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a b s t r a c t
Recent studies demonstrated the carcinogenicity and the mutagenicity of vanadium compounds. In addition, vanadium (V5+) was found to enhance the effects of other genotoxic agents. However, the mechanism by which V5+ induce toxicity remain unknown. In the current study we examined the effect of
V5+ (as ammonium metavanadate, NH4VO3) on the expression of NAD(P)H: quinone oxidoreductase 1
(NQO1) in human hepatoma HepG2 cells. Therefore, HepG2 cells were treated with increasing concentrations of V5+ in the presence of two NQO1 inducers, the 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
isothiocyanate sulforaphane (SUL). Our results showed that V5+ inhibited the TCDD- and SUL-mediated
induction of NQO1 at mRNA, protein and activity levels. Investigating the effect of V5+ at transcriptional
levels revealed that V5+ signiﬁcantly inhibited the TCDD- and SUL-mediated induction of antioxidant
responsive element (ARE)-dependent luciferase reporter gene expression. In addition, V5+ was able to
decrease the TCDD- and SUL-induced nuclear accumulation of nuclear factor erythroid 2-related factor-2 (Nrf2) without affecting Nrf2 mRNA or protein levels. Looking at the post-transcriptional level,
V5+ did not affect NQO1 mRNA stability, thus eliminating the possible role of V5+ in decreasing NQO1
mRNA levels through this mechanism. In contrast, at post-translational level, V5+ was able to signiﬁcantly
decrease NQO1 protein half-life. The present study demonstrates for the ﬁrst time that V5+ down-regulates NQO1 at the transcriptional and post-translational levels in the human hepatoma HepG2 cells via
AhR- and Nrf2-dependent mechanisms.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
NAD(P)H:quinone oxidoreductase 1 (NQO1) is a phase II metabolizing enzyme that has been shown to play an essential role in the
detoxiﬁcation of xenobiotics and carcinogenic metabolites (Chen
and Kunsch, 2004; Lee and Johnson, 2004; Rushmore and Kong,
2002; Xu et al., 2005). Several studies have demonstrated a complex
regulation of NQO1, in which the transcriptional activation of this
gene is regulated by both xenobiotic responsive element (XRE)
and antioxidant responsive element (ARE) (Chen and Kunsch,
2004; Miao et al., 2005; Nioi and Hayes, 2004). The mechanisms
governing the induction of this gene are of important, because
NQO1 enzymatic activity is used as an index of chemoprotective
efﬁcacy for anti-carcinogenic agents (Prochaska and Santamaria,
1988).
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Alberta, Canada T6G 2N8. Tel.: +1 780 492 3071; fax: +1 780 492 1217.
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NQO1 gene expression can be induced through two separate
regulatory elements associated with its 50 -ﬂanking region. The ﬁrst
pathway includes activation of a cytosolic transcription factor, the
aryl hydrocarbon receptor (AhR) (Anwar-Mohamed and El-Kadi,
2009). The inactive form of AhR is attached to a complex of two
heat shock proteins 90 (HSP90), hepatitis B virus X-associated protein (XAP2), and the chaperone protein p23 (Hankinson, 1995;
Meyer et al., 1998). Upon ligand binding, the AhR-ligand complex
dissociates from the cytoplasmic complex and translocates to the
nucleus where it associates with the aryl hydrocarbon nuclear
translocator (Arnt) (Whitelaw et al., 1994). The whole complex
then acts as a transcription factor to mediate the induction of
NQO1 through activating the XRE located in its promoter region
(Prochaska and Talalay, 1988). The second pathway involves activation of the ARE. In fact, the increased expression of NQO1 gene
expression in response to oxidative stress caused by agents such
as isothiocyanate sulforaphane (SUL), tert-butylhydroquinone
(t-BHQ) and H2O2 occurs through this signaling pathway (Itoh
et al., 1997). The redox status of the cell activates the nuclear factor
erythroid 2-related factor-2 (Nrf2), a redox-sensitive member
of the cap ‘n’ collar basic leucine zipper (CNC bZip) family of
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transcription factors (Itoh et al., 1997). Subsequently, Nrf2 dissociates from its cytoplasmic tethering polypeptide, Kelch-like ECH
associating protein 1 (Keap1), and then translocates into the nucleus, dimerizes with a musculoaponeurotic ﬁbrosarcoma (MAF)
protein, thereafter binds to and activate ARE (Ma et al., 2004).
The Nrf2/ARE signaling pathway plays an important role in cellular
protection in response to oxidative stresses (Motohashi and
Yamamoto, 2004). For example, Nrf2-deﬁcient mice are more susceptible than wild-type mice to oxidative injury and chemical-induced carcinogenesis (Iida et al., 2004). Therefore, the Nrf2/ARE
signaling pathway is a main target to study novel chemopreventive
agents (Ai et al., 2009; Lee and Surh, 2005; Yu and Kensler, 2005).
Many studies have examined the toxic effects of individual AhR
ligands, yet there have been very few studies on the combined
toxic effects of AhR ligands and other environmental co-contaminants. Among these, environmental co-contaminants of most concern are heavy metals, typiﬁed by vanadium (V5+). Environmental
contamination by V5+ has dramatically increased during the last
decades, especially in the most developed countries, due to the
widespread use of fossil fuels, many of which liberate ﬁne particulates of V5+ to the atmosphere during combustion (Baran, 2008).
Humans consume appreciable amounts of V5+ in food and water
(Evangelou, 2002). The estimated daily intake of V5+ is 10–60 lg
(Nechay, 1984). Furthermore, weight training athletes are reported
to use up to 18.6 mg V5+ per day as a body-building supplement
(Barceloux, 1999). An estimate of the total body pool of vanadium
in healthy individuals is 100–200 lg (Haiman et al., 2003). If we
take into consideration the fact that heavy metals such as V5+ are
signiﬁcantly deposited in hepatocytes and kidneys (Edel and Sabbioni, 1989), the concentrations used in the current study are of great
relevance to those in humans.
Recently, we have demonstrated that V5+ down-regulates the
bioactivating enzyme CYP1A1 which is solely under the control
of XRE, through a transcriptional mechanism (Abdelhamid et al.,
2010). Therefore, the current study aims to address the possible effect of this metal on the NQO1 gene expression in human hepatoma HepG2 cells.

