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ABSTRACT
Isothiocyanate (ITC) is a small but reactive organo-sulfur containing group of compound present in
cruciferous vegetables. Compendium of evidence indicated that ITCs exhibit multiple biological activities,
but the exact molecular mechanisms are not yet clear. Therefore, this study was designed to compare
the genome-wide gene expression profiles in hepatic and neuron cells following wasabi-derived ITCs
treatment using microarray technology. Cells were treated with wasabi-derived ITCs, sulforaphane (SFN),
6-(methylsulfinyl)hexyl isothiocyanate (6-MSITC) and 6-(methylthio)hexyl isothiocyanate (6-MTITC),
for 9 h and was followed by DNA microarray analyses using HG-U133 plus 2.0 oligonucleotide array.
Selected gene products were confirmed by real-time PCR, and functional subsets of genes and biologically
significant network were identified using Ingenuity Pathway Analysis. Results showed that 6-MTITC was
the most potent inducer of gene expressions changes in HepG2 cells, whereas 6-MSITC was the most
effective inducer in IMR-32 cells. Despite this cell-type response discrepancies, 6-MSITC came up as
the strongest inducer of antioxidant-associated genes, via the regulation of the Nrf2-mediated pathway.
These results combined with the varying induction level data of other Wasabi-derived ITCs form the basis
for further studies to assess the possible therapeutic effect of combined Wasabi-derived ITCs treatment.
Altogether, this study provided comprehensive information on how structural differences of Wasabi-derived
ITCs contribute to its efficacy and impact specific targets.
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INTRODUCTION
Isothiocyanate (ITC) is a small but reactive organosulfur containing molecule present in most cruciferous
vegetables. Ever since the first report of its antitumor activity in vivo, ITCs continue to attract the
attention of many researchers (Sidransky et al., 1966).
Recent studies showed that ITC sulforaphane (SFN)
can network with numerous signaling pathways

associated with carcinogenesis and modify epigenetic
events (Myzak et al., 2006; Atwell et al., 2015). The
compound can also upregulate antioxidant-related
enzymes and downregulate inflammatory mediators
and cytokines in response to oxidative stress (Ye et
al., 2013). In addition, SFN is associated with the
prevention of neurodegenerative diseases by inducing
cytoprotective proteins (Tarozzi et al., 2013).
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In particular, studies revealed that the presence of high
amount of ITCs in Japanese Wasabi contributes to its
biological and pharmacological activities. For example,
allyl-isothiocyanate (AITC) and 6-(methylsulfinyl)
hexyl isothiocyanate (6-MSITC) can strongly inhibit
the growth of Staphylococcus aureus, Escherichia coli,
and Helicobacter pylori even at a very low concentration
(Isshiki & Tokouka, 1993; Ono et al., 1998; Shin et
al., 2004). AITC can also promote weight loss by
suppressing adipogenesis or lipogenesis (Kim et al.,
2015). Another Wasabi-derived ITC, 6-(methylthio)
hexyl isothiocyanate (6-MTITC), showed to inhibit
platelet aggregation and promote deaggregation more
