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ABSTRACT
Repeated cycles of vascular injury by benzo(a)pyrene (BaP)
increase the onset and progression of atherosclerotic lesions in
laboratory animals. This atherogenic response is partly medi-
ated by activation of cis-acting antioxidant/electrophile re-
sponse elements that enhance c-Ha-ras transcription in vascu-
lar smooth muscle cells (vSMCs). Activation of antioxidant/
electrophile responsive cis-acting elements may depend on
metabolism of BaP by cytochrome P450s to intermediates that
induce oxidative stress and modulate gene expression. To test
this hypothesis, we evaluated mitogen-activated c-Ha-ras ex-
pression in vSMCs treated with BaP or its metabolic interme-
diates alone, and in combination with agents that modulate
cellular redox status. BaP (0.3 and 3 mM), BaP-3,6-quinone (0.3
mM), or hydrogen peroxide (50 mM) enhanced serum-activated
c-Ha-ras. Ellipticine (0.01 nM), a known inhibitor of cytochrome
P450 metabolism and aryl hydrocarbon receptor (AhR) antag-
onist, inhibited c-Ha-ras induction by BaP (3 mM). Serum chal-

lenge of G0 synchronized cultures of vSMCs with DL-buthi-
onine-(S,R)-sulfoximine (0.1 mM), a depletor of cellular
glutathione, increased c-Ha-ras mRNA levels during the early
phase of the mitogenic response. Combined BaP/DL-buthi-
onine-(S,R)-sulfoximine challenge was cytotoxic to the cells
and inhibited c-Ha-ras expression, whereas up-regulation of
antioxidant capacity by N-acetylcysteine (0.5 mM) precluded
BaP-induced ras expression. BaP increased formation of reac-
tive oxygen species and depleted cellular glutathione, but these
changes did not correlate with the kinetics of c-Ha-ras induc-
tion. BaP did not enhance c-Ha-ras expression in vSMCs from
AhR knockout mice, although aryl hydrocarbon hydroxylase
activity was constitutively expressed in these cells. These re-
sults suggest that c-Ha-ras activation in vSMCs by BaP in-
volves a redox-sensitive mechanism that is coupled to AhR
receptor-dependent functions.

Aberrant proliferation and migration of vascular smooth
muscle cells (vSMCs) from the tunica media into the lumen of
the artery are key early events in atherosclerosis (Ross,
1993). During initial stages of atherosclerotic plaque forma-
tion, oxidized low-density lipoproteins circulating in blood
are engulfed by macrophages in the subendothelial space,
giving rise to foam cells that become “fatty streaks.” Oxidized
low-density lipoproteins also injure cells within the vessel
wall (Ross, 1993) and modulate mitogenic signaling in
vSMCs (Kusuhara et al., 1997). A correlation exists between
levels of homocysteine, an intermediate in cellular methio-
nine metabolism and inducer of oxidative stress, and the
formation of oxidized low-density lipoproteins and H2O2 (Mc-
Cully, 1996). Homocysteine also is linked to myointimal cel-
lular proliferation in baboons (Harker et al., 1983), and

vSMC proliferation in vitro after up-regulation of cyclins D1
and A (Tsai et al., 1994). In a similar fashion, oxidants and
pro-oxidants present in tobacco smoke increase the formation
of vascular atherosclerotic lesions in laboratory animals
(Ramos et al., 1994). For benzo(a)pyrene (BaP), the athero-
genic response involves reprogramming of mitogenic signal
transduction pathways and induction of proliferative pheno-
types (Ramos et al., 1996).

The responses elicited by BaP in vSMCs are reminiscent of
those in epithelial cells where BaP acts as a complete carcin-
ogen. This homology has led to the suggestion that common
molecular links exist between atherogenesis and carcinogen-
esis. BaP carcinogenicity is mediated by oxidative metabo-
lism of the parent compound to BaP-7,8-diol-9,10-epoxide
after repeated cycles of cytochrome P450 (CYP)-mediated
metabolism (Pelkonen and Nebert, 1982). BaP-7,8-diol-9,10-
epoxide covalently binds to cellular macromolecules, leading

This study was supported by National Institutes of Health Grants ES 04849
and ES 09106 (to K.S.R).

ABBREVIATIONS: vSMC, vascular smooth muscle cell; BaP, benzo(a)pyrene; CYP, cytochrome P450; ROS, reactive oxygen species; ARE/EpRE,
antioxidant/electrophile-responsive cis-acting elements; AhR, aryl hydrocarbon receptor; BaPQ, BaP-3,6-quinone; FBS, fetal bovine serum; NaC,
N-acetylcysteine; BSO, DL-buthionine-(S,R)-sulfoximine; AHH, aryl hydrocarbon hydroxylase; GSSG, glutathione disulfide; DCFDA, dichlorofluo-
roscin diacetate; ellip, ellipticine.

0026-895X/00/010152-07$3.00/0
MOLECULAR PHARMACOLOGY

Copyright © 2000 The American Society for Pharmacology and Experimental Therapeutics
MOL 58:152–158, 2000 /13059/830952

152

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


to formation of mutagenic DNA adducts (Pelkonen and
Nebert, 1982). BaP also is oxidized to 3-hydroxy- and 6-hy-
droxy-BaP, which further oxidize to form BaP quinones that
can undergo redox cycling and generate reactive oxygen spe-
cies (ROS; Lesko et al., 1975). Although both of these path-
ways are operative in vSMCs (Bond et al., 1979, 1980), their
contributions to BaP atherogenesis are not yet fully under-
stood.