Thermo Fisher Scientiﬁc (Toronto, ON, Canada). Primers were purchased from Integrated DNA Technologies, Inc. (Coralville, IA) and
are listed in Table 1.
2.2. Cell culture
Human hepatoma HepG2 cell line, ATCC number HB-8065
(Manassas, VA), was maintained in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum, and 1% penicillin–streptomycin. Cells were grown
in 75-cm2 cell culture ﬂasks at 37 °C in a 5% CO2 humidiﬁed
incubator.
2.3. Chemical treatments
Cells were treated in serum-free medium with various concentrations of V5+ (25–250 lM) in the absence and presence of 1 nM
TCDD or 5 lM SUL as described in ﬁgure legends. TCDD and SUL
were dissolved in dimethyl sulfoxide (DMSO) and maintained in
DMSO at 20 °C until use. V5+ was prepared freshly in double
deionized water. In all treatments, the DMSO concentration did
not exceed 0.05% (v/v).
2.4. RNA extraction and cDNA synthesis
Six hours after incubation with the test compounds, cells were
collected and total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions, and quantiﬁed
by measuring the absorbance at 260 nm. Thereafter, ﬁrst-strand
cDNA synthesis was performed by using the High-Capacity cDNA
reverse transcription kit (Applied Biosystems) according to the
manufacturer’s instructions. Brieﬂy, 1.5 lg of total RNA from each
sample was added to a mix of 2.0 ll 10X RT buffer, 0.8 ll 25X dNTP
mix (100 mM), 2.0 ll 10X RT random primers, 1.0 ll MultiScribe™
reverse transcriptase and 3.2 ll nuclease-free water. The ﬁnal reaction mix was kept at 25 °C for 10 min, heated to 37 °C for 120 min,
heated for 85 °C for 5 s and ﬁnally cooled to 4 °C.

2. Materials and methods
2.5. Quantiﬁcation by real time-PCR
2.1. Materials
Ammonium metavanadate (NH4VO3), cycloheximide (CHX),
2,6-dichlorophenolindophenol, dicoumarol, isothiocyanate sulforaphane and protease inhibitor cocktail were purchased from Sigma–Aldrich (St. Louis, MO). 2,3,7,8-Tetrachlorodibenzo-p-dioxin,
>99% pure, was purchased from Cambridge Isotope Laboratories
(Woburn, MA). TRIzol reagent and Lipofectamine 2000 reagents
were purchased from Invitrogen (San Diego, CA). The High-Capacity cDNA reverse transcription kit and SYBR Green PCR master mix
were purchased from Applied Biosystems (Foster City, CA). Actinomycin-D (Act-D) was purchased from Calbiochem (San Diego, CA).
Chemiluminescence Western blotting detection reagents were
from GE Healthcare Life Sciences (Piscataway, NJ). Nitrocellulose
membrane was purchased from Bio-Rad (Hercules, CA).
NAD(P)H:quinone oxidoreductase 1 (NQO1) rabbit polyclonal primary antibody (ab34173) was purchased from abcam, Inc. (Abcam-Cambridge, Massachusetts (MA), USA), anti-rabbit IgG
peroxidase secondary antibody was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), nuclear factor erythroid 2-related factor-2 (Nrf2) mouse monoclonal primary antibody
(MAB3925), anti-mouse IgG peroxidase secondary antibody were
purchased from R&D Systems, (Minneapolis, MN, USA). pRL-CMV
plasmid and dual luciferase assay reagents were obtained from
Promega (Madison, WI). All other chemicals were purchased from

