, Cys368, and
Cys434) and type II disulfides (Cys23—Cys38, Cys257—
Cys297) and subsequently activate Nrf2.%®

Although this study, for the first time, demonstrated that 6S
has the capability to modify Keapl and activate Nrf2, exactly
which cysteines are the critical sensors of 6S is still unknown. In
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the literature, [10]-shogaol, an analogue of 6S with difference of
side chain length, has been reported to modify a different set of
cysteines.”® This is probably due to different experimental
conditions (e.g, sample preparation, ratio of chemical to
protein) and different lengths of the side chain of these two
compounds.®® In fact, 6S can easily react with cysteine as a
Michael reaction acceptor.** Cysteine residues of tubulin® and
TRPA1,%* and even serine residues of eIF2a°> and Akt1,** are
modified by 6S. Further study is warranted to pinpoint the
sensor cysteines in Keapl modified by 6S and the structure—
activity relationship of shogaols in Keapl modification. It would
also be very interesting to elucidate concentration-dependent
effects of 6S on cysteine-rich protein targets other than Keapl,
such as PPARy, NFkB, and c-Jun, to better understand its
molecular tar§ets, mechanisms of action, and potential
applications.*>%°

Our data, showing Nrf2 activation in colon epithelial cells by
6S in vitro and in vivo, suggest that 6S and ginger may be
potentially used for prevention and treatment of colonic
diseases such as colitis, colorectal cancer, and radiation injury.
Nrf2 deficiency enhanced dextran sulfate-induced colitis,
aberrant crypt foci, and colitis-associated colorectal cancer in
mice.”%® Treatment with Nrf2 activators mitigated dextran
sulfate-induced acute colitis and inhibited azoxymethane-
induced colorectal cancer.®”’° Furthermore, activation of
Nr1f2 protected colonic epithelial cells from ionizing radiation
in vitro and in vivo.”" It should be noted, though, that Nrf2 has
dual roles in both cancer prevention and carcinogenesis.”> Nrf2
enhances resistance of cancer cells to chemotherapeutic drugs
and radiation therapy,”® promotes colon tumor angiogenesis
through hypoxia-induced activation of HIF1a,”* and promotes
cancer cell proliferation.”> These observations suggest that
benefits and risks need to be adequately weighted when 6S or
ginger are given to human subjects for colonic diseases.

In summary, our data clearly demonstrated that Nrf2 is a
molecular target of 6S in colon epithelial cells in vitro and in
vivo through Keapl-dependent and -independent mechanisms.
In addition, the similar property of its metabolite M2 suggested
that 6S may activate Nrf2 for an extended period even after
being quickly metabolized.
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