The occurrence of oxidized BaP metabolites in vSMCs im-
plicates oxidative stress as a mechanism in the modulation of
cellular phenotypes and mitogenic signaling. This hypothesis
is consistent with the demonstration that H2O2 and O2

. in-
duce c-myc and c-fos expression and enhance DNA synthesis
(Rao and Berk, 1992), and differentially activate protein ki-
nases (Baas and Berk, 1994) in vSMCs. As shown by Baas
and Berk (1994), O2

. enhances mitogen-activated protein ki-
nase activity, whereas H2O2 increases the activity of mito-
gen-activated protein kinase phosphatase, an important reg-
ulator of growth in ras-transformed cells (Sun et al., 1994),
and H2O2 stimulates tyrosine phosphorylation of epidermal
growth factor receptor to activate p21ras in vSMCs (Rao,
1996). Thus, interactions probably exist between growth reg-
ulatory genes and redox status in vSMCs.

The c-Ha-ras proto-oncogene encodes for p21ras, a mem-
brane-bound GTP-binding protein that acts as an upstream
regulator of mitogen-activated protein kinase signaling. A
role for this gene in atherogenesis was first described by this
laboratory in studies showing that overexpression of mutant
Ha-rasEJ in vSMCs induces proliferative phenotypes and loss
of differentiation (Sadhu et al., 1994). Interestingly, angio-
plasty-induced restenosis has been associated with p21ras

activity within the artery wall (Ueno et al., 1997). A central
role for c-Ha-ras in the regulation of vSMC phenotypes and
atherogenesis is consistent with the ability of chemical
atherogens, such as BaP, to disrupt the kinetics of gene
induction and growth factor-dependent ras signaling (Sadhu
et al., 1993; Ramos et al., 1996).

Given that activation of c-Ha-ras transcription by BaP in
vSMCs is mediated by antioxidant/electrophile-responsive
cis-acting elements (ARE/EpREs) within the regulatory re-
gion of the gene (Bral and Ramos, 1997), this study was
conducted to evaluate the role of redox mechanisms in the
regulation of c-Ha-ras. We present evidence that modulation
of mitogen-stimulated c-Ha-ras expression in vSMCs by BaP
involves a redox-sensitive mechanism that is coupled to aryl
hydrocarbon receptor (AhR)-dependent functions.

Materials and Methods
Chemicals. BaP (98% purity) was obtained from Aldrich Chemi-

cal Co. (Milwaukee, WI). BaP-3,6-quinone (BaPQ) and 3-OH BaP
were obtained from the National Cancer Institute Chemical Carcin-
ogen Reference Standard Repositories (c/o Midwest Research Insti-
tute, KS City, MO). Medium 199, Dulbecco’s modified Eagle’s me-
dium with F12 salts, antibiotic, and trypsin were purchased from
Life Technologies (Grand Island, NY). Fetal bovine serum (FBS) was
obtained from Atlanta Biologicals (Norcross, GA). Collagenase was
purchased from Worthington (Freehold, NJ). Nylon membranes were
purchased from Amersham (Chicago, IL). X-ray film (XAR 5 and MR)
for autoradiography was from Kodak (Rochester, NY). [a-32P]dCTP
(3000 Ci/mmol) was from New England Nuclear (Boston, MA). High
Prime random-primed labeling kit was purchased from Boehringer
Mannheim (Indianapolis, IN). Tri-reagent was purchased from Mo-

lecular Research Center, Inc. (Cincinnati, OH). Restriction enzymes
were purchased from Promega (Madison, WI). Tris/glycine/SDS
buffer, Tris/glycine buffer, and polyvinylidene difluoride membranes
were purchased from Bio-Rad (Hercules, CA). All other chemicals
were from Sigma Chemical Co. (St. Louis, MO).

Cell Culture Procedure. vSMCs were isolated by successive
enzymatic digestion of the thoracic aorta from AhR1/1, AhR1/2, and
AhR2/2 female C57/Bl6J mice (20–30 g). Cells were grown in Me-
dium 199 supplemented with 10% FBS, 2 mM glutamine, and anti-
biotics (10,000 U/ml penicillin, 10 mg/ml streptomycin, and 25 mg/ml
amphotericin) at 37°C in 5% CO2, 95% air. Subcultures were pre-
pared by trypsinization of subconfluent primary cultures and used
between passages 12 to 26.