Quantitative analysis of speciﬁc mRNA expression was performed by real time-PCR, by subjecting the resulting cDNA to
PCR ampliﬁcation using 96-well optical reaction plates in the ABI
Prism 7500 System (Applied Biosystems). About 25-ll reaction
mix contained 0.1 ll of 10 lM forward primer and 0.1 ll of
10 lM reverse primer (40 nM ﬁnal concentration of each primer),
12.5 ll of SYBR Green Universal Mastermix, 11.05 ll of nucleasefree water and 1.25 ll of cDNA sample. The primers used in the
current study were chosen from previously published studies
(Rushworth et al., 2008; Westerink and Schoonen, 2007) and are
listed in Table 1. Thermocycling conditions were initiated at
95 °C for 10 min, followed by 40 PCR cycles of denaturation at
95 °C for 15 s and anneal/extension at 60 °C for 1 min.

Table 1
Primers sequences used for real-time PCR reactions.
Gene

Forward primer

Reverse primer

NQO1

50 -CGC AGA CCT TGT GAT
ATT CCA G-30
50 -AAC CAC CCT GAA AGC
ACA GC-30
50 -CTG GCA CCC AGC ACA
ATG-30

50 -CGT TTC TTC CAT CCT TCC
AGG-30
50 -TGA AAT GCC GGA GTC AGA
ATC-30
50 -GCC GAT CCA CAC GGA
GTA CT-30

Nrf2
b-Actin
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2.6. Real time-PCR data analysis

2.9. Preparation of nuclear extracts

The real time-PCR data were analyzed using the relative gene
expression i.e. (DDCT) method as described in Applied Biosystems
User Bulletin No. 2 and explained further by Livak and Schmittgen
(2001). Brieﬂy, the DCT values were calculated in every sample for
each gene of interest as follows: CTgene of interest  CTreporter gene, with
b-actin as the reporter gene. Calculation of relative changes in the
expression level of one speciﬁc gene (DDCT) was performed by
subtraction of DCT of control (untreated cells or 0 h time point)
from the DCT of the corresponding treatment groups. The values
and ranges given in different ﬁgures were determined as follows:
2DðDC T Þ with DDCT + S.E. and DDCT  S.E., where S.E. is the standard error of the mean of the D(DCT) value.

Nuclear extracts from HepG2 cells were prepared according to a
previously described procedure (Andrews et al., 1983) with slight
modiﬁcations. Brieﬂy, HepG2 cells grown on 100-mm petri dishes
were treated for 2 h with vehicle, 1 nM TCDD, or 5 lM SUL in the
presence and absence of 100 lM V5+. Thereafter, cells were washed
twice with cold PBS, pelleted and suspended in cold buffer A
[10 mM Hepes-KOH, 1.5 mm MgCl2, 10 mM KC1, 0.5 mM dithiothreitol and 0.5 mM phenylmethylsulphonyl ﬂuoride (PMSF)] pH
7.9, at 4 °C. After 15 min on ice, the cells were centrifuged at
6500g and the pellets were suspended again in high salt concentration cold buffer C (20 mM Hepes-KOH, pH 7.9, 25% glycerol,
420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol
and 0.5 mM PMSF) to extract nuclear proteins. The cells were then
incubated on ice with vigorous agitation every 5 min for 30 min
followed by centrifugation for 10 min at 12,000g at 4 °C. The nuclear extracts (supernatant) were stored at 80 °C till further use.

2.7. Protein extraction and Western blot analysis
Twenty-four hours after incubation with the test compounds,
cells were collected in lysis buffer as described previously (Anwar-Mohamed and El-Kadi, 2009). Proteins for NQO1 (5 lg), or
Nrf2 (25 lg) were resolved by denaturing electrophoresis, as described previously (Sambrook et al., 1989). Brieﬂy, the cell homogenates were dissolved in 1X sample buffer, boiled for 5 min,
separated by 10% SDS–PAGE and electrophoretically transferred
to a nitrocellulose membrane. Protein blots were blocked for
24 h at 4 °C in blocking buffer containing 5% skim milk powder,
2% bovine serum albumin and 0.05% (v/v) Tween 20 in Tris-buffered saline solution (0.15 M sodium chloride, 3 mM potassium
chloride and 25 mM Tris base). After blocking, the blots were incubated with NQO1 rabbit polyclonal primary antibody for 2 h at
room temperature or Nrf2 mouse monoclonal primary antibody
for 24 h at 4 °C in Tris-buffered saline containing 0.05% (v/v) Tween
20 and 0.02% sodium azide. Incubation with a peroxidase-conjugated goat anti-rabbit IgG secondary antibody for NQO1 or antimouse IgG secondary antibody for Nrf2 was carried out in blocking
buffer for 1 h at room temperature. The bands were visualized with
the enhanced chemiluminescence method according to the manufacturer’s instructions (GE Healthcare, Piscataway, NJ). The intensity of protein bands was quantiﬁed relative to the signals
obtained for GAPDH protein, using ImageJ image processing program (National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij).
2.8. Determination of NQO1 enzymatic activity
Twenty-four hours after incubating the cells with treatments in
six-well cell culture plates, the cells were washed with PBS, and
then 0.5 ml of homogenization buffer (50 mM potassium phosphate, pH 7.4 and 1.15% KCl) was added to each well. The plates
were then stored for 24 h in a 80 °C freezer. Thereafter, thawed
cells were extracted and homogenized using a Kontes homogenizer
at 4 °C before they were centrifuged at 12,000g for 20 min, and the
supernatant was transferred to new microcentrifuge tubes for
determination of protein concentration using the Lowry method
(Lowry et al., 1951). NQO1 activity was determined by the continuous spectrophotometric assay of Ernster (Ernster, 1967), which
quantitates the reduction of 2,6-dichlorophenolindophenol (DCPIP)
by 0.02 mg of cell homogenate protein in the presence of b-nicotinamide adenine dinucleotide phosphate (NADPH; 200 lM) and
ﬂavin adenine dinucleotide (FAD; 5 lM). The rate of reduction of
DCPIP (40 lM) in 1 ml of Tris–HCl buffer (pH 7.8, 25 mM) containing 0.1% (v/v) Tween 20 and 0.023% bovine serum albumin was
monitored for 90 s at 600 nm with e = 2.1 mM1 cm1. The NQO1
activity was calculated as the decrease in absorbance per min per
mg of total protein of the sample which quantitates the dicoumarol-inhibitable reduction of DCPIP.

