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Abstract It has been reported that methylated analog of
resveratrol, 3,4,5,4'-trans-tetramethoxystilbene  (DMU-
212), demonstrates strong antiproliferative, and proapop-
totic activity. The aim of this study was to evaluate the
effect of DMU-212 on the activation of nuclear factor-kB
(NF-xB), activator protein-1 (AP-1), and signal transducer
and activator of transcription 3 (STAT3) transcription
factors, using a two-stage model of rat hepatocarcinogen-
esis (HCC) in Wistar rats. Initiation was performed by a
single intraperitoneal injection of N-nitrosodiethylamine
(NDEA) (200 mg/kg) followed by promotion with pheno-
barbital (PB) (0.05 %) in drinking water. DMU-212 was
administered by gavage in a dose of 20 or 50 mg/kg b.w.
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two times a week for 16 weeks. There was a significant
increase in the activation of all investigated hepatic tran-
scription factors in the NDEA/PB-induced rats. The acti-
vation of NF-kB induced by NDEA/PB treatment was
suppressed by DMU-212 as evidenced by a reduction of
p65 and p50 subunits translocation, DNA binding capacity,
increased retention of IkB, and the reduced IKK activity.
Moreover, DMU-212 reduced the level of iNOS protein
induced by NDEA/PB. Treatment with DMU-212 alone
increased the constitutive AP-1 subunits c-Jun and c-Fos
levels and c-Jun binding to TRE consensus site. The
combined treatment diminished c-Fos level and DNA
binding. At a dose of 50 mg/kg, DMU-212 decreased also
the STAT3 activation induced by NDEA/PB. These data
indicate that DMU-212 may suppress pro-inflammatory
transcription factors, particularly NF-xB, and in conse-
quence iNOS expression in rat model of HCC which makes
DMU-212 a good candidate for the development of HCC
chemopreventive agent.

Keywords 3.,4,5,4'-tetramethoxystilbene (DMU-212) -
N-nitrosodiethylamine - Liver carcinogenesis - NF-kB -
AP-1 - STAT3

Introduction

Resveratrol (3, 4/, 5-trihydroxystilbene), a naturally
occurring phytoalexin found in grapes, red wines, berries
and peanuts, has been reported to show a variety of bene-
ficial properties including antioxidative and anticarcino-
genic ones [1, 2]. Resveratrol has been demonstrated to
affect a multitude of signal transduction pathways associ-
ated with tumorigenesis [3], thus the pleotropic activity,
rather than just a single effect, seems to play an important
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role in the potential anticancer properties of stilbenoids.
These promising data have encouraged the search for
resveratrol’s derivatives showing enhanced biological
activity as well as improved pharmacokinetic parameters.
Compared to resveratrol, its analogs with ortho-methoxy
substituents have been found to be more potent in some
in vitro and in vivo studies. Thus such derivatives,
including trans-3,4,5,4'-tetramethoxystilbene (DMU-212),
may serve as a useful starting point for the design of
improved chemopreventive or cancer therapeutic agents
[4]. Our earlier studies have shown that this derivative
exerts stronger antiproliferative and proapoptotic activity
than the parent compound in ovarian cancer cells culture
in vitro [5]. Similar observations have been also reported
by other researchers in different cell systems [4, 6].

Proapototic activity is often linked to enhanced activa-
tion of nuclear factor kappa B (NF-xB) and activator
protein-1 (AP-1). These transcription factors as well as
signal transducers and activators of transcription 3
(STATS3) are constitutively active in many kinds of cancers
including liver cancer, and play critical roles in tumor
development and progression through modulation of their
target genes involved in angiogenesis, metastasis, and cell
survival [7, 8]. Moreover, STAT3 is considered as the
marker of metastasis [9].

Liver cancer, predominantly hepatocellular carcinoma
(HCC), is a complex and fatal malignancy, driven pri-
marily by oxidative stress and inflammation. Because of
the lack of effective diagnostic tools for early detection and
limited treatment options available to patients with
advanced stages of HCC, there is a critical need for dis-
covery and development of novel preventive and thera-
peutic strategies to combat the current morbidity and
mortality associated with HCC [10].

Resveratrol has been shown to prevent N-nitrosodi-
ethylamine (NDEA) initiated hepatocarcinogenesis in rats
through suppression of inflammation and oxidative stress
[11, 12]. Resveratrol-mediated chemoprevention of rat
liver carcinogenesis has been suggested to be related to
alteration of proinflammatory cytokines [12]. A number
of transcription factors have been connected to the
inflammation and oxidative stress. Among them, the
most important are NF-xB and AP-1. Activation of NF-
kB leads to transcription of numerous genes including
those encoding for expression of inflammatory cytokines,
and cyclooxygenase-2 (COX-2) [13]. Another proin-
flammatory protein/enzyme transcriptionally regulated by
NF-kB and/or AP-1 is inducible nitric oxide synthase,
iNOS [14].

