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Abstract We recently demonstrated that V5+ downregulates 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)mediated induction of Cyp1a1 mRNA, protein, and
catalytic activity levels in Hepa 1c1c7 cells through
transcriptional mechanism. Therefore, it is important to
investigate whether similar changes occur in humans.
For this purpose, we examined the effect of V5+ (as
ammonium metavanadate, NH4VO3) on the expression
of aryl hydrocarbon receptor (AhR)-regulated gene;
cytochrome P450 1A1 (CYP1A1) at each step of the
AhR signal transduction pathway in human hepatoma
HepG2 cells. Our results show a significant reduction
in TCDD-mediated induction of CYP1A1 mRNA,
protein, and activity levels after V5+ treatment in a
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dose-dependent manner. Investigating the effect of coexposure to V5+ and TCDD at transcriptional levels
revealed that V5+ significantly inhibited TCDDmediated induction of AhR-dependent luciferase
reporter gene expression. Looking at the posttranscriptional level, V5+ did not affect CYP1A1 mRNA
stability, thus eliminating the possible role of V5+ in
modifying CYP1A1 gene expression through this
mechanism. On the other hand, at the posttranslational
level, V5+ was able to significantly decrease CYP1A1
protein half-life contributing to the inconsistency
between catalytic activity and transcriptional level.
Importantly, we showed that V5+ did not significantly
alter the heme oxygenase-1 mRNA level, thus eliminating any possibility that V5+ might have decreased
CYP1A1 activity through affecting its heme content.
This study demonstrates for the first time that V5+
downregulates the expression of CYP1A1 at the
transcriptional, posttranscriptional and posttranslational
mechanisms in the human hepatoma HepG2 cells.
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The aryl hydrocarbon receptor (AhR) is a ligandactivated cytoplasmic transcription factor that belongs
to the basic-helix–loop-helix protein family (Lubet et
al. 1984). In the absence of a ligand, AhR is associated

422

with two 90-kDa heat shock protein-90, the 23-kDa
heat shock protein, and hepatitis B virus X-associated
protein 2. Following ligand binding, AhR translocates
to the nucleus, dissociates from the complex, and
forms a heterodimer with the AhR nuclear translocator
(Arnt) (Hankinson 1995). The whole complex then
acts as a transcription factor that binds to a specific
DNA recognition sequence, termed the xenobiotic
responsive element (XRE), located in the promoter
region of a number of AhR-regulated genes. Among
these genes, cytochrome P450 1A1 (CYP1A1) is the
most capable of bioactivating the toxic and environmental contaminants polycyclic aromatic hydrocarbons
(PAHs) and halogenated aromatic hydrocarbons
(HAHs) to carcinogenic metabolites (Denison and
Nagy 2003). Of interest, it has been shown that the
toxicological effects of PAHs and the more toxic
HAHs, typified by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), are mainly mediated through the activation of
AhR and consequently CYP1A1. In fact, a wellestablished link between the induction of CYP1A1
and cancer has been previously reported (McLemore et
al. 1990).
The toxicological effects of individual AhR ligands
have been extensively studied; yet, the combined
toxicological effects of these ligands with heavy metals
such as vanadium (V5+) are currently at large. V5+
compounds exert protective effects against chemicalinduced carcinogenesis in animals, by modifying
various xenobiotic enzymes, thus, inhibiting
carcinogen-derived active metabolites generation. The
anticarcinogenic effects of V5+ combined with its low
toxicity have made V5+ an attractive tool for the
treatment of different cancers. Moreover, recent studies
have suggested V5+ as an effective non-platinum metal
antitumor agent (Kostova 2009). The major difference
between platinum anticancer agents and V5+ is that the
former react with nitrogen atoms of DNA and
preferentially react with the N-7 atom of deoxyguanylic acid (Knox et al. 1986). This type of DNA
damage produced by platinum anticancer agents is
thought to be the major reason for their effectiveness
(Rosenberg et al. 1969). On the contrary, V5+ is
believed to mediate its anticancer effect mainly through
three different mechanisms: firstly by inactivating the
carcinogens-generating metabolizing enzymes such as
CYP1A1, secondly through affecting cell proliferation,
and lastly, through inducing cellular oxidative stress
(Evangelou 2002).
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To date, very little information is available on the
effect of V5+ on the CYP1A1 expression and function
(Anwar-Mohamed and El-Kadi 2008). As such, we
have previously demonstrated that V5+ was able to
decrease the TCDD-mediated induction of Cyp1a1 at
mRNA, protein, and catalytic activity levels in the
mouse hepatoma, Hepa 1c1c7 cells (Anwar-Mohamed
and El-Kadi 2008). Therefore, the objectives of the
current study were to examine the effect of coexposure to V5+ and TCDD on the expression of
human CYP1A1 using human hepatoma HepG2 cells
and to investigate the underlying mechanisms involved in this modulation. The human hepatoma cell
line HepG2 cells offers a good model to examine the
effect of V5+ on the TCDD-mediated induction of
CYP1A1 for the following reasons: (1) the AhR is
widely expressed in all mouse tissues (Abbott and
Probst 1995; Abbott et al. 1995), while in humans,
this expression is only high in lungs, thymus, liver,
and kidneys (Puga et al. 2009); (2) these cells have
proven to be a useful model for investigating the
regulation of human CYP1A1 (Lipp et al. 1992;
Krusekopf et al. 1997; Kikuchi et al. 1996; Kim et al.
2006; Vakharia et al. 2001); (3) human hepatocytes
have been shown to be one of major targets for heavy
metals (Ercal et al. 2001); (4) compared to primary
human hepatocytes, HepG2 cells are relatively easyto-handle tool to study the regulation of CYP1A1
(Westerink and Schoonen 2007).
We provide here the first evidence that V5+
downregulates human CYP1A1 expression at transcriptional level and posttranscriptional levels.