potent than aspirin (Kumagai et al., 1994). On the
other hand, 6-MSITC can prevent lipopolysaccharide
(LPS)-induced macrophage activation, arachidonicor adenosine-diphosphate induced platelet activation
and tumor cell proliferation in vitro (Okamoto et al.,
2013). In murine macrophage, RAW264, 6-MSITC
exhibited anti-inflammatory activity by inhibiting
cyclooxygenase-2 (COX-2) or interferon-γ (IFN-γ),
and suppressing iNOS expression via inhibition of
Jak2 mediated JNK signaling cascade (Uto et al.,
2005a; Uto et al., 2007; Uto et al., 2005b). Genomewide study in mouse macrophage demonstrated
the anti-inflammatory function of 6-MSITC via
regulation of chemokines, interleukins and interferons
(Chen et al., 2010). The extract of Wasabi was also
found to enhance adiponectin secretion, and inhibit
tumor necrosis factor-α (TNF-α)-stimulated lipolysis
and IL-6 secretion comparable to an anti-diabetic
drug, troglitazone (Babish et al., 2010). However,
conflicting results were published on its anti-oxidant
potency. Studies of Ryu et al. (2007) and Lee (2008)
showed that water extract is more potent inhibitor
of radicals than alcohol extract. Whereas, Shin et
al. (2014) revealed that alcohol extracts had higher
radical scavenging activity than the water extract.
Irrespective of the contradictory figures, evidence
showed that Wasabi possesses antioxidant function.
Thus, compendium of evidence suggests that Wasabi
cannot only be used as a condiment but can be also
utilized for prevention and cure of some diseases.
However, limited studies are available dealing with
its global-wide mechanisms to exert pharmacological
effects.
With the rise of nutrigenomics research, studies that
provide molecular biomarkers or gene expression
patterns due to the whole diet or individual dietary
constituents are now feasible. These studies are of
great help to the improvement of a person’s wellbeing. However, to attain this purpose, the need of a
high throughput functional genomic technique such
as microarray is crucial. Microarray technique is a
robust and suitable technique for gene-diet interaction
research studies for it permits scholars to identify the
therapeutic function of a natural food component
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and at the same time allows us to understand why
and how some natural foods may induce varying
gene responses. Therefore, this study was designed to
compare the global changes in transcript levels and
the underlying genes targeted by Wasabi-derived
ITCs in hepatic cells with that of neuronal cells using
microarray-based technology. Multiple ITC samples
with structural variabilities were designed to identify
the impact of structural difference towards biological
functions of Wasabi-derived ITCs. cDNA microarray
is applied to acquire novel information regarding
the effect of the particular Wasabi-derived ITCs at
the genome-wide level. Furthermore, different cell
lines were chosen as in vitro models to demonstrate
distinct gene expression patterns in response to ITCs
stimulation in cells of hepatic versus neuronal origin.
Altogether, the approach of this study would provide
novel information how structural differences of
Japanese Wasabi-ITCs contribute to its efficacy and
affect specific targets.