In view of the above, the aim of our current study was to
investigate whether DMU-212, a methylated resveratrol
analog, may exert chemopreventive, anti-apoptotic, and
antinflammatory effects through modulation of transcription
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factors NF-kB, AP-1, and STAT3 induced by NDEA/PB
regimen in rat liver.

Materials and methods
Materials

3,4,5,4'-trans-tetramethoxystilbene (DMU-212) was syn-
thesized by partial methylation of trans-resveratrol as
described elsewhere. Its structure and purity was confirmed
by means of gas chromatography—mass spectrometry and
nuclear magnetic resonance spectroscopy [15].

Rabbit polyclonal p50, p65, c-Jun, c-Fos, iNOS, COX-2,
INK, IxBa, IKKa/B, and pSTAT3 antibodies, anti-rabbit
IgG-alkaline phosphatase (AP) conjugated antibody, and
anti-rabbit IgG-horseradish peroxidase (HRP) conjugated
antibody were supplied by Santa Cruz Biotechnology
(Santa Cruz, CA, USA). SDS-PAGE Gels (5-10 %) and
Western blotting detection system were purchased from
Bio-Rad Laboratories (Hercules, CA, USA). AP-1 and NF-
kB activation tests were supplied from Active Motif
(Carlsbad, CA, USA). Substrate peptides for IKK activity
assay were purchased from GL Biochem (Shanghai,
China). NDEA and phenobarbital (PB) were provided by
Sigma-Aldrich Poland, 2-hydroxypropyl-p-cyclodextrin by
Bonio Inc., Canada.

Animals and treatment

Two stage model of hepatocarcinogenesis, initiation by
NDEA and promotion by phenobarbital, was applied. Male
Wistar rats, 240 4+ 10 % g, bred at the Department of
Toxicology, Poznan University of Medical Sciences were
used. The rats were housed in animal facility, at 22 £ 2 °C
with a 12 h light/dark cycle, controlled humidity and cir-
culation of air, and fed certified laboratory feed (Labofeed
H, ISO 22000). Animals were divided randomly into 5
groups, 8 animals each and subjected to the following
treatment. Rats in group II were administered DMU-212 by
gavage at a dose 50 mg/kg b.w. two days a week for
16 weeks. To improve bioavailability, the compound was
suspended in the 40 % solution of 2-hydroxypropyl-f-
cyclodextrin [16]. Groups III, IV, and V were given
intraperitoneally a single dose of NDEA, 200 mg/kg b.w.,
followed by promotion with phenobarbital at a concentra-
tion of 0.05 % in drinking water. Promotion was started
2 weeks after NDEA injection. Rats in groups IV and V
were administered DMU-212 by gavage at doses 20 and
50 mg/kg b.w., respectively, two days a week for 16 con-
secutive weeks. Rats in group I (controls) were given
vehicle by gavage (40 % solution of 2-hydroxypropyl-p-
cyclodextrin) two days a week for 16 weeks.
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After 16 weeks following NDEA injection, the animals
were anesthetized by ketamine and xylazine, the blood was
withdrawn from the heart, livers were excised, rinsed with
ice-cold 1.5 % KClI, and stored in —70 °C until isolation of
extracts or subcellular fractions.

The experiment was performed according to the Local Ani-
mal Ethics Committee guidelines for animal experimentation.

Preparation of liver extracts

The pre-cut livers were placed in Total Protein Isolation
Buffer (TPIB; 50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1 %
NP-40, 0.1 % SDS, 1 mM EDTA, 1 mM PMSF, 1 mM
Na3zVO,, 1 mM NaF), containing protease inhibitors (leu-
peptin and aprotinin, 1 pg/ml each), homogenized in ice-
chilled glass homogenizer with Teflon pestle, lysed for 40 min
on ice with vortex mixing every 10 min, and centrifuged at
15,000 g for 30 min at 4 °C. Supernatants were collected,
assayed for protein concentration using the Lowry method,
aligoted and stored at —70 °C until used for analysis.

Preparation of nuclear and cytosolic extracts

Nuclear and cytosolic extracts were prepared using
Nuclear/Cytosol Fractionation Kit (BioVision Research)
according to the manufacturer’s instructions. Briefly, liver
homogenate was centrifuged at 500 g for 5 min at 4 °C.
Pellets were resuspended in an ice-cold cytosol extraction
buffer containing dithiothreitol (DTT) and protease inhib-
itors. After incubation in an ice bath for 10 min, 11 ul of
Cytosol Extraction Buffer B were added, the samples were
mixed and then centrifuged at 16,000 g for 5 min 4 °C to
collect the cytosolic fractions. The supernatants (cytosolic
fractions) were transferred into clean tubes. The pellets
were resuspended in an ice-cold nuclear extraction buffer
containing DTT and protease inhibitors and incubated on
ice for 40 min with vortex mixing for 15 s every 10 min.
The lysed suspension of nuclei was then centrifuged at
16,000 g at 4 °C for 10 min, and the supernatants were
collected as nuclear fractions. The collected cytosolic and
nuclear fractions were assayed for protein concentration
using the Lowry method, aliquoted and stored at —70 °C
until used for Western blot or ELISA analysis.