Materials and methods
Materials
Ammonium metavanadate (NH 4 VO 3 ), 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), cycloheximide (CHX), 7-ethoxyresorufin,
and protease inhibitor cocktail were purchased
from Sigma–Aldrich (St. Louis, MO). 2,3,7,8Tetrachlorodibenzo-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
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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). CYP1A1 D-15
mouse anti-rat polyclonal primary antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), anti-mouse IgG peroxidase secondary
antibody was purchased from R&D Systems (Minneapolis, MN, USA). pRL-CMV plasmid and luciferase
assay reagents were obtained from Promega (Madison,
WI). All other chemicals were purchased from Thermo
Fisher Scientific (Toronto, ON, Canada). Primers were
purchased from Integrated DNA Technologies, Inc.
(Coralville, IA) and are listed in Table 1.
Cell culture
Human hepatoma HepG2 cell line, ATCC number
HB-8065 (Manassas, VA), passages 4–15, was maintained in Dulbecco’s modified Eagle’s medium
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.
Chemical treatments
Cells were treated in serum-free medium with various
concentrations of V5+ (25–1,000 µM) in the absence
and presence of 1 nM TCDD as described in figure
legends. TCDD was dissolved in dimethyl sulfoxide
(DMSO) and maintained in DMSO at −20°C until
use. V5+ was prepared freshly in double-deionized
water (10 mM stock). In all treatments, the DMSO
concentration did not exceed 0.05% (v/v).

Effect of V5+ on cell viability
The effect of V5+ on cell viability was determined
using the MTT assay as described previously (AnwarMohamed and El-Kadi 2009b). MTT assay measures
the conversion of MTT to formazan in living cells via
mitochondrial enzymes of viable cells. In brief,
HepG2 cells were seeded onto 96-well microtiter cell
culture plates and incubated for 24 h at 37°C in a 5%
CO2 humidified incubator. Cells were treated with
various concentrations of V5+ (25–1,000 μM) in the
absence and presence of 1 nM TCDD. After 24 h
incubation, the medium was removed and replaced
with cell culture medium containing 1.2 mM MTT
dissolved in phosphate-buffered saline (PBS, pH 7.4).
After 2 h of incubation, the formed crystals were
dissolved in isopropanol. The intensity of the color in
each well was measured at a wavelength of 550 nm
using the Bio-Tek EL 312e microplate reader (BioTek Instruments, Winooski, VT).
RNA extraction and cDNA synthesis
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 μg of total
RNA from each sample was added to a mix of 2.0 μl
10× RT buffer, 0.8 μl 25× dNTP mix (100 mM), 2.0 μl
10× RT random primers, 1.0 μl MultiScribeTM reverse
transcriptase, and 3.2 μl 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.
Quantification by real-time PCR