Chemical Treatments. Stock solutions of BaP (40 mM) and
BaPQ (8.33 mM) were prepared in dimethyl sulfoxide and kept at
220°C in the dark. Stock solutions of N-acetylcysteine (NaC; 100
mM) and DL-buthionine-(S,R)-sulfoximine (BSO; 100 mM) were pre-
pared in sterile PBS and stored at 4°C. For glutathione (GSH)
measurements, vSMCs were seeded in 6-well culture plates at a
density of 150 cells/mm2. Cells were allowed to attach for 24 h and
then serum-deprived in Medium 199 containing 0.1% FBS for 72 h to
synchronize cells in G0 (Sadhu and Ramos, 1993). The BaP concen-
trations tested were chosen based on established gene inducibility
profiles (Bral and Ramos, 1997). BaPQ was tested at 0.3 mM because
this concentration falls within the BaP-responsive concentration
range and is a noncytotoxic quinone concentration that can be
readily solubilized in aqueous media. H2O2 (25, 50, and 100 mM) was
tested at concentrations previously reported to enhance cell signal-
ing and proto-oncogene expression (Rao and Berk, 1992). vSMCs
were pretreated with NaC (0.5 mM) or BSO (0.1 mM) in the absence
of serum for 8 h. vSMCs were then incubated with BaP (0.3 or 3 mM)
alone, or in combination with NaC (0.5 mM) or BSO (0.1 mM), in the
presence of serum for various times. For measurements of ROS,
vSMCs were seeded in 100-mm culture dishes at a density of 150
cells/mm2 and allowed to attach for 24 h. Cells were G0 synchronized
in Medium 199/0.1% FBS for 72 h, transferred to Lab-Tek (Naper-
ville, IL) glass slide wells in Medium 199/10% FBS, and then chal-
lenged with BaP for various times. For Northern analysis and aryl
hydrocarbon hydroxylase (AHH) measurements, vSMCs were seeded
in 100-mm culture dishes at a density of 150 cells/mm2. Final di-
methyl sulfoxide concentrations in the cultures never exceeded
0.075%.

GSH Measurements. Cells were rinsed with PBS to remove
excess media and freeze/thawed 33 in 5% metaphosphoric acid. Cells
were scraped and transferred to microfuge tubes and centrifuged at
12,000g. Aliquots of the supernatant were taken from each sample
for GSH measurements. GSH was measured by the 5,59-dithio-bis-
(2-nitrobenzoic acid)-glutathione disulfide (GSSG) reductase recy-
cling assay as described by Anderson (1985). Briefly, 20 ml of sample
was aliquoted into a microfuge tube and warmed to 37°C for 15 min.
Each sample was then combined with 700 ml of daily buffer (NADPH;
0.3 mM) in stock buffer [Na2HPO4 (143 mM) and Na4EDTA (6.3
mM), final pH 5 7.5)], 10 ml of dithiobisnitrobenzoic acid (6 mM
stock), and 10 ml of GSH reductase (2.86 U). The absorbance at 412
nm was measured every 30 s for 5 min in a kinetic mode. The DA/min
was measured and compared with GSH and GSSG standards to
calculate actual concentrations. Measurements were normalized to
cellular protein content in each dish by a microbiuret assay.

Measurement of ROS. Serum-deprived vSMCs were seeded in
2-well slides at a density of 150 cells/mm2 in Medium 199/10% FBS.
Kinetic measurements of H2O2 levels were conducted with dichlo-
rofluoroscin diacetate (DCFDA) dissolved in Dulbecco’s modified Ea-
gle’s medium with F12 salts. At the appropriate times the Medium
199/10% FBS was removed from the slides and rinsed with PBS.
Dulbecco’s modified Eagle’s medium with F12 salts with DCFDA was
applied to the cells and fluorescence measurements were conducted
at 488 nm by argon-ion laser cytometry with the Meridian ACAS
Ultima.
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RNA Extraction and Analysis. Total RNA was extracted with
Tri-reagent according to manufacturer’s specifications as described
by Chomczynski and Sacchi (1987). Briefly, cells were scraped in 0.8
ml of Tri-reagent and allowed to sit at room temperature for 5 min.
Samples were then combined with 0.2 ml of chloroform, vortexed,
and allowed to sit at room temperature for 2 min. After centrifuga-
tion at 12,000g (4°C) for 15 min, the aqueous layer was mixed with
an equal volume of isopropanol and stored at 220°C overnight. This
solution was centrifuged for 15 min at 12,000g (4°C) and the pellet
washed with 70% ethanol, dried, and resuspended in 50% form-
amide. RNA concentration was determined spectrophotometrically
at 260 nm.

Northern Analysis. Ten micrograms of total RNA was dissolved
in 50% formamide, mixed with 10 ml of 23 buffer (63.5% formamide,
7.6% formaldehyde, 1 M Na2HPO4, and 15% 63 gel loading buffer),
and denatured by heating at 55°C for 10 min. Total RNA was sepa-
rated by electrophoresis on a formaldehyde denaturing gel [1.2%
agarose, 1 M formaldehyde, and 13 SPC (20 mM Na2HPO4, 2 mM
trans-1,2-diaminocyclohexane-N, N,N9N9-tetraacetic acid, final pH 5
6.8)] in 13 SPC buffer and transferred onto a nylon membrane by
capillary action. Membranes were dried at room temperature and
cross-linked with a Stratagene (La Jolla, CA) UV crosslinker (4 min
at 254 nm). The membrane was prehybridized at 45°C for c-Ha-ras
and 60°C for b-tubulin for 18 to 24 h with hybridization buffer
containing 45% formamide, 63 SSPE (0.75 mol/l NaCl, 0.05 mol/l
NaH2PO4, and 5 mM EDTA, pH 7.4), 1% SDS, 10% dextran sulfate,
and 100 mg/ml sheared herring testes DNA and then hybridized with
32P-labeled probe in the same buffer for 18 to 24 h. b-Tubulin cDNA
(1.6 kb) was excised from a pBluescript plasmid with EcoRI and
c-Ha-ras cDNA (0.8 kb) was from Oncor (Gaithersburg, MD). Probes
were radiolabeled with a High Prime random-primed labeling kit.
After hybridization the blots were subjected to stringent washes in
0.13 SSPE/0.2% SDS at 55°C for c-Ha-ras and 65°C for b-tubulin, air
dried at room temperature, and exposed to X-ray film at 280°C for 4
to 24 h. mRNA levels were quantified with a Betagen beta scanner.
Target mRNAs were standardized against b-tubulin mRNA.