Western blot analysis

For the analysis of protein level, the total cell extracts or
subcellular fractions were boiled in loading buffer (2.7 M
Tris—HCI, 20 % SDS, 80 % glycerol, 250 mM DTT, 0.01 %
bromophenol blue). Thirty micrograms of the sample protein
were resolved on polyacrylamide gels (Biorad). The
resolved proteins were transferred to a PVDF membrane
(Millipore). The blot containing the transferred protein was

blocked in a blocking buffer (10 % fat-free milk in DPBS-T,
containing 10 mM Tris—HCI, pH 7.6, 150 mM NaCl, and
0.1 % Tween-20). The blots were then incubated for 2 h with
primary antibodies dissolved in DPBS-T, washed three times
and subsequently incubated for 1 h with secondary anti-
bodies conjugated with alkaline phosphatase. After washing
three times with DPBS-T and two times with TBS (20 mM
Tris—HCI, 500 mM NaCl; pH 7.4), the blots were placed in
0.1 M Tris buffer (pH 9.5), and proteins were detected by
means of Alkaline Phosphatase Conjugate Substrate Kit
(BioRad Laboratories). Beta-actin was used as an internal
control. The amount of immunoreactive product in each line
was determined by densitometric scanning using a Biorad
Quantity One software. The values were calculated as rela-
tive absorbance units (RQ) per mg of protein.

NF-«xB, AP-1, and STAT3: DNA binding assays

NF-«xB, AP-1, and STATS3 activation was assessed by an
enzymatic immunoassay according to Renard et al. [17]
using the commercial kits (TransAM assays; Active Motif,
Carlsbad CA, USA) and following the manufacturer’s
instructions. Activated NF-kB was measured in terms of
the amount of p65, and AP-1 in terms of c-Jun/c-Fos
subunits contained in DNA-binding complex.

The proper consensus site double strand oligonucleo-
tides (5'-GGGACTTTCC-3’ for NF-xB, 5-TGAGTCA-3’
for AP-1 and 5-TTCCCGGAA-3' for STAT3) were
immobilized on ELISA microplates as bait. The nuclear
fractions were incubated with the oligonucleotides for one
hour, the unbound proteins were washed—out, and the
DNA-bound subunits were detected with the specific pri-
mary antibody and secondary antibody conjugated with
horseradish peroxidase. The results were expressed as
absorbance (OD450 nm per mg of protein).

IKKo/B activity assay

IKKo/B activity was assessed in cytosolic fractions. IKKa/
contained in cytosolic lysates was immunoprecipitated with
anti-IKKo/p rabbit polyclonal antibody (Santa Cruz Bio-
technology, USA), and the immunocomplex thus obtained
was incubated for 30 min at 30 °C with the substrate peptides
for IKK (Biotin-LDDRHDSGLDSMK), immobilized on a
streptavidin-coated microplates (Reacti-BindTM Streptavi-
din Plate, Pierce, Rockford, IL., USA). The kinase reaction
mixture contained 50 mM HEPES, pH 7.5, 20 mM MgCl,,
0.1 mM NazVOy,, 200 uM ATP, 10 mM B-glycerolphos-
phate,and2 mM DTT. After 30 min incubation at 30 °C, the
phosphorylated peptides were detected according to the
standard ELISA procedure with the use of anti-p-Ser poly-
clonal antibody (AbD Serotec, Oxford, UK) as the primary
antibody, and anti-rabbit HRP-conjugated antibody as the
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Fig. 1 The effect of DMU-212 on NF-kB activation in rat liver
translocation of p50 and p65 from cytosol to nucleus was assessed
using Western blot analysis (a). Densitometric analysis was performed
for quantitative evaluation (b, ¢). The blots shown are representative
from two independent assays Lane 1, 2 control group; 3, 4 DMU-212
50 mg/kg b.w.; 5, 6 NDEA (200 mg/kg); 7, § NDEA + DMU-212
(20 mg/kg); 9, 10 NDEA + DMU-212 (50 mg/kg) activated NF-xB

secondary antibody. The enzyme activity was calculated on
the basis of a standard curve prepared with the phosphory-
lated substrate peptide (Biotin-LDDRHDpSGLDSMK) and
expressed as pmol of p-IkBa per min per mg of protein.