Table 1 Primers sequences used for real-time PCRs
Gene

Forward primer

CYP1A1 5′-CTA TCT GGG CTG
TGG GCA A-3′

Reverse primer
5′-CTG GCT CAA GCA
CAA CTT GG-3′

HO-1

5′-ATG GCC TCC CTG 5′-TGT TGC GCT CAA
TAC CAC ATC-3′
TCT CCT CCT-3′

β-actin

5′-CTG GCA CCC AGC 5′-GCC GAT CCA CAC
ACA ATG-3′
GGA GTA CT-3′

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). Twenty-five-microliter reaction mix contained 0.1 µl of 10 µM forward primer
and 0.1 µl of 10 µM reverse primer (40 nM final
concentration of each primer), 12.5 µl of SYBR
Green Universal Mastermix, 11.05 µl of nuclease-free
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water, and 1.25 µl of cDNA sample. The primers used
in the current study were chosen from previously
published studies (Song and Freedman 2005;
Rushworth and MacEwan 2008; Cho et al. 2006)
and are listed in Table 1. Assay controls were
incorporated onto the same plate, namely, no-template
controls to test for the contamination of any assay
reagents. After sealing the plate with an optical
adhesive cover, the 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. Melting curve (dissociation stage) was performed by the end of each cycle to
ascertain the specificity of the primers and the purity of
the final PCR product.
Real-time PCR data analysis
The real-time PCR data were analyzed using the relative
gene expression, i.e., (ΔΔCT) method as described in
Applied Biosystems User Bulletin No. 2 and explained
further by Livak and Schmittgen (2001). In brief, the
primers used in the current study were tested to avoid
primer dimers, self-priming formation, or unspecific
amplification. To ensure the quality of the measurements, each plate included, for each gene, a negative
control and a positive control. For each sample, a
threshold cycle (CT) was calculated based on the time
(measured by the number of PCR cycles) at which the
reporter fluorescent emission increased beyond a
threshold level (based on the background fluorescence
of the system). The triplicate measurements for each
sample were averaged to give an average CT value for
each group, after removing of outliers (Oscar Aparicio
et al. 2005). The samples were diluted in such a
manner that the CT value was observed between 15
and 30 cycles. Results were expressed using the
comparative CT method as described in User Bulletin
2 (Applied Biosystems). Briefly, the ΔCT values
were calculated in every sample for each gene of
interest as follows: CT gene of interest −CT reporter gene,
with β-actin as the reporter gene. Calculation of
relative changes in the expression level of one
specific gene (ΔΔCT) was performed by subtraction
of ΔCT of control (untreated cells or 0 h time point)
from the ΔCT of the corresponding treatment groups.
The values and ranges given in different figures were
determined as follows: 2–ΔΔCT with ΔΔCT +SE and
ΔΔCT −SE, where SE is the standard error of the
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mean of the ΔΔCT value (User Bulletin 2, Applied
Biosystems).
Protein extraction and Western blot analysis
Twenty-four hours after incubation with the test
compounds, cells were collected in lysis buffer
containing 50 mM HEPES, 0.5 M sodium chloride,
1.5 mM magnesium chloride, 1 mM EDTA, 10% (v/v)
glycerol, 1% Triton X-100, and 5 µl/ml of protease
inhibitor cocktail. The cell homogenates were
obtained by incubating the cell lysates on ice for
1 h, with intermittent vortexing every 10 min,
followed by centrifugation at 12,000×g for 10 min
at 4°C. The supernatant fractions were collected for
determination of protein concentration using bovine
serum albumin as a standard by the Lowry method
(Gebremedhin et al. 2000). Proteins (50 µg) were
resolved by denaturing electrophoresis, as described
previously (Anwar-Mohamed and El-Kadi 2008).
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 a CYP1A1 primary antibody for 4 h at
room temperature in Tris-buffered saline containing
0.05% (v/v) Tween 20 and 0.02% sodium azide.
Incubation with a peroxidase-conjugated anti-mouse
IgG secondary antibody for CYP1A1 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, Mississauga, ON). The
intensity of CYP1A1 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).
Determination of CYP1A1 enzymatic activity
CYP1A1-dependent 7-ethoxyresorufin O-deethylase
(EROD) activity was performed on intact, living cells
using 7-ethoxyresorufin as a substrate, as previously
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described (Elbekai and El-Kadi 2004). Enzymatic
activity was normalized to cellular protein content,
which was determined using a modified fluorescent
assay (Lorenzen and Kennedy 1993).
Transient transfection and luciferase assay
HepG2 cells were plated onto 12-well cell culture plates.
XRE-driven luciferase reporter plasmid pGudLuc 6.1
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 µg of
pGudLuc 6.1 (generously provided by Dr. Michael S.
Denison, University of California, Davis, CA) and
0.1 µg 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). In brief, after
incubation with test compounds for 24 h, cells were
washed with PBS, 200 µl of Passive Lysis Buffer
(Promega) 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 DualLuciferase reporter assay system (Promega). Quantification was performed using a TD-20/20 luminometer
(Turner BioSystems, Sunnyvale, CA).
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TCDD for 24 h. Thereafter, cells were then washed
three times and incubated with 10 µg/ml CHX to
inhibit further protein synthesis, immediately before
treatment with 100 µM V5+. Cell homogenates were
extracted at 0, 1, 3, 6, 12, and 24 h after incubation
with V5+. Cellular protein was determined using the
method of Lowry et al. (1951). CYP1A1 protein was
measured by Western blotting. The intensity of
CYP1A1 protein bands was quantified relative to the
signals obtained for GAPDH protein, using ImageJ
software. The protein half-life values were determined
from semilog plots of integrated densities versus time.
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.