2.10. Transient transfection and luciferase assay
HepG2 cells were plated onto twelve-well cell culture plates.
ARE-driven luciferase reporter plasmid PGL3-ARE and the renilla
luciferase pRL-CMV vector, used for normalization, were co-transfected into HepG2 cells. Each well of cells was transfected with
1.5 lg of PGL3-ARE (generously provided by Dr. Shinya Ito, University of Toronto, Ontario, Canada) and 0.1 lg pRL-CMV using Lipofectamine 2000 reagent according to the manufacturer’s
instructions (Invitrogen). The luciferase assay was performed
according to the manufacturer’s instructions (Promega) as described previously (Elbekai and El-Kadi, 2007). In brief, after incubation with test compounds for 24 h, cells were washed with PBS,
100 ll of 1X passive lysis buffer was added into each well with
continuous shaking for at least 20 min, and then the content of
each well was collected separately in 1.5 ml microcentrifuge tubes.
Enzyme activities were determined using a Dual-Luciferase reporter assay system (Promega). Quantiﬁcation was performed using a
TD-20/20 luminometer (Turner BioSystems, Sunnyvale CA).
2.11. NQO1 mRNA stability
The half-life of NQO1 mRNA was determined by an Act-D chase
assay. Cells were pretreated with 1 nM TCDD for 6 h. Thereafter,
cells were then washed three times and incubated with 5 lg/ml
Act-D to inhibit further RNA synthesis, immediately before treatment with 100 lM V5+. Total RNA was extracted at 0, 6, 12 and
24 h after incubation with V5+. Real-time PCR reactions were performed using SYBR Green PCR Master Mix. The fold change in the
level of NQO1 (target gene) between treated and untreated cells,
corrected by the level of b-actin, was determined using the
following equation: Fold change = 2D(DCt), where DCt = Ct(target) 
Ct(ß-actin) and D(DCt) = DCt(treated)  DCt(untreated).
2.12. NQO1 protein stability
The half-life of NQO1 protein was analyzed by the CHX chase
assay. Cells were pretreated with 1 nM TCDD for 24 h. Thereafter,
cells were then washed three times and incubated with 10 lg/ml
CHX, to inhibit further protein synthesis, immediately before treatment with 100 lM V5+. Cell homogenates were extracted at 0, 6,
12, 24, 36 and 48 h after incubation with V5+. Cellular protein
was determined using the method of Lowry (Lowry et al., 1951).
NQO1 protein was measured by Western blotting. The intensity
of NQO1 protein bands was quantiﬁed, relative to the signals obtained for GAPDH protein, using ImageJ software. The protein
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half-life values were determined from semilog plots of integrated
densities versus time.
2.13. Statistical analysis
The comparative analysis of the results from various experimental groups with their corresponding controls was performed
using SigmaStat for Windows (Systat Software, Inc., San Jose, CA).
A one-way analysis of variance followed by the Student-Newman-Keul test was carried out to assess statistical signiﬁcance.
For dose-dependency signiﬁcance, t test between different V5+
treatments was performed. The differences were considered significant when P < 0.05.
3. Results
3.1. Concentration-dependent effect of V5+ on TCDD-mediated
induction of NQO1 mRNA
To examine the ability of V5+ to modulate NQO1 gene expression, HepG2 cells were treated with various concentrations of V5+
in the presence of 1 nM TCDD. Thereafter, NQO1 mRNA was assessed using real-time PCR. The concentrations of V5+ used hereafter were chosen after determining the ability of wide range of
concentrations to modulate the NQO1 gene expression without
signiﬁcantly affecting cell viability (Abdelhamid et al., 2010). Initially, TCDD alone caused 228% increase in NQO1 mRNA levels that
was inhibited in a dose-dependent manner by V5+, starting at the
lowest concentration tested which is 25 lM (20%), and reaching
the maximum inhibition at the concentration of 250 lM (70%)
(Fig. 1A).
3.2. Concentration-dependent effect of V5+ on TCDD-mediated
induction of NQO1 protein and catalytic activity
To examine whether the observed inhibitory effect of V5+ on the
NQO1 mRNA is reﬂected at the protein and catalytic activity levels,
HepG2 cells were treated for 24 h with increasing concentrations of
V5+ in the presence of 1 nM TCDD. Our results show that TCDD alone
caused 382% and 173% increase in NQO1 protein and catalytic activity levels, respectively. On the other hand, V5+ signiﬁcantly reduced
the TCDD-mediated induction of NQO1 at the protein and activity
levels in a dose-dependent manner (Fig. 1B and C). V5+ at the concentration of 25 lM inhibited the TCDD-mediated induction of
NQO1 protein expression level by 33%. At the catalytic activity level,
the inhibition started at 50 lM where V5+ inhibited the TCDD-mediated induction of NQO1 protein level by 16%. On the other hand,
the maximal inhibition took place with the highest concentration
tested, 250 lM V5+, in which the TCDD-mediated induction of
NQO1 protein and catalytic activity levels were inhibited by 80%
and 37% in comparison to the TCDD-induced NQO1 protein and catalytic activity levels (Fig. 1B and C).
3.3. Concentration-dependent effect of V5+ on SUL-mediated induction
of NQO1 mRNA, protein and catalytic activity
The fact that V5+ inhibited TCDD-mediated induction of NQO1
gene expression raised the question whether V5+ will behave similarly in the presence of SUL which induces NQO1 gene expression
through the Nrf2 pathway only. For this purpose, HepG2 cells were
treated with 5 lM SUL in the presence and absence of V5+. If V5+ exerts its effect solely through the AhR pathway; we expect to see
limited effect of V5+ on the SUL-mediated induction of NQO1.
Our results shows that SUL alone signiﬁcantly increased NQO1
mRNA levels by 214% that was inhibited in a dose-dependent man-