Statistical analysis

The statistical analysis was performed by one-way ANOVA.
The statistical significance between the experimental groups
and their respective controls was assessed by Tukey’s post
hoc test, with P < 0.05 being considered significant.
Results

NF-xB activation in rat liver

Figure 1 presents the translocation of p50 and p65 subunits
of NF-xB (a, b) and binding of p65 to the consensus
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was assessed in terms of the amount of NF-kB p65 subunit contained in
DNA-binding complex extracted from the nuclei isolated from liver
and expressed as absorbance (ODyso,, per mg protein) (d). Bars
represent mean = SEM from 4 (b, ¢) or 5 (d) animals, determined by
densitometric analysis (b, ¢) or ELISA assay (d). * Significantly
different from control group (P < 0.05); * significantly different from
NDEA/PB-treated group (P < 0.05)

sequence oligonucleotide (c) in various experimental rat
groups in comparison with untreated control. Treatment
with DMU-212 alone increased translocation of both sub-
units and the content of p65 in DNA-binding complex
extracted from the hepatocytes nuclei (by ~ 150 and 50 %,
respectively). This effect was lower than that observed as a
result of NDEA/PB treatment protocol.

Combining this protocol with DMU-12 treatment
reduced the translocation of p5S0 subunit, while p65 content
in nuclei was also slightly reduced, but the difference was
not statistically significant. Treatment with a higher dose
(50 mg/kg) led to a significant decrease in p65 DNA
binding in comparison with NDEA/PB treated group of rats
(d). Figure 2 presents the data illustrating the effect of
DMU-212 on the retention of IkBo and IKKa/f protein
level in cytosol (a, b) and its activity (c). The IKKa/ is
responsible for IkBo phosphorylation and subsequent
polyubiquitination. DMU-212 alone slightly decreased
the cytosolic level of IxkBo and increased the activity of
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Fig. 2 The effect of DMU-212 on IkBa retention and IKKa/f3 level
and activity in rat liver IkBo retention and IKKa/f protein level in
cytosol were assessed using Western blot analysis (a). The blots
shown are representative from two independent assays. Lane I, 2
control group; 3, 4 DMU-212 (50 mg/kg); 5, 6 NDEA (200 mg/kg);
7, 8 NDEA + DMU-212 (20 mg/kg); 9, 10 NDEA + DMU-212

IKKo/B to similar extent. These changes, however, were
not statistically significant. A similar trend, but more pro-
nounced (by ~30-50 %, respectively) was observed in the
group of animals treated with NDEA/PB. The combined
treatment with DMU-212 in the dose of 50 mg/kg resulted
in an increased level of IkBo protein and reduced activity
of IKKao/B in comparison with those in the NDEA/PB-
treated group.

AP-1 activation in rat liver

AP-1 activation was evaluated in terms of the c-Jun and
c-Fos subunits protein levels (Fig. 3a, b), and their amounts
in the DNA binding complexes extracted from the hepato-
cytes nuclei (Fig. 3c). The treatment with DMU-212 alone
increased both c-Jun and c-Fos levels in comparison with
those in the control group of animals. Moreover, the treat-
ment with DMU-212 increased c-Jun binding to TRE con-
sensus site. The level of binding was significantly higher not
only in comparison with the control group of animals but also
with that treated with NDEA/PB. The combined treatment
resulted in a decrease in both AP-1 subunits protein level and
their amount in the DNA-binding complexes extracted from
the hepatocytes nuclei, however, a statistically significant
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evaluation (b). IKKo/p activity was assayed as described in the text
and is expressed as pmoles of p-IkB per minute per mg of protein (c).
Bars represent mean £ SEM from 4 (b) or 6 (c) animals,
* Significantly different from control group (P < 0.05); * Signifi-
cantly different from NDEA/PB-treated group (P < 0.05)

difference in comparison with NDEA/PB group of rats was
found only for c-Fos.

The effect of DMU-212 on COX-2 and iNOS protein
levels

COX-2 and iNOS genes are under transcriptional control of
NF-«xB and/or AP-1, and thus, we determined the protein
level of these enzymes in the liver of rats from various
treatment groups. The application of NDEA/PB treatment
protocol resulted in an increase in COX-2 and iNOS pro-
tein level in liver cells lysates by ~40 and 80 %, respec-
tively (Fig. 4). The treatment with DMU-212 alone had no
effect on these enzymes protein level, while the combined
treatment with the dose of 50 mg/kg decreased iNOS level
as compared to that in NDEA/PB-treated rats.