Results

CYP1A1 mRNA stability

Effect of co-exposure to V5+ and TCDD on cell viability

The half-life of CYP1A1 mRNA was determined by
an Act-D chase assay. Cells were pretreated with
1 nM TCDD for 12 h. Thereafter, cells were then
washed three times and incubated with 5 µg/ml Act-D
to inhibit further RNA synthesis, immediately before
treatment with 100 µM V5+. Total RNA was extracted
at 0, 1, 3, 6, 12, and 24 h after incubation with V5+.
Real-time PCRs were performed using SYBR Green
PCR Master Mix. The fold change in the level of
CYP1A1 (target gene) between treated and untreated
cells, corrected by the level of β-actin, was determined using the following equation: Fold change=
2−Δ (ΔCT), where ΔCT =CT (target) −CT (ß-actin) and
Δ(ΔCT)=ΔCT(treated) −ΔCT(untreated).

To determine the maximum nontoxic concentrations
of V5+ to be utilized in the current study, HepG2 cells
were treated for 24 h with increasing concentrations
of V5+ (25–1,000 µM) in the absence and presence of
1 nM TCDD. Thereafter, cytotoxicity was measured
using MTT assay. Figure 1 shows that V5+ alone at
the concentrations of 25 to 250 µM did not affect cell
viability. However, the highest concentration tested,
1,000 µM, significantly decreased cell viability to
approximately 57%. Similarly, co-exposure to V5+
and TCDD caused a significant decrease in cell
viability, only at the highest concentration tested
(1,000 µM), to approximately 52% (Fig. 1).

CYP1A1 protein stability

Time-dependent effect of co-exposure to V5+
and TCDD on CYP1A1 mRNA

The half-life of CYP1A1 protein was analyzed by the
CHX chase assay. Cells were pretreated with 1 nM

To better understand the kinetics of CYP1A1 mRNA
in response to the co-exposure to V5+ and TCDD, the
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levels and reached a maximum induction at 24 h to
reach 3500%. In contrast, when HepG2 cells were coexposed to V5+ and TCDD, there was a significant
decrease in the CYP1A1 mRNA levels that occurred
as early as 3 h by 39% compared to TCDD alone.
Similarly, there was a statistically significant decrease
in the TCDD-mediated induction of CYP1A1 mRNA
levels in response to V5+ treatment at 6, 12, and 24 h
by 49%, 63%, and 91%, respectively, compared to
TCDD alone (Fig. 2).
Concentration-dependent effect of co-exposure to V5+
and TCDD on CYP1A1 mRNA
Fig. 1 Effect of V5+ on cell viability. HepG2 cells were treated
for 24 h with V5+ (0, 25, 50, 100, 250, and 1,000 µM) in the
absence and presence of 1 nM TCDD. Cell cytotoxicity was
determined using MTT. Data are expressed as percentage of
untreated control (which is set at 100%)±SE (n=8). +P<0.05,
compared with control (concentration = 0 µM); *P < 0.05,
compared with the respective TCDD (T) treatment

time-dependent effect was determined at various time
points up to 24 h after treatment with 1 nM TCDD in
the absence and presence of 100 μM V5+ (Fig. 2).
Our results clearly demonstrated that TCDD alone
caused a time-dependent increase in CYP1A1 mRNA

Fig. 2 Time-dependent effect of V5+ on CYP1A1 mRNA.
HepG2 cells were treated with 1 nM TCDD in the absence and
presence of V5+ (100 µM). First-strand cDNA was synthesized
from total RNA (1 µg) extracted from HepG2 cells. cDNA
fragments were amplified and quantitated using an ABI 7500
real-time PCR system as described under “Materials and
methods.” Duplicate reactions were performed for each
experiment, and the values presented are the means of three
independent experiments. *P<0.05, compared with the respective TCDD treatment; +P<0.05, compared with control (zero
time)

To examine the effect of co-exposure to V5+ and
TCDD on CYP1A1 mRNA, HepG2 cells were treated
with various concentrations of V5+ in the presence of
1 nM TCDD (Fig. 3). Thereafter, CYP1A1 mRNA
was assessed using real-time PCR. TCDD alone
caused 1600% increase in CYP1A1 mRNA that was
inhibited in a dose-dependent manner by V 5+.
Initially, V5+ at the concentration of 25 μM caused a
significant decrease in the TCDD-mediated induction
of CYP1A1 mRNA by 12%. The maximum inhibi-