AHH Activity. AHH activity was measured as described by
Nebert and Gelboin (1968). Briefly, vSMCs were harvested in ice-
cold Tris-sucrose buffer (50 mM Tris and 200 mM sucrose, pH 8.0)
and centrifuged at 1100 rpm for 5 min at 4°C. The supernatant was
decanted and the pellet resuspended in ice-cold buffer. An aliquot
(100 ml) of sample was combined with 850 ml of 0.1 M HEPES (pH
8.0), 10 ml of 0.4 mM NADPH (in 1% Na bicarbonate), and incubated
at 37°C for 2 min before addition of 40 ml of 80 mM BaP (dissolved in
MeOH) for an additional 15 min. One milliliter of ice-cold acetone
and 3.25 ml of hexane were added before the organic layer was
removed and combined with 5 ml of 1 N NaOH. The aqueous layer
was then transferred to a new tube and monitored on a spectrofluo-
rimeter at an excitation spectrum of 396 nm and emission spectrum
of 522 nm. Protein was measured by the method of Bradford (1976).
Authentic 3-OH BaP was used as a standard. AHH activity was
expressed as picomoles of 3-OH BaP formed/15 min/milligram pro-
tein.

Statistical Analysis. ANOVA was used to assess significance
followed by Fisher’s least-significant difference post hoc test for ROS
measurements and AHH activity. Wilcoxon’s rank sum test was used
to assess significance for GSH and gene expression measurements.
The .05 level of probability was accepted as significant. Values rep-
resent mean 6 S.E.

Results
Identification of functional BaP-responsive ARE/EpREs in

the c-Ha-ras promoter suggests that a redox-sensitive mech-
anism is involved in the regulation of c-Ha-ras (Bral and
Ramos, 1997). The transactivation response may be medi-
ated by oxidative metabolites of BaP that activate redox

signaling in vSMCs. To test this hypothesis, G0-synchronized
vSMCs were treated with BaP (0.3 and 3 mM), BaPQ (0.3
mM), or H2O2 (50 mM). BaPQ and H2O2 were studied because
they are recognized intermediates of BaP metabolism in
mammalian cells (Sullivan, 1985). BaP and related oxidants
increased c-Ha-ras mRNA levels relative to controls at all
time points examined (Fig. 1, A and B). Although induction
by all agents was most pronounced at 1 h relative to controls,
time-related increases in c-Ha-ras signal were observed at 3
and 5 h. BaP was a more effective inducer of c-Ha-ras than
BaPQ or H2O2 at the concentrations tested. Higher BaPQ
concentrations were cytotoxic and inhibited ARE/EpRE sig-
naling in vSMCs (Miller et al., 2000). c-Ha-ras activation was
observed in vSMCs treated with 25 mM H2O2, but at 100 mM
we observed a decrease in c-Ha-ras signal due to cytotoxicity
and cell death (data not shown). These data indicate that
oxidative intermediates of BaP significantly enhance c-Ha-
ras expression at noncytotoxic concentrations, but exhibit
induction profiles that are different from the parent com-
pound. Pretreatment of cells for 24 h with ellipticine (ellip;
0.01 nM) inhibited induction of c-Ha-ras by BaP (3 mM) at 1
and 3 h (Fig. 2), indicating that either the AhR or CYP-
mediated metabolism is required for gene activation.

The activation of c-Ha-ras by BaP and its oxidative inter-
mediates implicate a redox-sensitive mechanism in the reg-
ulation of the gene. Therefore, subsequent experiments were
conducted to examine the profile of c-Ha-ras gene expression
after chemical modulation of cellular redox balance. vSMCs
were synchronized in G0 by serum deprivation and chal-
lenged with BSO (0.1 mM) or NaC (0.5 mM) for 8 h before
serum-stimulated release into the cell cycle. BSO inhibits
GSH synthesis by specifically blocking the binding site of
glutamate on g-glutamylcysteine synthetase, the rate limit-
ing enzyme in GSH synthesis, whereas NaC provides free
cysteine for GSH synthesis de novo or directly detoxifies
quinones by acting as a free electron donor. The concentra-
tions of BSO and NaC examined were defined in dose-range
finding studies showing a 68 6 0.3% depletion and 124 6
16% induction of GSH, respectively (n 5 3).