STAT3 activation in rat liver

Figure 5 presents the data showing the content of total and
phosphorylated transcription factor STAT3 in cell lysates
(a, b) and its binding to the consensus sequence oligonu-
cleotide in various experimental rat groups (c). The NDEA/
PB treatment regimen enhanced the STAT3 activation by
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Fig. 3 The effect of DMU-212 on AP-1 activation in rat liver protein
extracts from rat liver were assayed for c-Jun or c-Fos using Western
blot analysis (a). The Western blots shown are representative from
two independent assays. Lane I, 2 control group; 3, 4 DMU-212
(50 mg/kg); 5, 6 NDEA (200 mg/kg); 7, 8§ NDEA + DMU-212
(20 mg/kg); 9, 10 NDEA + DMU-212 (50 mg/kg). Densitometric
analysis was performed for quantitative evaluation (b). Activated

increasing the level of its total phosphorylated form
(Fig. 5b) and protein content in DNA binding complexes
extracted from the nuclei of rat hepatocytes (Fig. 5c¢). The
combined treatment with DMU-212 in both doses reduced
the STAT3 activation, but the difference between both
treatment groups was statistically significant only for the
higher dose (50 mg/kg).

Discussion

Resveratrol is a simple molecule that has taken the spot-
light since the first scientific paper described a possible
cancer preventive effects on cancer in mice. Several pre-
clinical and some human intervention studies performed
later have indicated that resveratrol exerts cancer chemo-
preventive and therapeutic responses.

However, an important issue with the future application
of resveratrol for disease management is its low bioavail-
ability due to its rapid metabolism in mammals [18], hence
a strategy targeted to discover and define novel analogs of
resveratrol has been assumed. These analogs should have
the same structural backbone of resveratrol, with chemical
modifications resulting in superior efficacy [19]. One of
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AP-1 was assessed in terms of the amount of c-Jun or c-Fos subunits
contained in DNA-binding complex extracted from the nuclei isolated
from liver, and expressed as absorbance (ODy4s0,, per mg protein) (c).
Bars represent mean == SEM from 4 (a, b) or 6 (c) animals,
determined by means of densitometric analysis (b) or ELISA assay
(c). * Significantly different from control group (P < 0.05);
# significantly different from NDEA/PB-treated group (P < 0.05)

such analogs is DMU-212 which showed higher antipro-
liferative and proapoptotic activity as well as improved
bioavailability in mouse liver and plasma compared to
those of resveratrol [20].

The studies of Bishayee’s group have shown that res-
veratrol is able to inhibit NDEA-initiated and PB-promoted
hepatic tumorigenesis in rats [21]. Moreover, the anti-
inflammatory activity related to inhibition of iNOS induc-
tion was suggested as a possible mechanism of its anti-
promotional effects [11].

The present study was thus designed to address the
question whether DMU-212 affects NF-xB, AP-1, and
STAT3-activated inflammatory pathways, and associated
inflammatory proteins, particularly iNOS and COX-2,
using a similar experimental model. We found that
although DMU-212 increased the constitutive activation of
NF-kB when administered in a dose of 50 mg/kg, it
inhibited the NF-kB activation induced by NDEA/PB
treatment. The above observations together with the
increased retention of IkBa and reduced activity of IKKo/
B, one of the major kinases involved in NF-«B activation
pathway [22], suggest that DMU-212 affects NDEA/PB-
induced NF-kB activation through inhibition of IKKs
activity.
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Fig. 4 The effect of DMU-212 on COX-2 and iNOS protein level in
rat liver. The levels of COX-2 and iNOS proteins in total protein
lysates of rat liver were determined using Western blotting. The blots
shown are representative from two independent experiments (a). Lane
1, 2 control group; 3, 4 DMU-212 (50 mg/kg); 5, 6 NDEA (200 mg/
kg); 7, 8 NDEA + DMU-212 (20 mg/kg); 9, 10 NDEA + DMU-212
(50 mg/kg). Densitometric analysis was performed for quantitative
evaluation (b). Bars represent mean + SEM from 4 animals,
determined by densitometric analysis. * Significantly different from
control group, P < 0.05; * significantly different from NDEA/PB-
treated group, P < 0.05

More importantly, DMU-212 applied at the same dose
reduced the expression of NDEA/PB-induced iNOS, which
is responsible for the production of NO, one of the major
contributors to chronic inflammatory reactions. While the
role of inflammation in general is considered as an
important factor in HCC development, the evidence indi-
cating that iNOS may play particularly important role in
this process is also emerging. In this regard, iNOS over-
expression was noted in rodent as well as in human HCC
[23, 24]. Moreover, inhibition of iNOS by a selective
inhibitor, aminoguanidine, led to suppression of HCC
growth [24]. Thus, the results of our study indicate that
similarly as for resveratrol, iNOS might be one of DMU-
212 targets in prevention of HCC. The observed decrease
in the NF-kB activation indicates that the reduced iNOS
expression might be a result of its ability to modulate NF-
kB signaling.