Fig. 3 Concentration-dependent effect of V5+ on CYP1A1
mRNA. HepG2 cells were treated for 6 h with increasing
concentrations of V5+ in the presence of 1 nM TCDD. Firststrand cDNA was synthesized from total RNA (1 µg) extracted
from HepG2 cells. cDNA fragments were amplified and
quantitated using an ABI 7500 real-time PCR system as
described under “Materials and methods.” Duplicate reactions
were performed for each experiment, and the values presented
are the means of three independent experiments. +P<0.05,
compared with control (C) (concentration=0 µM); *P<0.05,
compared with the respective TCDD (T) treatment
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tion took place at the highest concentration tested,
250 μM, by 71% compared to TCDD alone (Fig. 3).
Concentration-dependent effect of co-exposure to V5+
and TCDD on CYP1A1 protein and catalytic activity
To investigate whether the observed inhibition of the
TCDD-mediated induction of CYP1A1 mRNA is
reflected at the protein and activity levels, HepG2
cells were treated for 24 h with 1 nM TCDD in the
absence and presence of increasing concentrations of
V5+. Figure 4a and b shows that TCDD alone caused
3200% and 3900% increase in CYP1A1 protein and
catalytic activity levels, respectively. On the other
hand, V5+ significantly reduced the TCDD-mediated
induction of CYP1A1 protein and catalytic activity
levels (Fig. 4a and b). V5+ decreased CYP1A1 protein
in a dose-dependent manner while causing further
inhibition to CYP1A1 catalytic activity levels starting
at V5+ concentration of 25 μM and reached the
plateau at 50 μM (Fig. 4a and b). CYP1A1 protein
was decreased by 22%, 48%, 63%, and 81% with V5+
concentrations of 25, 50, 100, and 250 µM, respectively (Fig. 4a). On the other hand, CYP1A1 activity
was decreased by 70%, 81%, 85%, and 87% with V5+
concentrations of 25, 50, 100, and 250 µM, respectively (Fig. 4b).
Transcriptional inhibition of CYP1A1 gene by V5+
To determine if the observed effect upon co-exposure
to V5+ and TCDD on CYP1A1 is occurring through an
AhR-dependent mechanism, HepG2 cells were transiently co-transfected with the XRE-driven luciferase
reporter gene and its control construct, renilla luciferase. Luciferase activity results showed that 100 µM V5+
alone did not alter the luciferase activity (Fig. 5).
TCDD alone (1 nM) was capable of causing a
significant induction of the luciferase activity by
1100%, as compared with control. On the other hand,
co-treatment with V5+ and TCDD significantly decreased the luciferase activity by more than 75%
compared to TCDD alone (Fig. 5).
Posttranscriptional modification of CYP1A1 mRNA
by V5+
The level of mRNA expression is a function of the
transcription rate, and the elimination rate, through

Fig. 4 Effect of V5+ on inducible CYP1A1 protein and
catalytic activity. HepG2 cells were treated for 24 h with
increasing concentrations of V5+ in the presence of 1 nM
TCDD. a Microsomal protein (50 µg) was separated by 10%
SDS-PAGE and transferred to a nitrocellulose membrane.
Protein blots were then blocked overnight at 4°C and incubated
with a primary CYP1A1/1A2 antibody for 4 h at 4°C, followed
by 1 h incubation with secondary antibody at room temperature. CYP1A1 protein was detected using the enhanced
chemiluminescence method. The intensity of bands was
normalized to GAPDH signals, which was used as a loading
control. One of three representative experiments is shown. b
CYP1A1 activity was measured in intact living cells treated
with increasing concentrations of V5+, in the absence and
presence of 1 nM TCDD for 24 h. CYP1A1 activity was
measured using 7-ethoxyresorufin as a substrate. Values are
presented as mean ± S.E. (n=8). +P<0.05, compared with
control (C); *P<0.05, compared with the respective TCDD (T)
treatment
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Effect of co-exposure to V5+ and TCDD on HO-1
mRNA
In the current study, we examined the effect of V5+ on
HO-1 mRNA, a rate-limiting enzyme of heme
degradation. For this purpose, HepG2 cells were
treated with increasing concentrations of V5+ (25–