After synchronized vSMC entry into the cell cycle by serum
stimulation, cells were challenged with BaP (3 mM) alone, or
in combination with BSO (0.1 mM) or NaC (0.5 mM). BaP (3
mM) enhanced c-Ha-ras mRNA levels by 1 h with maximal
induction at 3 and 5 h (Fig. 3). BSO (0.1 mM) enhanced
steady-state c-Ha-ras mRNA levels during the early phase of
the mitogenic response (Fig. 3). The induction of c-Ha-ras
was immediate with a .5.5-fold increase at 1 h in BaP-
treated cells compared with a 4-fold induction in BSO-treated
cells. Combined challenge of vSMCs with BaP and BSO was
cytotoxic and caused cellular shrinking and blebbing (data
not shown), and loss of c-Ha-ras signal (Fig. 3). NaC (0.5 mM)
alone did not influence c-Ha-ras mRNA levels at 1 or 3 h, but
up-regulated c-Ha-ras expression by 5 h. The induction of
c-Ha-ras by BaP (3 mM) was prevented by NaC (0.5 mM; Fig.
3), suggesting that a redox mechanism mediates the gene
activation response.

With DCFDA, the formation of H2O2 was monitored as an
indicator of ROS formation in synchronized vSMCs chal-
lenged with 10% FBS in the presence of BaP (3 mM). ROS
levels were not increased within the first 60 min after BaP
challenge relative to controls (Fig. 4) but were enhanced at 2
(125%) and 4 h (120%). To determine whether ROS formation
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by BaP-compromised redox balance in vSMCs, we measured
cellular GHS levels in vSMCs after challenge with BaP (3
mM) alone, or in combination with BSO (0.1 mM) or NaC (0.5
mM). BaP (3 mM) depleted GSH levels by 11 6 4.2% within
1 h, and 32 6 3.8% within 2 h compared with controls (Fig. 5).
In contrast, BSO alone induced a quick and sustained de-
crease in cellular GSH levels. The return of cellular GSH
levels to control values in BaP-treated cells probably involves
transcriptional activation of g-glutamylcysteine synthetase
via redox cycling (Shi et al., 1994; Moinova and Mulcahy,
1999). BaP (3 mM) in combination with BSO (0.1 mM) en-
hanced GSH depletion at 3 and 4 h (Fig. 5). NaC (0.5 mM)
enhanced GSH levels in a time-dependent manner reaching
up to 256 6 33% by 4 h, and completely protected cells from
BaP (3 mM)-induced GSH depletion (Fig. 5). Collectively,
these data indicate that BaP promotes ROS formation and
causes depletion of cellular GSH in vSMCs, but that a clear
disassociation exists in vSMCs between the kinetics of c-Ha-
ras activation and the modulation of redox status by BaP.

To further evaluate mechanisms of BaP-induced activation of
c-Ha-ras, gene expression was examined in vSMCs from
AhR1/1, AhR1/2, and AhR2/2 mice challenged with BaP. Our
focus on the AhR was based on the finding that ellip, an inhib-
itor of AhR-dependent functions, effectively antagonized c-Ha-
ras activation by BaP. BaP enhanced c-Ha-ras expression in
AhR1/1 and AhR1/2 vSMCs compared with controls, but not in
AhR2/2 vSMCs (Fig. 6). Similar results were seen in wild-type
vSMCs pretreated with AhR antisense oligonucleotide before
BaP challenge (data not shown). Next, we examined AHH ac-
tivity in vSMCs challenged with 10% serum in the absence or

presence of BaP (0.3 and 3 mM) for 5 and 24 h to determine
whether loss of c-Ha-ras inducibility was due to loss of meta-
bolic activation potential in AhR null vSMCs (Fig. 7). 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (1 nM) was included in this exper-
iment as a positive control for AhR-mediated inducibility.
Constitutive AHH expression was observed in G0-synchronized
and randomly cycling vSMCs independent of the AhR pheno-
type. The level of AHH activity in synchronized vSMCs was
markedly reduced compared with randomly cycling counter-
parts, confirming that expression of CYPs is influenced by
growth status (Ou and Ramos, 1995). Induction of CYP1B1-
encoded AHH activity by BaP increased as a function of dose
and time, but was independent of AhR status.

Discussion
Previous studies in this laboratory have established a link

between vSMC proliferation and c-Ha-ras (Ramos et al.,
1996). Mitogenic stimulation of G0-synchronized vSMCs was
associated with induction of c-Ha-ras before progression into
S-phase, whereas pharmacological interference with gene
induction precluded continued cell cycle progression (Sadhu
et al., 1993). Overexpression of oncogenic Ha-ras disrupts
mitogenic signaling and induces vSMC dedifferentiation
(Sadhu et al., 1994). These responses are reminiscent of those
in vSMCs isolated from animals challenged with atherogenic
doses of BaP (Ramos et al., 1996). Because of the central role
of c-Ha-ras in the regulation of vSMC functions, we are
interested in defining the molecular basis of c-Ha-ras induc-
tion by atherogenic stimuli. For BaP, activation of c-Ha-ras