The above mechanism is further supported by our
observation that DMU-212 did not affect the NDEA/PB-
induced AP-1 activation, which might also be responsible
for iNOS expression. Furthermore, iNOS overexpression
during hepatocarcinogenesis was shown to be a conse-
quence of NF-kB activation [24]. In contrast to iNOS,

DMU-212 treatment had no effect on COX-2 protein level.
This finding does not exclude, however, the possibility of
direct DMU-212 interaction with COX-2 protein to affect
the enzyme activity in this way. Such a mechanism of
COX-2 modulation was suggested for resveratrol [25],
although some authors, including us, have observed
reduced COX-2 protein levels as a result of treatment with
resveratrol [26, 27]. AP-1, in contrast to NF-kB, is mini-
mally activated under physiological conditions, but various
stimuli can dramatically increase the extent of its activation
[28]. Homodimers of c-Jun/c-Jun and c-Jun/c-Fos hetero-
dimers of AP-1 preferentially bind to the AP-1 consensus
sequence TRE (TGAC/GTCA). The activity of AP-1 is
regulated at the level of transcription of c-jun and c-fos
genes by protein—protein interaction and also through post-
translational modifications of c-Jun and c-Fos proteins
[29, 30].

In our study, DMU-212 significantly increased the
content of AP-1 subunits, c-Fos and c-Jun protein in rat
liver extracts. Moreover, this stilbenoid enhanced the
content of c-Jun in DNA-binding complex extracted from
the nuclei of rat liver cells, indicating its increased binding
to TRE sequence. This is an important observation since
c-Jun prolonged accumulation may lead to cell cycle arrest
or induction of apoptosis [31] and explain anti-proliferative
and pro-apoptotic activity of DMU-212 found in earlier
studies [5, 6].

On the other hand, this analog of resveratrol reduced
c-Fos protein level, as well its binding to TRE consensus,
increased by NDEA/PB treatment regimen. It was shown
recently that derepression of c-Fos caused by microRNA-
139 down-regulation contributed to the metastasis of
human HCC [32]. Thus, it may be speculated that sup-
pression of c-Fos by DMU-212 may act in the same way.

Our study showed also that DMU-212 reduced the
NDEA/PB-induced activation of STAT3. Activation of
STAT proteins usually occurs through phosphorylation on
a specific tyrosine residue (Tyr-705 in STAT3) at the
COOH terminus, but serine phosphorylation of STATS has
also been demonstrated. A Pro-X-Ser-Pro sequence that is
a recognition site of ERKs (extracellular signal-regulated
kinase) has been found at the COOH terminus of STAT3.
Moreover, it has been shown that phosphorylation on ser-
ine in DNA-binding domain of STAT3 is catalyzed by
c-Jun N-terminal protein kinase (JNK) resulting in inhibi-
tion of its DNA binding and transcriptional activities [33].
Hence, it is possible that DMU-212, similarly as many
other compounds, may activate JNK and thus phosphory-
late STAT3 and act as a negative regulator of its activity.
Such a mechanism could also explain an increased binding
of constitutive c-Jun to TRE consensus as a result of
treatment with DMU-212. Activated JNK phosphorylates
Ser 63 and Ser 73 of c-Jun and forms a complex with the
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Fig. 5 The effect of DMU-212 on STAT3 activation in rat liver. The
levels of total and phosphorylated STAT3 protein in cell lysates of rat
liver were determined using Western blotting. The blots shown are
representative from two independent experiments (a). Densitometric
analysis was performed for quantitative evaluation (b). STAT3
activation was measured in terms of the amount of STAT3 protein

N-terminus of c-Jun, thereby protecting c-Jun from ubig-
uitination and subsequent degradation [34, 35].

Collectively, the results of our present study indicate
that the resveratrol analog, DMU-212, may modulate the
signaling pathways involved in HCC development induced
by NDEA/PB initiation-promotion regimen. Although
some of these activities have been demonstrated also for
resveratrol, the higher bioavailability makes DMU-212 a
better candidate for HCC chemopreventive agent.

Acknowledgments This study was supported by a research Grant of
the Polish State Committee for Scientific Research No. 1802/B/PO1/
2008/35.

Conflict of interest The authors declare that there are no conflicts
of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Nakata R, Takahashi S, Inoue H (2012) Recent advances in the
study on resveratrol. Biol Pharm Bull 35:273-279

@ Springer

0,15 4+— -
0,1 +— L
0,05 +— —

NDEA/ NDEA/PB NDEA/PB

10 b 160
140
120
S 100 +—
g
8 80 +—
—
O 60 +—
R
40 +—
20 +—
0 u —
Control DMU-212 NDEA/ NDEA/PB  NDEA/PB
50 mg/kg + +
DMU-212 DMU-212
[] - STATS (total) 20 mg/kg 50 mg/kg
M - P-STAT3

contained in DNA-binding complexes extracted from the nuclei of rat
liver cells and expressed as absorbance (ODysg,,, per mg protein) (c).
Bars represent mean += SEM from 4 (b) or 6 (c) animals.
* Significantly different from control group, P < 0.05; # significantly
different from NDEA/PB treated group, P < 0.05