EXPERIMENTAL
Chemicals. Sulforaphane (SFN), 6-MSITC and
6-MTITC were isolated from Wasabi and purified
(99.3 %) by gas chromatography (Hou et al., 2000).
All the three isothiocyanates were dissolved in
DMSO for cell culture experiments.
Cell Culture. Human neuroblastoma IMR-32 cells
(cell no. TKG0207) and human hepatoblastoma
Hep2G cells (cell no. TKG0205) were both
obtained from Riken Bioresource Center Cell
Bank (Ibaraki, Japan). IMR-32 cells were grown
in Eagle’s Minimum Essential Medium (EMEM,
Nissui, Seiyaku, Tokyo, Japan) supplemented with
1% v/v 2mM L-glutamine (Nacalai, Tesque, Kyoto,
Japan), 1% v/v MEM non-essential amino acid
solution (NEAA, Nacalai, Tesque, Kyoto, Japan),
and 10% v/v fetal bovine serum (FBS, EquitechBio, Kerrville, TX USA) under a humidified 5%
CO2 atmosphere at 37 °C. HepG2 cells were grown
in DMEM (Dulbecco’s Modified Eagle Medium,
Nissui, Seiyaku, Tokyo, Japan) containing 10%
FBS (Equitech-Bio, Kerrville, Texas, USA) under
humidified 5% CO2 atmosphere at 37 °C. Cells
were treated with or without ITCs for 12 h, unless
otherwise indicated.
RNA Preparation and Microarray Hybridization.
Cells were pre-cultured in 10 cm dishes for 24 h,
followed by 10 μM ITCs in 0.2% v/v DMSO
treatment for 9 h. Total RNA was extracted using
RNeasy Mini Kit (Qiagen™, Valencia, CA) following
the manufacturer’s instructions. RNA integrity was
assessed using Agilent 2100 bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA).
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400 ng RNA was amplified using Eukaryotic Poly-A
RNA control kit (Affymetrix, Santa Clara, CA,
USA) and GeneChip® One-cycle cDNA synthesis
kit (Affymetrix, Santa Clara, CA, USA), following
the manufacturer’s protocol to generate cDNA,
followed by in vitro transcription and biotin labeling
to generate labelled cRNAs using GeneChip® in vitro
transfection kit (Affymetrix, Santa Clara, CA, USA).
The fragmented and biotin-labelled cRNAs were
hybridized to Human Genome (HG) U133 Plus
2.0 oligonucleotide arrays (GeneChip®, Affymetrix,
Santa Clara, CA, USA) containing about 54,000
probe sets, followed by washing to remove unbound
cRNAs.
Data Analysis. Hybridized fluorescence was
scanned using Affymetrix Launcher. Images were
processed using GeneSpring GX 10.1 (Agilent
Technologies, Palo Alto, CA, USA) for visualization
and normalization of each probe set to a common
baseline. The untreated cells were used as baseline gene
expression and data between arrays were normalized
using quantile method. Then normalized data were
subjected to log base 2 transformation. The probes
fold change greater than 2 and P < 0.05 were defined
as differentially expressed genes. Gene products of
fold change greater than two were further analyzed
using Gene Ontology software (www.geneontology.
org) for biological processes, molecular functions,
and signaling pathways.
Statistical analysis was performed by analysis
of variance (ANOVA) and P value of < 0.05 to
determine statistical difference between the array
data of the control and treated samples. Fisher’s right
tail t-test was used to determine that the canonical
pathway assigned to a given data set is not a product
of chance alone. P value of <0.05 was considered
statistically significant.
Pathway Analysis and Network Generation.
Pathway and global functional analysis were
performed using Ingenuity Pathway Analysis (IPA,
Ingenuity® Systems, www.ingenuity.com). A data
set containing gene accession numbers and its
corresponding fold change were uploaded into the
software and was mapped out using the Ingenuity
Pathways Knowledge Base (IPKB). IPKB analysis
generated the biological functions as well as pathways
from the IPA library that is most significant to the
data set. Genes from the data sets associated with
biological functions or with the canonical pathway
with P value smaller than 0.005 were used to map
out molecular networks. Resulting networks were
ranked based on the scores generated from Fisher
exact test to indicate the probability of the biological
function and/or canonical pathway was not due to
chance alone.
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Reverse Transcription and Real-time PCR.
Significantly up-regulated gene expressions from
microarray experiment were validated using realtime PCR. Primers used for each specific gene (Table
1), designed based on the NCBI sequence database
using Primer3 v.0.4.0. RNA, was reverse-transcribed
into cDNA using Oligo dT and M-MuLV RNase in a
GeneAmp PCR System 2400 following the described
reaction cycles. Denaturation was performed at 25
°C for 10 min, followed by annealing and extension
at 37 °C for 30 min and 85 °C for 5 min, respectively.
Reverse transcription and real-time PCR (RT-PCR)
were performed using DyNAmo™ SYBR® Green
2-Step qRT-PCR Kit (Finnzymes Oy, Espoo,
Finland) following the manufacturer’s procedure.
Quantitative PCR was done with a standard curve
using Rotor-Gene-3000AKAA (Corbett Research)
in triplicate. The thermal cycling conditions applied
were the following: holding at 95 °C for 1 min, 5060 cycles at 95 °C for 15 sec, corresponding Tm at
30 sec, 72 °C for 30 sec and melting at 72 - 95 °C for
45 sec. The results were represented by the relative
expression level normalized with control cells.
Table 1. Primers Used for Real-time PCR.
Genes