Fig. 1. c-Ha-ras mRNA induction profiles in vSMCs challenged with BaP, BaPQ, or H2O2. vSMCs were synchronized in G0 and subsequently
challenged with H2O2 (50 mM), BaPQ (0.3 mM), or BaP (0.3 and 3 mM) in the presence of serum (10% FBS) for 1, 3, and 5 h. RNA extraction and analysis
were performed as described in Materials and Methods. A, representative Northern of c-Ha-ras induction profiles in vSMCs challenged with H2O2,
BaPQ, or BaP. B, data was normalized to b-tubulin mRNA and expressed as fold induction relative to the 0 h control. mRNA levels were quantified
with Zero Dscan Image Analysis version 1.0. Data for H2O2, BaPQ, and 3 mM BaP are representative of three individual experiments.. Values for 0.3
mM BaP (n 5 1) are included for comparison. p, significance (P , .05) compared with control values for each respective time point. #, significance (P ,
.05) between chemical treatments at each respective time point. Filled columns, AhR1/1; hatched columns, AhR1/2; open columns, AhR2/2.
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involves a transcriptional mechanism mediated in part by
activation of ARE/EpREs within the c-Ha-ras regulatory re-
gion (Bral and Ramos, 1997).

Because BaP is metabolized by vascular CYPs to interme-
diates that undergo redox cycling and induce oxidative stress
(Bond et al., 1979, 1980), we hypothesized that activation of
ARE/EpREs within the c-Ha-ras promoter involves modula-
tion of redox status by oxidative intermediates of BaP. In
support of this hypothesis, we report herein that both BaPQ
and H2O2 enhanced serum-stimulated c-Ha-ras gene expres-
sion in vSMCs and that ellip, a CYP inhibitor and AhR
antagonist, inhibited early induction of c-Ha-ras by BaP.
Interestingly, the magnitude of c-Ha-ras induction by
BaP-derived intermediates was not as pronounced as that
of BaP, suggesting that either gene regulation is not entirely
dependent on formation of oxidative intermediates, or that

differences in the relative balance of oxidative stress and
cytotoxicity influence patterns of gene inducibility.

To determine whether modulation of cellular redox poten-
tial participates in the regulation of c-Ha-ras gene expres-
sion, we examined the ability of BSO and NaC alone or in
combination with BaP to influence patterns of gene induc-
ibility and GSH status. BSO increased c-Ha-ras mRNA levels
and depleted cellular GSH, showing that gene activation can
be influenced by a redox-sensitive mechanism. In combina-
tion with BaP, BSO was cytotoxic and inhibited c-Ha-ras
induction. Because BaP conjugates with GSH and consumes
GSH-reducing equivalents, combined treatment with both
agents probably overwhelms antioxidant capacity and en-
hances vSMC susceptibility to oxidative injury. The ability of
nonlethal concentrations of BaP and BSO to promote a pro-
oxidant state and increase c-Ha-ras expression suggests that
coordinate regulation of redox balance and c-Ha-ras is oper-
ative in vSMCs. This interpretation is in fact consistent with
the delayed increase of c-Ha-ras mRNA levels in NaC-treated
cultures at 5 h when cellular adaptation to altered redox
status can lead to activation of redox signaling (Tsai et al.,
1996). NaC is known to induce oxidative stress and to mod-
ulate protein kinases involved in functional regulation of
ARE/EpRE-binding proteins (Ng et al., 1998). As such, inhi-
bition of BaP-induced c-Ha-ras activation at 5 h by NaC was
unexpected. The consumption of excess reducing equivalents
by oxidative intermediates of BaP in the presence of NaC
may offset the gradual loss of redox control associated with
extended antioxidant treatment. This interpretation is con-
sistent with differences in cellular GSH levels between cells
treated with NaC alone or in combination with BaP.

Differences between the induction profiles of BaP and its
oxidative intermediates, or agents that modulate redox sta-

Fig. 2. c-Ha-ras mRNA levels in vSMCs challenged with BaP alone or in
combination with ellip. Synchronized vSMCs were pretreated with ellip
(0.01 nM) for 24 h and subsequently challenged with BaP (3 mM) for 1 and
3 h. Data was normalized to b-tubulin mRNA and expressed as percent-
age of the maximal induction response of c-Ha-ras mRNA in controls at
5 h, the time at which maximal induction is observed. RNA extraction
and analysis were performed as described in Materials and Methods.
mRNA levels were quantified with Zero Dscan Image Analysis version
1.0. Data shown are representative of duplicate experiments. The range
of values for individual treatment groups were control 1 h (24.7–28.9%),
control 3 h (75.2–80.5%), BaP 1 h (85.3–99.1%), BaP 3 h (115.3–
132.4%), ellip 1 h (29.8–34.5%), ellip 3 h (55.2–62.3%), ellip/BaP 1 h
(31.6–33.1%), and ellip/BaP 3 h (25.4–28.6%). Filled columns AhR1/1;
hatched columns AhR1/2; open columns, AhR2/2.

Fig. 3. c-Ha-ras mRNA levels in vSMCs challenged with 3 mM BaP alone
or in combination with 0.1 mM BSO or 0.5 mM NaC. G0-synchronized
vSMCs were pretreated with BSO (0.1 mM) or NaC (0.5 mM) for 8 h and
subsequently challenged with BaP (3 mM) alone or in combination with
BSO (0.1 mM) or NaC (0.5 mM) in the presence of serum for 1, 3, and 5 h.
RNA extraction and analysis were performed as described in Materials
and Methods. b-Tubulin is shown as a control for RNA loading and
transfer. Data are representative of three individual experiments.