2. Aluyen JK, Ton QN, Tran T, Yang AE, Gottlieb HB, Bellanger
RA (2012) Resveratrol: potential as anticancer agent. J Diet
Suppl 9:45-56

3. Whitlock NC, Baek SJ (2012) The anticancer effects of resvera-
trol: modulation of transcription factors. Nutr Cancer 64:493-502

4. Sale S, Verschoyle RD, Boocock D, Jones DIN, Wilsher N,
Potter GA, Farmer PB, Steward WP, Gescher AJ (2004) Phar-
macokinetics in mice and growth-inhibitory properties of the
putative cancer chemopreventive agent resveratrol and the syn-
thetic analogue trans 3, 4,5,4'-tetramethoxystilbene. Br J Cancer
90:736-744

5. Piotrowska H, Myszkowski K, Zidtkowska A, Kulcenty K,
Wierzchowski M, Kaczmarek M, Murias M, Kwiatkowska-
Borowczyk E, Jodynis-Liebert J (2012) Resveratrol analogue
3,4,4' 5-tetramethoxystilbene inhibits growth, arrests cell cycle
and induces apoptosis in ovarian SKOV-3 and A-2780 cancer
cells. Toxicol Appl Pharmacol 263:53-60

6. Ma Z, Molavi O, Haddadi A, Lai R, Gossage RA, Lavasanifar A
(2008) Resveratrol analog trans 3,4,5.4'-tetramethoxystilbene
(DMU-212) mediates anti-tumor effects via mechanism differ-
ent from that of resveratrol. Cancer Chemother Pharmacol
63:27-35

7. Karin M, Cao Y, Greten FR, Li ZW (2002) NF-kappaB in cancer:
from innocent bystander to major culprit. Nat Rev Cancer
2:301-310

8. Jochumm W, Passeguém, Erwinm E, Wagnerm F (2001) AP-1 in
mouse development and tumorigenesis. Oncogene 20:2401-2412

9. Woo S, Lee BL, Yoon J, Cho SJ, Baik TK, Chang MS, Lee HE,
Park JW, Kim YH, Kim WH (2011) Constitutive activation of
signal transducers and activators of transcription 3 correlates with



Mol Cell Biochem (2014) 391:27-35

35

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

better prognosis, cell proliferation and hypoxia-inducible factor-
1o in human gastric cancer. Pathobiology 78:295-301

Thomas MB, Jaffe D, Choti MM, Belghiti J, Curley S, Fong Y,
Gores G, Kerlan R, Merle P, O’Neil B, Poon R, Schwartz L,
Tepper J, Yao F, Haller D, Mooney M, Venook A (2010)
Hepatocellular carcinoma: consensus recommendations of the
national cancer institute clinical trials planning meeting. J Clin
Oncol 1:3994-4005

Bishayee A, Barnes KF, Bhatia D, Darvesh AS, Carrol RT (2010)
Resveratrol suppresses oxidative stress and inflammatory
response in diethylnitrosamine-initiated rat hepatocarcinogenesis.
Cancer Prev Res 3:753-763

Mbimba T, Awale P, Bhatia D, Geldenhuys WJ, Darvesh AS,
Carroll RT, Bishayee A (2012) Alteration of hepatic proinflam-
matory cytokines is involved in the resveratrol-mediated che-
moprevention of chemically induced hepatocarcinogenesis. Curr
Pharm Biotechnol 13:229-234

Colotta F, Allavena P, Sica, Garlanda C, Mantovani A (2009)
Cancer-related inflammation, the seventh hallmark of cancer:
links to genetic instability. Carcinogenesis 30:1073-1081

Guzik TJ, Korbut R, Adamek-Guzik T (2003) Nitric oxide and
superoxide in inflammation and immune regulation. J Physiol
Pharmacol 54:469-487

Murias M, Handler N, Erker T, Pleban K, Ecker G, Saiko P,
Szekeres T, Jager W (2004) Resveratrol analogues as selective
cyclooxygenase-2 inhibitors: synthesis and structure—activity
relationship. Bioorg Med Chem 12:5571-5578

Das S, Lin HS, Ho PC, Ng KY (2008) The impact of aqueous
solubility and dose on the pharmacokinetic profiles of resveratrol.
Pharm Res 25:2593-2600

Renard P, Ernest I, Houbion A, Art M, Le Calvez H, Raes M,
Remacle J (2001) Development of a sensitive multi-well colori-
metric assay for active NFkappaB. Nucleic Acids Res 29:E21
Ndiaye M, Kumar R, Ahmad N (2011) Resveratrol in cancer
management: where are we and where we go from here. Ann NY
Acad Sci 1215:144-149

Szekeres T, Fritzer-Szekeres M, Saiko P, Jager W (2010) Res-
veratrol and resveratrol analogues—structure—activity relationship.
Pharm Res 27:1042-1048