Fig. 1. Concentration-dependent effect of V5+ on TCDD-mediated induction of
NQO1 at mRNA, protein and catalytic activity in HepG2 cells. HepG2 cells were
treated with increasing concentrations of V5+ in the presence of 1 nM TCDD for 6 h
for mRNA or 24 h for protein and catalytic activity. (A) First-strand cDNA was
synthesized from total RNA (1.5 lg) extracted from HepG2 cells. cDNA fragments
were ampliﬁed and quantitated using ABI 7500 real-time PCR system as described
under Section 2. Duplicate reactions were performed for each experiment, and the
values presented are the means of three independent experiments. (+) P < 0.05,
compared to control (C) (concentration = 0 lM); () P < 0.05, compared to respective TCDD (T) treatment. (B) Protein (5 lg) was separated on a 10% SDS–PAGE.
NQO1 protein was detected using the enhanced chemiluminescence method. The
intensity of bands was normalized to GAPDH signals, which was used as loading
control. One of three representative experiments is shown. (C) NQO1 enzyme
activity was determined spectrophotometrically using DCPIP as substrate. Values
are presented as mean ± SE (n = 6). (+) P < 0.05, compared to control (C); () P < 0.05,
compared to respective TCDD (T) treatment.

ner by V5+, starting at the lowest concentration tested 25 lM (32%),
and reaching the maximum inhibition at the concentration of
250 lM (69%) (Fig. 2A). Furthermore, this inhibition was further
translated to the protein and catalytic activity levels, in which
SUL alone showed a signiﬁcant induction of NQO1 protein and catalytic activity levels by 329% and 195%, respectively (Fig. 2B and C).
On the other hand, V5+ signiﬁcantly reduced the SUL-mediated
induction of NQO1 at the protein and activity levels in a dosedependent manner (Fig. 2B and C). The inhibition started at V5+
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nism, HepG2 cells were transiently transfected with the ARE-driven luciferase reporter gene. Luciferase activity results showed
that 100 lM V5+ alone did not alter the luciferase activity. TCDD
(1 nM) and SUL (5 lV) were capable of causing a signiﬁcant induction of the luciferase activity by 215% and 181%, respectively, as
compared with control. On the other hand, co-treatment with
V5+ (100 lV) decreased the luciferase activity by 26% and 23%
compared to TCDD and SUL alone, respectively (Fig. 3).