Fig. 4. ROS formation in vSMCs challenged with 3 mM BaP for various
times. Synchronized vSMCs were challenged with BaP (3 mM) for up to
4 h and incubated in the presence of DCFDA, which enters the cells and
is deacetylated by cellular esterases. Dichlorofluoroscin is oxidized to
dichlorofluorosceine in the presence of H2O2 and the fluorescence can be
measured at 488 nm. Data are expressed as fold induction over control
values at each respective time point. Error bars represent S.E.M. Each
column is representative of multiple measurements from individual cells
(n 5 51 to 326). *P , .05.
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tus, indicate that c-Ha-ras gene activation by BaP is not
solely dependent on redox status. This interpretation is con-
sistent with the temporal disassociation between c-Ha-ras
gene expression, ROS production, and GSH depletion in BaP-

treated cells. A role for the AhR in gene regulation by BaP is
suggested by the finding that activation of c-Ha-ras is lost in
vSMCs from AhR2/2 mice and that down-regulation of AhR
protein by antisense oligonucleotides blocks BaP-induced c-
Ha-ras expression. Within this context, it is important to
note that the atherogenic response of mice to polycyclic aro-
matic hydrocarbons segregates with the high-affinity form of
the AhR locus (Paigen et al., 1986). The involvement of the

Fig. 5. GSH levels in vSMCs challenged with 3 mM BaP alone or in
combination with 0.1 mM BSO or 0.5 mM NaC. G0-synchronized vSMCs
were pretreated with BSO (0.1 mM) or NaC (0.5 mM) for 8 h and
subsequently challenged with BaP (3 mM) alone or in combination with
BSO (0.1 mM) or NaC (0.5 mM) in the presence of serum for 1, 2, 3, and
4 h. Cellular GSH levels were determined with the 5,59-dithio-bis-(2-
nitrobenzoic acid)-GSH-GSSG reductase recycling assay and protein was
determined with a Microbiuret assay as described in Materials and
Methods. Data are presented as a ratio of control values for each time
interval for 3 individual measurements, respectively. p, significance (P ,
.05) compared with control values at each respective time point. #, sig-
nificance (P , .05) compared with BSO alone at each respective time
point. ##, significance (P , .05) compared with NaC alone at each respec-
tive time point. Note the differences in scale for individual treatment
groups.

Fig. 6. c-Ha-ras mRNA levels in AhR1/1, AhR1/2, and AhR2/2 vSMCs
challenged with BaP. Synchronized vSMCs were challenged with BaP (3
mM) for 1, 3, and 5 h. RNA extraction and analysis were performed as
described in Materials and Methods. b-Tubulin is shown as a control for
RNA loading and transfer. Data are representative of duplicate experi-
ments.

Fig. 7. AHH activity in AhR1/1, AhR1/2, and AhR2/2 vSMCs challenged
with BaP. Randomly cycling (A and C) and synchronized (B and D)
vSMCs were challenged with BaP (0.3 and 3 mM) or TCDD (1 nM) for 5
(A and B) and 24 h (C and D). AHH analysis was performed as described
in Materials and Methods. Error bars represent S.E.M. Each column is
representative of three measurements. Data are representative of dupli-
cate experiments. *P , .05.
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AhR is not related to regulation of BaP metabolism because
AHH activity was constitutively expressed in AhR2/2, as well
as AhR1/1 vSMCs. Constitutive expression of AHH activity
in vSMCs suggests that BaP metabolism occurs immediately
upon cell entry and that formation of oxidative intermediates
is in fact independent of phase I gene induction. Interest-
ingly, the patterns of AHH activity in AhR1/1, AhR1/2, and
AhR2/2 vSMCs implicate multiple mechanisms in the regu-
lation of hydroxylase activity. Previous studies have demon-
strated that AHH activity is regulated at the transcriptional
level via AhR-dependent and -independent mechanisms (Al-
exander et al., 1997; Larsen et al., 1998), as well as via a
protein stabilization mechanism (Savas and Jefcoate, 1994).

The involvement of AhR in the regulation of c-Ha-ras in-
ducibility by BaP and oxidative intermediates may involve
functional interactions between AhR and transcription fac-
tors that bind ARE/EpREs in the c-Ha-ras promoter. This
suggestion is consistent with preliminary studies showing
that induction of c-Ha-ras by both BaPQ and H2O2 is AhR-
dependent (J. K. Kerzee and K. S. Ramos, unpublished data).
Interactions between ARE/EpRE-binding proteins and the
AhR may occur, as suggested by Vasiliou et al. (1995) who
first established the presence of AhR in protein complexes
binding to the ARE/EpRE, and our recent finding that AhR
plays a key role in negative regulation of GST-Ya promoter in
vSMCs (Chen and Ramos, 1999). The presence of functional
ARE/EpREs in the promoter region of several aryl hydrocar-
bon responsive element-regulated genes suggests that signal-
ing cross talk is part of the adaptive response to chemical
stress (Rushmore et al., 1991; Li and Jaiswal, 1993). In this
manner, interactions between two distinct signaling path-
ways involved in the regulation of xenobiotic responsive
genes may account for c-Ha-ras gene activation by BaP and
related oxidants.