Androutsopoulos VP, Ruparelia KC, Papakyriakou A, Filippakis
H, Tsatsakis AM, Spandidos DA (2011) Anticancer effects of the
metabolic products of the resveratrol analogue, DMU-212: struc-
tural requirements for potency. Eur J Med Chem 46:2586-2595
Bishayee A, Dhir N (2009) Resveratrol-mediated chemopreven-
tion of diethylnitrosamine-initiated hepatocarcinogenesis: inhi-
bition of cell proliferation. Chem Biol Interact 179:131-134
Zandi E, Rothwarf DM, Delhase M, Hayakawa M, Karin M
(1997) The IkappaB kinase complex (IKK) contains two kinase

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

subunits, IKKalpha and IKKbeta, necessary for IkappaB phos-
phorylation and NF-kappaB activation. Cell 9:243-252

Kuo PC, Abe KY, Schroeder RA (1997) Oxidative stress
increases hepatocyte iNOS gene transcription and promoter
activity. Biochem Biophys Res Commun 234:289-292

Calvisi DF, Pinna F, Ladu S, Pellegrino R, Muroni MR, Simile
MM, Frau M, Tomasi ML, De Miglio MR, Seddaiu M, Daino
L, Sanna V, Feo F, Pascale RM (2008) Aberrant iNOS sig-
naling is under genetic control in rodent liver cancer and
potentially prognostic for the human disease. Carcinogenesis
29:1639-1647

Zykova TA, Zhu F, Zhai X, Ma WY, Ermakova SP, Lee KW,
Bode AM, Dong Z (2008) Resveratrol directly targets COX-2 to
inhibit carcinogenesis. Mol Carcinog 47:797-805

Kundu JK, Shin YK, Surh YJ (2006) Resveratrol modulates
phorbol ester-induced pro- inflammatory signal transduction
pathways in mouse skin in vivo: NF-kappaB and AP-1 as prime
targets. Biochem Pharmacol 30:1506-1515

Cichocki M, Paluszczak J, Szaefer H, Piechowiak A, Rimando
AM, Baer-Dubowska W (2008) Pterostilbene is equally potent as
resveratrol in inhibiting 12-O-tetradecanoylphorbol-13-acetate
activated NFkappaB, AP-1, COX-2, and iNOS in mouse epider-
mis. Mol Nutr Food Res 52:62-70

Hsu T-C, Young MR, Cmarik J, Colburn (2000) Activator protein
1 (AP-1) and nuclear factor kappaB (NFxB)-dependent tran-
scriptional events in carcinogenesis. Free Radic Biol Med
28:1338-1348

Shaulian E (2010) AP-1-the jun proteins: oncogenes or tumor
suppressors in disguise? Cell Signal 22:894-899

Vesely PW, Staber PB, Hoefler G, Kenner L (2009) Translational
regulation mechanisms of AP-1 proteins. Mutat Res 682:7-12
Yang CW, Lee YZ, Hsu HY, Wu CM, Chang HY, Chao YS, Lee
SJ (2013) c-Jun-mediated anticancer mechanisms of tylophorine.
Carcinogenesis 34:1304-1314

Fan Q, He M, Deng X, Wu WK, Zhao L, Tang J, Wen G, Sun X,
Liu Y (2013) Derepression of c-Fos caused by microRNA-139
down-regulation contributes to the metastasis of human hepato-
cellular carcinoma. Cell Biochem Funct 31:319-324

Lim CP, Cao X (1999) Serine phosphorylation and negative
regulation of Stat3 by JNK. J Biol Chem 274:31055-31061
Musti AM, Treier M, Bohmann D (1997) Reduced ubiquitin-
dependent degradation of c-Jun after phosphorylation by MAP
kinases. Science 275:400-402

Fuchs SY, Dolan L, Davis RJ, Ronai Z (1996) Phosphorylation-
dependent targeting of c-Jun ubiquitination by Jun N-kinase.
Oncogene 13:1531-1535

@ Springer



	3,4,5,4vprime-trans-tetramethoxystilbene (DMU-212) modulates the activation of NF- kappa B, AP-1, and STAT3 transcription factors in rat liver carcinogenesis induced by initiation-promotion regimen
	Abstract
	Introduction
	Materials and methods
	Materials
	Animals and treatment
	Preparation of liver extracts
	Preparation of nuclear and cytosolic extracts
	Western blot analysis
	NF- kappa B, AP-1, and STAT3: DNA binding assays
	IKK alpha / beta activity assay
	Statistical analysis

	Results
	NF- kappa B activation in rat liver
	AP-1 activation in rat liver
	The effect of DMU-212 on COX-2 and iNOS protein levels
	STAT3 activation in rat liver

	Discussion
	Acknowledgments
	References