Fig. 5 Effect of V5+ on AhR-dependent luciferase activity.
HepG2 cells were transiently co-transfected with the XREluciferase transporter plasmid pGudLuc 6.1 and renilla luciferase control plasmid pRL-CMV. Cells were treated with vehicle,
TCDD (1 nM), V5+ (100 µM), or TCDD (1 nM)+V5+
(100 µM) 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=4). +P<0.05, compared
with control (C); *P<0.05, compared with the respective
TCDD (T) treatment

processing or degradation. Therefore, we examined
the effect of V5+ on the stability of human CYP1A1
mRNA transcripts, using an Act-D chase experiment.
Our results showed that CYP1A1 mRNA is a shortlived mRNA with a half-life of 4.52±0.22 h (Fig. 6).
On the other hand, co-exposure to V5+ and TCDD did
not significantly alter the CYP1A1 mRNA level
compared with TCDD alone, indicating that the
decrease in CYP1A1 mRNA transcripts in response
to V5+ was not due to any increase in its degradation.
Posttranslational modification of CYP1A1 Protein
by V5+
The fact that V5+ inhibited TCDD-mediated induction
of CYP1A1 catalytic activity much more than what is
observed at the mRNA levels raised the question of
whether V5+ could modify CYP1A1 protein stability.
Therefore, the effect of V5+ on CYP1A1 protein halflife was determined using CHX chase experiment.
Figure 7 shows that CYP1A1 protein induced by
TCDD degraded with a half-life of 8.26±0.37 h.
Interestingly, V5+ significantly decreased the stability
of CYP1A1 protein which degraded with a half-life of
5.38±0.12 h (Fig. 7).

Fig. 6 Effect of V5+ on CYP1A1 mRNA half-life. HepG2 cells
were grown to 90% confluence in six-well cell culture plates
and were treated with 1 nM TCDD for 12 h. The cells were
then washed three times and incubated in fresh media
containing 100 µM V5+ plus 5 µg/ml Act-D, a RNA synthesis
inhibitor. First-strand cDNA was synthesized from total RNA
(1.5 µg) extracted from HepG2 cells. cDNA fragments were
amplified and quantitated using an ABI 7500 real-time PCR
system as described under “Materials and methods.” 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 ± SE, n=3)
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V5+ did not significantly alter the HO-1 mRNA level.
Thus, HO-1 is not involved in the V5+-mediated
decrease in the TCDD-mediated induction of
CYP1A1 catalytic activity.
Direct effect of V5+ on TCDD-mediated induction
of CYP1A1 catalytic activity
To examine the possible direct inhibitory effect of V5+
on CYP1A1 catalytic activity, HepG2 cells were
treated for 24 h with 1 nM TCDD. Thereafter, cells
were incubated with increasing concentrations of V5+
for 2 h, and the CYP1A1 catalytic activity levels were
determined in intact living cells using EROD assay.
Our results showed that TCDD alone significantly
increased CYP1A1 catalytic activity, by 4000%. In
contrast, V5+ did not cause a direct inhibitory effect
on the TCDD-mediated induction of CYP1A1 catalytic activity levels (Fig. 9).

Discussion
AhR ligands such as TCDD occur as by-products in
the manufacture of organochlorides, in the incineration of chlorine-containing substances such as

Fig. 7 Effect of V5+ on the CYP1A1 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 µM V5+ plus 10 µg/ml CHX, a protein translation inhibitor.
Microsomal protein was extracted at the designated time points
after the addition of CHX. Protein (50 µg) was separated by 10%
SDS-PAGE and transferred to a nitrocellulose membrane. The
intensities of CYP1A1 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 ± SE, n=3). *p<0.05 compared with TCDD

250 µM) in the presence of 1 nM TCDD. Thereafter,
HO-1 mRNA was measured using real-time PCR.
Figure 8 shows that TCDD alone did not alter HO-1
mRNA level. Similarly, co-exposure to TCDD and

Fig. 8 Effect of V5+ on HO-1 mRNA. HepG2 cells were
treated for 6 h with increasing concentrations of V5+ in the
presence of 1 nM TCDD. First-strand cDNA was synthesized
from total RNA (1.5 µg) extracted from HepG2 cells. cDNA
fragments were amplified and quantitated using ABI 7500 realtime PCR system as described under “Materials and methods.”
Duplicate reactions were performed for each experiment, and
the values presented are the means of three independent
experiments
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Fig. 9 Direct effect of V5+ on inducible CYP1A1 activity. HepG2
cells were treated for 24 h with 1 nM TCDD and then cells were
incubated with 100 µM V5+ for additional 2 h. Thereafter,
CYP1A1 activity was measured using 7-ethoxyresorufin as a
substrate. Values are presented as mean ± S.E. (n=8). +P<0.05,
compared with control (C)