Direction

Sequences

Fw

ATC CCT CCG AGA AGA
ACC AT

Re

ACA CCT GCA CGT TCT
GTC TG

Fw

AAG TAA AGC TTT GGA
GGT CAC A

Re

GGA CCA ACT CTG GTC
GAT GAA

Fw

GGG AAC CTG CTG AAC
TGG

Re

GCA TGA GAT ACA GTG
CAT TCC

Fw

CTG GTT TGA GCG AGT
GTT CA

Re

TTC CAT CCT TCC AGG
ATT TG

Fw

ATC AGG AGG GCA GAC
TTC AA

Re

CCC ACA TTC ACA CAT
GTT CC

AKR1C1

AKR1C3

GCLM

NQO1

TXNRD1

Tm (°C)

59

59

61

60

61

RESULTS AND DISCUSSIONS
ITCs have been widely reported to exhibit different
protective effects such as anti-proliferative,
neuroprotective, anti-inflammatory and anticancer activities (Chaudhuri et al., 2007; Tarrozi
et al., 2013; Sun et al., 2015; Chung et al., 2015).
However, microarray-based method of determining
Wasabi-derived ITCs biological effects is rare. Thus,
this is the first study to perform simultaneous
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microarray-based gene transcription profiling to
contrast the genome wide-gene expression changes
associated with Wasabi SFN, 6-MSITC and
6-MTITC stimulation in HepG2 cells with that of
IMR-32 cells.
Effect of Wasabi-derived ITC on Gene Expression
Profile Changes of Cells. In Figure 1, 6-MTITC
displayed as the strongest inducer of gene expression
changes in HepG2 cells as indicated by the total
number of differentially altered gene expressions.
Further assessment of the significantly up- and
downregulated genes demonstrated that ITCs
caused upregulation of most of the genes. Whereas,
in IMR-32 cells, 6-MSITC had greater influence
than 6-MTITC and SFN in the gene expression
regulation. Comparison of the direction of regulation
showed that 6-MSITC and 6-MTITC had stronger
effect towards the downregulation of IMR-32 genes.
Structural evaluation of the two ITCs as displayed
in Figure 2 suggests that the carbon chain backbone
linking the ITC group and the methyl sulfinyl group
may play a role in the potency of 6-MSITC and
6-MTITC as inducer of gene expression changes in
the two cell lines. Both 6-MSITC and 6-MTITC
have six methylene groups linking the methyl sulfur
and isothiocyanate group as compared with SFN
that has only four methylene groups between the
methyl sulfur and isothiocyanate group. However,
no direct relationship can be established on the effect
of sulfur substituent attached to methyl group of
Wasabi-derived ITCs. This observation seemed to be
inconsistent with the published studies that change of
the oxidation state of the sulfur atom attached to the
methyl group from sulfide to sulfoxide enhanced the
potency of alkyl ITCs (Zhang et al., 1992; Vasanthi
et al., 2009). Yet, it should be noted that the reported
studies evaluated structure-bioactivity relationship
of different kinds of ITC and not the genome-wide
expression effect. This is vital since this is the first
report to demonstrate global gene expression of

Figure 1. Comparative Total Number of Genes Regulated
by ITCs in HepG2 and IMR-32 Cell Lines using
Affymetrix HG UG133 Plus 2.0 Oligonucleotide Arrays
Containing 54,000 Probe Sets after Treatment with 10
μM of SFN, 6-MSITC and 6-MTITC for 9 hrs.
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Figure 2. Structure-Gene Expression Profile Relationship
of Wasabi-derived ITCs. The methylene groups bridging
the methyl sulfur group and isothiocyanate group
showed to be the essential component in the potency of
ITCs as regulator of gene expression changes in HepG2
and IMR-32 cell culture models. However, not much
difference is observed in the potency of sulfur and
sulfoxide groups.
changes induced by SFN and SFN analogues and
this inconsistency could be possibly attributed to
the cell variation which is in accordance with the
results of Trio et al., (2017) and Trio et al., (2016).
The previous studies indicated that 6-MTITC is
the strongest inducer of gene expression changes
in HepG2 cells while 6-MSITC is the strongest
inducers in IMR-32 cells. Still, comparing the results
of the two studies showed that both 6-MSITC and
6-MTITC exert protective effects via its antioxidant
activity through the Nrf2 pathway.
Influence of Cell Type Variations on Gene
Expression Profiles following Treatment of
Wasabi-derived ITC. HepG2 and IMR-32 cells