3.5. Effect of V5+on the levels of Nrf2
In the current study we showed that V5+ decreased TCDD- and
SUL-mediated induction of NQO1 mRNA at the transcriptional level. Therefore, it was of interest to examine the effect of V5+ on
the Nrf2 mRNA levels. Our results demonstrated that V5+ did not
affect the gene expression of Nrf2 (Fig. 4A). Thus, V5+ mediated
inhibition of NQO1 gene expression is not occurring through the
inhibition of Nrf2 transcription.
In an attempt to investigate whether V5+ inhibited Nrf2 accumulation via increasing its degradation we measured the Nrf2 protein levels in the total cell lysate of HepG2 cells treated with V5+ for
different time points. Our results demonstrated that V5+ did not affect the short-lived Nrf2 protein at all time points tested (Fig. 4B).
Thus V5+-mediated inhibition of either TCDD or SUL-mediated
induction of NQO1 is not occurring through increasing Nrf2 protein
degradation.
In an effort to determine whether V5+ interferes with the nuclear translocation of Nrf2 to the ARE, we examined the potential effect of V5+ on TCDD- and SUL-induced translocation of Nrf2 to the
nucleus using Western blot analysis. For this purpose, HepG2 cells
were treated with vehicle, V5+, TCDD, TCDD plus V5+, SUL and SUL
plus V5+, for 2 h, followed by extraction of nuclear extracts. Our results showed that V5+ alone did not affect the nuclear accumulation
of Nrf2. On the other hand, TCDD and SUL increased the nuclear
accumulation of Nrf2 (Fig. 4C). Interestingly, we found that V5+
was able to inhibit the TCDD- and SUL-induced nuclear accumulation of Nrf2, suggesting that V5+ inhibits the nuclear accumulation
through either decreasing the Nrf2 protein level or inhibiting its
nuclear translocation.
Fig. 2. Concentration-dependent effect of V5+ on SUL-mediated induction of NQO1
at mRNA, protein and catalytic activity in HepG2 cells. HepG2 cells were treated
with increasing concentrations of V5+ in the presence of 5 lM SUL for 6 h for mRNA
or 24 h for protein and catalytic activity. (A) First-strand cDNA was synthesized
from total RNA (1.5 lg) extracted from HepG2 cells. cDNA fragments were
ampliﬁed and quantitated using ABI 7500 real-time PCR system as described under
Section 2. Duplicate reactions were performed for each experiment, and the values
presented are the means of three independent experiments. (+) P < 0.05, compared
to control (C) (concentration = 0 lM); () P < 0.05, compared to respective SUL
treatment. (B) Protein (5 lg) was separated on a 10% SDS–PAGE. NQO1 protein was
detected using the enhanced chemiluminescence method. The intensity of bands
was normalized to GAPDH signals, which was used as loading control. One of three
representative experiments is shown. (C) NQO1 enzyme activity was determined
spectrophotometrically using DCPIP as substrate. Values are presented as mean ± SE
(n = 6). (+) P < 0.05, compared to control (C); () P < 0.05, compared to respective
SUL treatment.

concentrations of 25 and 50 lM by 20% and 30%, respectively at the
protein level, and by 5% and 19%, respectively at the catalytic activity level, and reached the maximum inhibition at the concentration
of 250 lM by 64% and 36% with NQO1 protein and catalytic activity, respectively (Fig. 2B and C).
3.4. Transcriptional inhibition of NQO1 gene by V5+
To determine if the observed effect upon co-exposure to V5+ and
TCDD on NQO1 is occurring through an ARE-dependent mecha-

Fig. 3. Effect of V5+ on ARE-dependent luciferase activity. HepG2 cells were
transiently co-transfected with the reporter plasmid PGL3-ARE and the renilla
luciferase pRL-CMV vector. Cells were treated with vehicle, V5+ (100 lM), TCDD
(1 nM), TCDD (1 nM) + V5+ (100 lM), SUL (5 lM) or SUL (5 lM) + V5+ (100 lM) for
24 h. Thereafter, cells were lysed, and luciferase activity was measured according to
the manufacturer’s instruction. Luciferase activity is reported as relative light units
(RLU). Values are presented as mean ± SE (n = 3). (+) P < 0.05, compared with control
(C); () P < 0.05, compared with the respective TCDD (T) or SUL treatment.
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life of 27.76 ± 5.85 h (Fig. 5). On the other hand, co-exposure to
V5+ and TCDD did not signiﬁcantly alter the NQO1 mRNA level
compared with TCDD alone, indicating that the decrease in NQO1
mRNA transcripts in response to V5+ was not due to any increase
in its degradation.
3.7. Post-translational modiﬁcation of NQO1 protein by V5+
It was of interest to examine the effect of V5+ on the turnover
rate of the ﬁnal gene product, the NQO1 protein. In an attempt to
examine the involvement of post-translational mechanisms in
the modulation of NQO1 activity by V5+, the effect of V5+ on
NQO1 protein half-life was determined using CHX chase experiment. Fig. 6 shows that NQO1 protein induced by TCDD degraded
with a half-life of 44.62 ± 2.04 h. Interestingly, V5+ signiﬁcantly decreased the stability of NQO1 protein which degraded with a halflife of 33.56 ± 2.85 h (Fig. 6).
4. Discussion
Research on the possible biological and metabolic roles of V5+ in
organisms has increased over the last three decades. In the early