polyvinyl chloride, in the bleaching of paper, and from
natural sources such as volcanoes and forest fires
(Weber et al. 2008). The main route of human
contamination seems to be through the food (Svensson
et al. 1991). TCDD is a stable hydrophobic contaminant which persists in the environment (Skene et al.
1989). This feature of TCDD is responsible for its
accumulation in the food and its sustained effects on
animal and human health (Schuetz et al. 1995;
Stapleton and Baker 2003).
Environmental contamination by vanadium 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 to
60 µg (Nechay 1984). In addition, the highest level of
V5+ supplements in multivitamin products reaches
25 µg/tablet or capsule. 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 to 200 µg (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 concen-
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trations used in the current study are of great
relevance to those in humans.
During the last few years, V5+ compounds have
been shown to be effective in inhibiting cancers of the
liver (Bishayee and Chatterjee 1995), lung, breast,
and gastrointestinal tract (Kopf-Maier 1987; Kanna et
al. 2004). The mechanism for this anticancer effect is
not known. However, previous studies have demonstrated that V5+ compounds exert protective effects
against chemical-induced carcinogenesis mainly by
modifying various xenobiotic-metabolizing enzymes
(Evangelou 2002). Data from our laboratory and
others showed that heavy metals other than V5+ are
capable of modifying the carcinogen-metabolizing
enzyme, Cyp1a1, at different stages of its regulatory
pathway (Bessette et al. 2005; Khan et al. 2007;
Korashy and El-Kadi 2008).
Previous studies have shown that inhibition of
TCDD-mediated induction of CYP1A1 might be, in
part, through inducing cell cycle arrest which will
subsequently inhibit the AhR transcriptional activity
in G2/M phase of the cell cycle (Santini et al. 2001).
In contrast, other studies have shown that arsenic (As3+)
inhibition of the TCDD-mediated induction of
CYP1A1 is independent of cell cycle arrest but may
involve other mechanisms such as the recruitment of
RNA polymerase II (Bonzo et al. 2005). Biphasic
effects of vanadium compounds (ammonium metavanadate, vanadyl sulfate trihydrate, and ortho-sodium
vanadate) on cell cycle arrest have also been reported
on in vitro tumor colony growth models. In these
studies, it was shown that V5+ salts at low (<10−10 M)
concentrations stimulated, and at higher (>10−10 M)
concentrations inhibited, colony formation in human
tumors (Hanauske et al. 1987). Thus, one of the
mechanisms that might have been involved in the
V5+ inhibition of the TCDD-mediated induction of
CYP1A1 is through inducing cell cycle arrest; however,
this hypothesis is yet to be confirmed.
In the current study, we hypothesize that V5+
protects against TCDD-mediated toxicity and carcinogenicity by inhibiting CYP1A1 gene expression.
Hence, the main objective of the current study was to
determine the potential effects of co-exposure to V5+
and TCDD on the expression of CYP1A1. We have
shown previously that V5+ downregulates the Cyp1a1
gene expression in murine Hepa 1c1c7 through a
transcriptional mechanism. Thus, we initially examined the effect of V5+ on the expression of CYP1A1
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mRNA in human HepG2 cells. In the current study,
we showed that V5+ inhibits the TCDD-mediated
induction of CYP1A1 mRNA in a concentrationdependent manner. To determine if the inhibition of
CYP1A1 mRNA is further reflected at the protein and
catalytic activity levels, we measured the effect of V5+
on CYP1A1 protein and catalytic activity levels. Our
results showed that V5+ inhibits CYP1A1 protein in a
dose-dependent manner while causing further inhibitory effect at the activity level as the level of inhibition
reached plateau at 50 μM. In agreement with our
results, we have shown previously that V5+ downregulates Cyp1a1 gene expression in a concentrationdependent manner in murine Hepa 1c1c7 cells at the
mRNA, protein as well as activity levels (AnwarMohamed and El-Kadi 2008).
We have reported previously that heavy metals
modulate Cyp1a1 through transcriptional, posttranscriptional, and posttranslational mechanisms (Korashy
and El-Kadi 2005; Elbekai and El-Kadi 2007). Thus, it
was of great importance to examine the effect of V5+
on the transcriptional and posttranscriptional regulation
of CYP1A1. The cellular mRNA level at any time
point is a function of the rate of its production, through
a transcriptional mechanism, and the rate of its
degradation. In the current study, we demonstrated that
co-exposure to V5+ (100 µM) and TCDD inhibited
CYP1A1 mRNA expression in a time-dependent
manner, with a maximum inhibition at 24 h. Therefore,
it is apparent that V5+ inhibits CYP1A1 mRNA by