Figure 3. Comparative Venn Diagram Representation
of HepG2 and IMR-32 Cells Gene Expression Profile
from Microarray Data in Response to Wasabi-derived
ITCs, (A) SFN, (B) 6-MSITC and (C) 6-MTITC
Stimulations. Common genes between two cell lines
is represented by overlapping circles. Unique genes
between two cell lines is displayed in non-overlapping
part of the circle.
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were derived from different tissues suggesting that
genetic variations exist within the two cell lines.
However, studies regarding the effect of genetic
variation on gene expression levels across tissues
remained elusive. Here, we found large discrepancies
in the gene expression profiles of the two cell models
following ITC treatments; thus, the effect of cell
type variation was taken into account.
As a whole, IMR-32 ITC-treated cells had higher
total number of differentially altered genes than
HepG2 ITC-treated cells (Figure 1). In 6-MSITC
treatment, the IMR-32 cells gene expression profile
was 83 % greater than HepG2 cells in terms of
the total number of differentially altered genes. A
similar relationship is also observed between HepG2
cells and IMR-32 cells treated with 6-MTITC.
Surprisingly, HepG2 and IMR-32 produced no
significant variation (1% difference) in response to
SFN treatment. However, SFN was found to trigger
upregulation of most genes regardless of what cell
type used. These observations suggest that the type of
cell influenced the number of genes turned on or shut
off in response to ITCs. Different kinds of cells have
different specialized roles to perform (Mazzarello,
1999) but the knowledge of cellular diversity still
remains incomplete and have been subjected to
continuous debate. HepG2 is a hepatoblastomaderived cell line commonly used for the study of liver
metabolism and development, chemocarcinogenesis,
mutagenesis and hepatotoxicity. HepG2 genetic
profile revealed losses of the chromosome 4q3 region
and other typical hepatoblastoma chromosomal
abnormalities, which includes trisomies 2 and 20
(Lopez-Terrada et al., 2009). In contrast, IMR-32
is of human origin and mimics large projection of
neurons of the cerebral cortex. It has been generally
used in studies related to the stability of the amyloid
precursor protein (Lahiri, 1993).
Furthermore, gene expressions pattern analysis
showed that the differentially expressed genes
common between HepG2 and IMR-32 cells
in response to ITCs stimulation were mostly
associated to antioxidant-related genes (Figures 3AC). Among the antioxidant associated genes were
AKR1C1, DNAJB4, GCLM, HMO1, HSPA1A///
HSPA1B, OSGIN1, SQSTM1, and SRXN1. These
genes code for metabolizing enzymes, detoxifying
proteins and antioxidant protein. Fold changes
of the selected antioxidant-related genes obtained
via microarray analyses demonstrated substantial
agreement with the fold change values determined
via real-time PCR, thereby confirming the
microarray data (Figures 4A-B). These genes were
selected based also on the significantly regulated
pathway and differentially expressed transcription
factors. Detailed investigation of the significantly

Figure 4. Validation of differentially expressed genes
in 6-MSITC-treated (A) HepG2 cells and (B) IMR32 cells from DNA microarray analyses by real-time
PCR. DNA microarray results were compared to realtime PCR results for selected genes. Real-time PCR
was performed using DyNAmo™ SYBR® Green 2-Step
qRT-PCR Kit as described in “Section 2”. Fold changes
represented the ratio between the treated samples values
to that of the untreated samples. Expression changes
are depicted as fold change (y-axis). Gene symbols are
shown in x-axis.
modulated pathway showed that the transcription
factor involved is Nrf2. Nrf2 is the major controller
of most of the antioxidant associated genes; thus,
it is important to validate the effect of Nrf2 on
its downstream genes by taking into account the
expression level of these downstream genes (Itoh et
al., 1997; Nguyen et al., 2000).
GO enrichment analysis revealed that cell
proliferation and inflammatory response were
distinct to HepG2 in response to ITCs stimulation,
while CNS specific function was unique to IMR32 cells (Table 2). ADAMTS1, ADM, CCL14///
CCL15, DAB2, FOSL1, HMOX1, IHH, IL11,
JAG1, KITLG, KLF4, PROX1, and TRIB1 were
overexpressed genes related to cell proliferation
in HepG2. Meanwhile, the overexpressed genes
linked with inflammatory response were CCL20,
CYP4F11, FOS, LY96, SCYE1, TLR6, and
TNFRSF1A. Some of the overexpressed CNSspecific function-related genes in IMR-32 cells were
also expressed in HepG2 cells but CCDC50, NGEF,
PDGFC, and PRCD genes were specific to IMR32 cells. These genes play a role in neuroplasticity,
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Table 2. Comparative Classification of Genes Annotated for Biological Processes Targeted by Wasabiderived ITCs in HepG2 and IMR-32 Cell Lines.
Category