Fig. 4. Effect of V5+ on Nrf2 mRNA (A), total Nrf2 protein level (B) and nuclear
accumulation of Nrf2 protein (C). (A) HepG2 cells were treated with increasing
concentrations of V5+ in the presence of 1 nM TCDD for 6 h. First-strand cDNA was
synthesized from total RNA (1.5 lg) extracted from HepG2 cells. cDNA fragments
were ampliﬁed and quantitated using ABI 7500 real-time PCR system as described
under Section 2. Duplicate reactions were performed for each experiment, and the
values presented are the means of three independent experiments. (B) HepG2 cells
treated with V5+ for different time points. Total cell lysate protein (25 lg) was
separated on a 10% SDS–PAGE. Nrf2 protein was detected using the enhanced
chemiluminescence method. The intensity of bands was normalized to GAPDH
signals (not shown), which was used as loading control. One of three representative
experiments is shown. (+) P < 0.05, compared to control (C); () P < 0.05, compared
to respective TCDD (T) or SUL treatment. (C) HepG2 cells were treated for 2 h with
vehicle, V5+ (100 lM), TCDD (1 nM), TCDD (1 nM) + V5+ (100 lM), SUL (5 lM) or
SUL (5 lM) + V5+ (100 lM). Thereafter, nuclear proteins (25 lg) were separated on a
10% SDS–PAGE. Nrf2 protein was detected using the enhanced chemiluminescence
method. One of three representative experiments is shown.

3.6. Post-transcriptional modiﬁcation of NQO1 mRNA by V5+
The level of mRNA expression is a function of the transcription
rate, and the elimination rate, through processing or degradation.
Therefore, we examined the effect of V5+ on the stability of human
NQO1 mRNA transcripts, using an Act-D chase experiment. Our results showed that NQO1 mRNA is a long-lived mRNA with a half-

Fig. 5. Effect of V5+ on NQO1 mRNA half-life. HepG2 cells were grown to 90%
conﬂuence in six-well cell culture plates and were treated with 1 nM TCDD for 6 h.
The cells were then washed three times and incubated in fresh media containing
100 lM V5+ plus 5 lg/ml Act-D, a RNA synthesis inhibitor. First-strand cDNA was
synthesized from total RNA (1.5 lg) extracted from HepG2 cells. cDNA fragments
were ampliﬁed and quantitated using an ABI 7500 real-time PCR system as
described under Section 2. mRNA decay curves were analyzed individually, and the
half-life was estimated from the slope of a straight line ﬁtted by linear regression
analysis to a semilog plot of mRNA amount, expressed as a percentage of treatment
at time = 0 h (maximum, 100%) level, versus time. The half-lives obtained from
three independent experiments were then used to calculate the mean half-life
(mean ± S.E., n = 3).
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Fig. 6. Effect of V5+ on the NQO1 protein half-life. HepG2 cells were grown to 90%
conﬂuence in six-well cell culture plates. Thereafter, the cells were treated with
1 nM TCDD for 24 h. Cells were washed and incubated in fresh media containing
100 lM V5+ plus 10 lg/ml CHX, a protein translation inhibitor. Protein was
extracted at the designated time points after the addition of CHX. Protein (5 lg)
was separated by 10% SDS–PAGE and transferred to a nitrocellulose membrane. The
intensities of NQO1 protein bands were normalized to GAPDH signals, which were
used as loading controls. All protein decay curves were analyzed individually. The
half-life was estimated from the slope of a straight line ﬁtted by linear regression
analysis to a semilog plot of protein amount, expressed as a percentage of treatment
at time = 0 h (maximum, 100%) level, versus time. The half-lives obtained from
three independent experiments were then used to calculate the mean half-life
(mean ± S.E., n = 3). () P < 0.05 compared with TCDD.

seventies, vanadium was reported to be an essential trace element
for chicken and rats (Pham Huu and Chanvattey, 1967) and this has
lead to predicate if vanadium could also be essential for human
(Sabbioni et al., 1996). There are two important aspects related
to vanadium as a trace element. Firstly, its essentiality for mammalian growth (Barrio and Etcheverry, 2006), and the demonstrated
biological effects which it produces, including depression of cholesterol and triglyceride metabolism, inﬂuence the shape of erythrocytes, and stimulate glucose oxidation and glycogen synthesis in
the liver (Dickerson and Charland, 2002). Secondly, its release in
large quantities to the atmosphere from the combustion of fossil
fuels (Dundar, 2006; Sabbioni et al., 1996).
Recent data suggest that V5+ compounds exert protective effects
against chemical-induced carcinogenesis, mainly through modifying various xenobiotic metabolizing enzymes (Evangelou, 2002).
Yet, it has been seen that high V5+ concentrations are found in tissue samples of actual tumors as compared to those in normal tissues (Evangelou, 2002). Interestingly, we have shown previously
that V5+ down-regulates the NQO1 gene expression in murine
Hepa 1c1c7 through a transcriptional mechanism, possibly
through inhibiting the ATP-dependent activation of Nrf2. Data
from our laboratory and others showed that heavy metals other