decreasing the de novo synthesis.
To confirm that the effect of V5+ on CYP1A1 gene
expression is mediated through an AhR-dependent
mechanism, luciferase reporter gene assay was carried
out. Our results showed that V5+ inhibited the TCDDmediated induction of the XRE-dependent luciferase
activity. Thus, the downregulation of CYP1A1 gene
expression by V5+ was mediated through an AhRdependent mechanism. The mechanisms controlling
AhR functions and homeostasis include several
protein kinases that modulate AhR subcellular localization, transcriptional activity, and protein stability.
The three families of mitogen-activated protein kinases
(MAPKs), extracellular signal-regulated kinases,
c-Jun N-terminal/stress-activated protein kinases, and
the p38s are important intracellular signal transduction mediators involved in the control of gene
expression and various other events in eukaryotic
cells through the phosphorylation of transcription
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factors and the modulation of their function (Henklova et al. 2008; Puga et al. 2009). In this regard, it
has been shown that V5+ is a potent activator of
MAPKs (Samet et al. 1998). Therefore, the observed
effect of V5+ on CYP1A1 might be due to two
possible mechanisms. Firstly, V5+ activates the p38
MAPK and subsequently induces the transcription of
nuclear transcription factor-κB (NF-κB), a factor
involved in CYP1A1 inhibition (Jaspers et al. 2000;
Chen et al. 1999). Secondly, it has been well
documented that cytosolic AhR requires phosphorylation prior to ligand binding; thus, it might have been
that V5+ through inducing MAPK inhibited the
phosphorylation of AhR with a subsequent inhibition
to its ATP-dependent nuclear translocation (Wang and
Safe 1994).
To examine whether V5+ inhibited CYP1A1
mRNA through decreasing its stability, the half-life
of the CYP1A1 mRNA was determined by an Act-D
chase experiment. Our results demonstrated that V5+
did not affect CYP1A1 mRNA stability, suggesting
that V5+ did not have a posttranscriptional modulating
effect on the expression of CYP1A1 mRNA, which is
similar to the result that has been obtained with Hepa
1c1c7 (Anwar-Mohamed and El-Kadi 2008).
The effect of V5+ on the CYP1A1 catalytic activity
level suggests the presence of a posttranslational
mechanism. For this purpose, we examined the effect
of V5+ on CYP1A1 protein stability, HO-1 mRNA,
and the possible competition between V5+ and the
CYP1A1 substrate, 7-ethoxyresorufin. At the protein
stability level, our results showed that V5+ significantly
decreased the CYP1A1 protein half-life by 35%
compared to TCDD alone. The discrepancy between
the effect of V5+ on CYP1A1 protein expression and
its catalytic activity can be explained by the fact that
the latter is the sum of action of V5+ on CYP1A1 gene
expression that was reflected at the protein level
(Fig. 4A), in addition to decreasing CYP1A1 protein
stability by V5+ (Fig. 7). In contrary to our results, we
have previously shown in Hepa 1c1c7 cells that V5+
did not alter the Cyp1a1 protein stability (AnwarMohamed and El-Kadi 2008). These results suggest
that the effect of V5+ on CYP1A1 is species-specific.
In the current study, we showed that V5+ did not
significantly alter the HO-1 mRNA level at all
concentrations tested, excluding the possibility that
V5+ might decrease the CYP1A1 activity through
affecting its heme content. This result is in agreement
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with our previous study which showed that V5+ did
not significantly alter the HO-1 mRNA level in Hepa
1c1c7. Furthermore, V5+ did not directly affect the
CYP1A1 activity, suggesting that competitive inhibitory mechanism was not involved in the modulation
of CYP1A1 activity by V5+. Although V5+ failed to
induce HO-1 which has been shown to be induced
through the redox-sensitive transcription factor nuclear factor-erythroid 2 p45-related factor 2/antioxidant
responsive element pathway (Anwar-Mohamed and
El-Kadi 2009a), V5+ was found to induce the
expression of hypoxia inducible factor 1 alpha (HIF1α) and vascular endothelial growth factor through
the phosphatidylinositol 3-kinase/Akt pathway and
reactive oxygen species (Gao et al. 2002). Since HIF1α and AhR share the same transcription factor, Arnt
for hypoxia- and AhR-mediated signaling pathways,
respectively, we might suggest that hypoxia inhibits
TCDD-mediated induction of CYP1A1 expression
due to the competition between HIF-1α and the AhR
for Arnt (Kim and Sheen 2000).
In conclusion, the present study demonstrates that
V5+ downregulates the bioactivating enzyme, CYP1A1
in human HepG2 cells through transcriptional and
posttranscriptional mechanisms. However, further studies are needed to investigate the cytoprotective effect of
V5+ against TCDD-mediated toxicity.
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