HepG2

IMR-32

SFN

6-MSITC

6-MTITC

SFN

6-MSITC

6-MTITC

Adhesion

3

7

9

1

4

4

Apoptosis

7

14

17

2

7

5

Autophagy

0

0

0

1

1

1

Binding

0

1

1

5

26

15

Biogenesis

2

4

3

0

1

0

Catabolic
process

6

11

12

2

3

3

Catalytic
activity

0

0

0

0

2

1

Cell cycle

2

2

6

0

2

1

Cell growth

1

2

2

1

1

1

Cell proliferation

5

10

12

0

1

2

CNS specific
function

0

0

0

3

10

5

DNA repair

1

1

1

1

1

1

Inflammatory
response

4

6

5

0

1

0

Metabolic
process

12

21

23

9

22

17

Oxidoreductase activity

4

5

7

10

15

16

Response to
stimuli

7

7

8

0

2

2

Signal transduction

12

33

29

10

22

21

Stress response

6

8

14

5

7

8

Transcription

13

26

36

16

41

36

Transferase
activity

5

12

16

5

10

9

Translation

2

4

7

2

2

4

Transport

16

33

30

9

20

19

*Data figures represent the number of significantly regulated genes per biological processes.

neuro-regeneration and repair, and inflammation
in our central nervous system (Lemarchant et al.,
2013). With that observation, it can be inferred
that genes and processes related to carcinogenesis
or tumorigenesis were intrinsically active in HepG2
cell line while genes and processes associated to
neuro response function were inherently functional
in IMR-32 cell line (Lopez-Terrada et al., 2009;
Lahiri, 1993). Neuro-specific genes play a critical
role in nervous system by controlling the blood brain
barrier homeostasis (Funa and Sasahara, 2014).
They also modulate neuronal excitability via ion
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channels adjustment, and affect synaptic plasticity
and function. The extent of activation of the cell
proliferation and inflammatory response-associated
genes by ITCs in HepG2 cells suggests that it is
an ideal cell type for identification of other signal
transduction cascade involved in cell proliferation
and inflammation. Whereas, the ability of IMR32 cells to actively express genes related to CNS
specific function implies that this cell line is suitable
for neuroprotective mechanism studies.
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Figure 5. Comparative Analyses of Significantly Modulated Pathways by ITCs in HepG2 and IMR-32 Cell Lines.
(A) SFN-treated HepG2 cells; (B) 6-MSITC-treated HepG2 cells; (C) 6-MTITC-treated HepG2 cells; (D)
SFN-treated IMR-32 cells (E) 6-MSITC-treated IMR-32 cells; (F) 6-MTITC-treated IMR-32 cells. Dashed line
represents the threshold -log P value 0.05. Log value > 1.30 is considered statistically significant.
Pathway Network and Global Functional Analyses
by ITCs Stimulation in HepG2 and IMR-32 Cell
Lines. To fully extract the essence of huge genomic
data from microarray analysis, the significantly
modulated genes were subjected to pathway and
global functional analyses. Using IPA, the function
of cell-specific genes targeted by Japanese wasabiderived ITCs in HepG2 and IMR-32 cell lines
would be understood.
The data presented herein indicate that the signaling
pathway modulated in HepG2 cells following
ITCs treatment is significantly different from the
signal pathway modulated in IMR-32 cells (Figure
5). The extent of regulation of the Nrf2-mediated