than V5+ are capable of modifying NQO1 through different stages
of its regulatory pathway. Therefore, the objectives of the current
study were to examine the effect of V5+ on the expression of human
NQO1 using human hepatoma HepG2 cells, and to investigate the
underlying mechanisms involved in this modulation.
In the current study we hypothesize that V5+ down-regulates
the inducible NQO1 gene expression through inhibiting both the
AhR and Nrf2 signaling pathways. Hence the main objective of
the current study was to determine the potential effect of co-exposure to V5+ and TCDD or SUL, as bifunctional and monofunctional
inducers, respectively, on NQO1 gene expression. Our results
clearly demonstrated that V5+ signiﬁcantly inhibited the TCDDand SUL-mediated induction of NQO1 at mRNA, protein and activity levels in HepG2 cells. These results suggest that V5+ inhibits
NQO1 expression through the AhR/XRE and the Nrf2/ARE signaling
pathways.
Being able to inhibit inducible NQO1 gene expression in addition to its similar previous reported effect on CYP1A1 (Abdelhamid
et al., 2010), V5+ was suspected to exert its effect through inhibiting
the transcription of Nrf2. To address this question we examined
the effect of V5+ on the Nrf2 mRNA level. Our results demonstrated
that V5+ did not affect the mRNA levels of Nrf2, further conﬁrming
that the inhibitory effect of V5+ on NQO1 gene expression was not
due to any decrease in the expression of Nrf2.
The transcriptional regulation of NQO1 gene expression by V5+
was supported by a series of evidence, the ﬁrst being its ability
to inhibit TCDD- and SUL-mediated induction of NQO1 mRNA in
a dose-dependant manner. Secondly, V5+ was able to inhibit the
TCDD- and SUL-induced ARE-luciferase activity. Thirdly, V5+ was
able to inhibit the TCDD- and SUL-induced nuclear accumulation
of Nrf2. Finally, V5+ was not able to signiﬁcantly alter the NQO1
mRNA half-life.
Inhibition of adenosinetriphosphatase (ATPase) by V5+ was
extensively studied (Cantley et al., 1977, 1978; North and Post,
1984). Since one of the two NQO1 regulatory pathways involves
activation and subsequent translocation of the AhR, it is thus expected that V5+ through inhibiting the ATP-dependent translocation of AhR would inhibit the NQO1 gene expression. In addition,
it has been previously reported that the Nrf2 activity is ATPasedependent (Zhang et al., 2006). Bearing in mind that V5+ is a potent
ATPase inhibitor, it is not surprising to observe a decrease in Nrf2
nuclear accumulation in response to V5+. Therefore, our results
suggest that the inhibitory effect of V5+ on the NQO1 gene expression is occurring primarily through an ATP-dependent mechanism.
Despite the fact that V5+ inhibited the nuclear accumulation of
Nrf2 protein, there was still a possibility that V5+ might have participated in increasing the degradation of Nrf2 protein through its
well known 26S proteasomal pathway. Therefore, we examined
the time-dependent effect of V5+ on the total Nrf2 protein levels.
Our results demonstrated that V5+ did not affect the total Nrf2 protein levels, further conﬁrming that V5+ inhibited the Nrf2 translocation to the nucleus without affecting its protein levels.
We have previously shown that heavy metals do not affect the
NQO1 mRNA and protein turn-over rates (Korashy and El-Kadi,
2006). Yet it was of great importance to determine the effect of
V5+ on the NQO1 mRNA and protein half-life. The cellular mRNA level at any time point is a function of the rate of its production,
through transcriptional mechanism, and the rate of its degradation.
Our results showed that NQO1 transcripts are long-lived with an
estimated half-lives of approximately 27.8 ± 5.9 h; V5+ was unable
to decrease the NQO1 mRNA half-life. Furthermore, our results
showed that NQO1 is a long-lived protein with an estimated
half-life of 44.6 ± 2.0 h, interestingly; our results showed that V5+
signiﬁcantly decreased the NQO1 protein half-life by 25% compared to TCDD alone. In contrary to our results, we have previously
shown in Hepa 1c1c7 cells that V5+ increase NQO1 protein stability
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(Anwar-Mohamed and El-Kadi, 2008). These results suggest that
the effect of V5+ on NQO1 protein stability is species-speciﬁc.
In conclusion, the present study demonstrates that V5+ downregulates human NQO1 gene expression primarily through a transcriptional mechanism. Furthermore, Nrf2 nuclear accumulation is
inhibited by V5+. This is the ﬁrst study to report the effect V5+ on
human detoxifying enzyme NQO1, and may provide further evidence for V5+-induced carcinogenesis.
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