oxidative stress response pathway by ITCs is higher
in IMR-32 cells than HepG2 cell. This can be
correlated with the higher induction of antioxidants
in IMR-32 cells. Genes associated with Nrf2mediated oxidative stress pathway were observed
to have different induction levels in HepG2
and IMR-32 cells (Figures 4). Nrf2 is the main
transcription factor responsible in the regulation
of Nrf2-mediated oxidative stress pathway and it is
the master of transcriptional response to oxidative
stress. Our results showed that Wasabi-derived ITCs
promote activation of Nrf2 even at the protein level
(Trio et al., 2016). Nrf2 is widely expressed in the
cells. At low level of reactive oxygen species, the
nuclear Nrf2 is also present at low amount due to
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the inhibitory function of KEAP1 protein which
sequesters Nrf2 in the cytoplasm and target it for
proteosomal degradation. However, when the
oxidative balance is disrupted, KEAP1 is modified
and its ability to target Nrf2 degradation is impaired.
Thus, nuclear Nrf2 increases and this increase drives
the upregulation of cytoprotective genes (Figure
6). This could also imply that the results could be
associated with the cell-specific differences in ARE/
EpRE activation which plays a role in the induction
of antioxidant genes (Moehlenkamp et al., 1999).
Moreover, detailed evaluation of genes that were
involved in transcription activity showed that these
genes are transcription cofactors associated with Nrf2 (Table 2). Although both cell types activated Nrf2
in response to ITCs (Figure 6), the cell lines showed
differences in the significantly modulated secondary
pathways. These may be due to the dissimilarities
in the up- and downregulated transcription factors
between HepG2 and IMR-32 cells. For instance,
gene expression profiles of unstimulated HepG2
showed that Wnt, cell growth and cell survival
pathways were deregulated (Adesina et al., 2009).
Moreover, our data showed that nuclear factor kappalight-chain-enhancer of activate ß cells (NFKB), a
transcription factor known for its inflammatory and
oncogenic functions, is found to be differentially
downregulated in HepG2 cells treated with Wasabiderived ITCs but is not activated in IMR-32 cells.
This suggests why inflammatory response associated
pathways were among the significantly modulated
pathways by wasabi-derived ITCs, next to Nrf2
pathway activation in HepG2 cells. Moreover,
a high statistical significance for Nrf2 pathway
modulation could be attributed to the significant
upregulation of genes coding for transcriptional
cofactors, BACH1 and small Maf proteins, in
IMR-32 cells. Interestingly, TR/RXR pathway
was predominant in IMR-32 cells as a result of
ITCs treatment. Activation of transcription factors
PPAR/RXR and RAR/RXR have been further
explored for neuro therapeutic strategy but studies
implicating activation TR/RXR transcription factor
remain elusive. Although PPAR/RXR and RAR/
RXR relevance to neurological disease is far from
conclusive, studies have already shown promising
results. PPARs and RARs display anti-inflammatory
effect which could be very useful for pathological
processes involving microglia, macrophages and
astrocytes and to most neurodegenerative diseases
(Neerven et al., 2008). Thus, the results of this
study could provide preliminary evidence about the
possible neuroprotective effect of ITCs via the TR/
RXR signal transduction. This also implies that TR/
RXR signal transduction could also be a promising
target for neuroprotective function and it will be
interesting to know the molecular mechanism
behind. Whereas in the liver, regulation of RXR
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Figure 6. Wasabi-derived isothiocyanates multitargeted
pathways. ITCs directly targeted Nrf2-mediated
oxidative stress response pathway and indirectly targeted
several antioxidant pathways controlled by Nrf2. Genes
were group based on their antioxidant functions.
plays an important role in inhibiting apoptosisinduced fragmentation together with transcriptional
activities of LXR (Valledor et al., 2004). Thus, this
suggests that mechanism of VDR/RXR could be also
linked to apoptosis. However, further experiments
are needed to support this premise.

CONCLUSIONS
In conclusion, the results of the gene expression
profiling study show that IMR-32 cell line is more
sensitive to gene expression changes in response to
ITCs treatment than HepG2 cells. Data show that
ITCs exhibit varying degree of potency due to its
structural differences but share a common primary
biological effect in both cell lines. Moreover, all of
the three ITCs induced antioxidant-related gene
products via regulation of Nrf2 pathway. It should
be also noted that ITCs regulate TR/RXR signaling
pathway in IMR-32 which need to be further in vivo
and in vitro.
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