Acknowledgments

We thank Drs. Robert Burghardt and Rola Barhoumi for assis-
tance with the ACAS Ultima. We also acknowledge helpful discus-
sions with Drs. Chris Bral, Rick Metz, and Alan R. Parrish, and
Napoleon Alejandro, Marc Holderman, and Kim Miller.

References
Alexander DL, Eltom SE and Jefcoate CR (1997) Ah receptor regulation of CYP1B1

expression in primary mouse embryo-derived cells. Cancer Res 57:4498–4506.
Anderson ME (1985) Determination of glutathione and glutathione disulfides in

biological samples. Methods Enzymol 113:548–555.
Baas AS and Berk BC (1994) Differential activation of mitogen-activated protein

kinases by H2O2 and O2
2 in vascular smooth muscle cells. Circ Res 77:29–36.

Bond JA, Hsueh-Ying LY, Majesky MW, Benditt EP and Juchau MR (1980) Metab-
olism of benzo(a)pyrene and 7,12-dimethylbenz[a]anthracene in chicken aortas:
Monooxygenation, bioactivation to mutagens, and covalent binding to DNA in
vitro. Toxicol Appl Pharmacol 52:323–335.

Bond JA, Kocan RM, Benditt EP and Juchau MR (1979) Metabolism of benzo-
(a)pyrene and 7,12-dimethylbenz[a]anthracene in cultured human fetal aortic
smooth muscle cells. Life Sci 25:425–430

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248–254.

Bral CM and Ramos KS (1997) Identification of benzo(a)pyrene inducible cis-acting
elements within c-Ha-ras transcriptional regulatory sequences. Mol Pharmacol
52:974–982.

Chen Y and Ramos KS (1999) Negative regulation of rat GST-Ya gene via antioxi-
dant/electrophile response element is directed by a C/EBP-like site. Biochem
Biophys Res Commun 265:18–23.

Chomczynski P and Sacchi N (1987) Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:156–
159.

Harker LA, Harlan JM and Ross R (1983) Effect of sulfinpyrazanone on homocys-
teine-induced endothelial injury and arteriosclerosis in baboons. Circ Res 53:731–
739.

Kusuhara M, Chait A, Cader A and Berk BC (1997) Oxidized LDL stimulates

mitogen activated protein kinases in smooth muscle cells and macrophages. Arte-
rioscler Thromb Vasc Biol 17:141–148.

Larsen MC, Angus WG, Brake PB, Eltom SE, Sukow KA and Jefcoate CR (1998)
Characterization of CYP1B1 and CYP1A1 expression in human mammary epithe-
lial cells: Role of the aryl hydrocarbon receptor in polycyclic aromatic hydrocarbon
metabolism. Cancer Res 58:2366–2374.

Lesko S, Caspary W, Lorentzen R and Ts’o POP (1975) Enzymatic formation of
6-oxobenzo(a) pyrene. Biochemistry 14:3978–3984.

Li Y and Jaiswal AK (1993) Regulation of human NAD(P)H:quinone oxidoreductase
gene. Role of AP1 binding site contained within human antioxidant response
element. J Biol Chem 268:21454.

McCully KS (1996) Homocysteine and vascular disease. Nat Med 2:386–389.
Miller KP, Chen Y-H, Hastings VL, Bral CM and Ramos KS (2000) Signaling via the

antioxidant/electrophile response element in vascular smooth muscle cells is acti-
vated by oxidative metabolites of benzo(a)pyrene. Biochem Pharmacol, in press.

Moinova HR and Mulcahy RT (1999) Up-regulation of the human g-glutamylcysteine
synthetase regulatory subunit gene involves binding of Nrf-2 to an electrophile
responsive element. Biochem Biophys Res Commun 261:661–668.

Nebert and Gelboin (1968) Substrate-inducible microsomal aryl hydrocarbon hydrox-
ylase in mammalian cell culture. I. Assay and properties of induced enzyme. J Biol
Chem 243:6242–6249.

Ng D, Kokot N, Hiura T, Faris M, Saxon A and Nel A (1998) Macrophrage activation
by polycyclic aromatic hydrocarbons: Evidence for the involvement of stress-
activated protein kinases, activator protein-1, and antioxidant response elements.
J Immunol 161:942–951.

Ou X and Ramos KS (1995) Regulation of cytochrome P4501A1 gene expression in
vascular smooth muscle cells through aryl hydrocarbon receptor-mediated signal
transduction requires a protein synthesis inhibitor. Arch Biochem Biophys 316:
116–122.

Paigen B, Holmes PA, Morrow A and Mitchell D (1986) Effects of 3-methylcholan-
threne on atherosclerosis in two congenic strains of mice with different suscepti-
bilities to methylcholanthrene-induced tumors. Cancer Res 46:3321–3324.

Pelkonen O and Nebert NW (1982) Metabolism of polycyclic hydrocarbons: Etiologic
role in carcinogenesis. Pharmacol Rev 34:189–222.

Ramos KS, Bowes RC III, Ou X and Weber TJ (1994) Responses of vascular smooth
muscle cells to toxic insult: Cellular and molecular perspectives for environmental
toxicants. J Toxicol Environ Health 43:419–440.

Ramos KS, Zhang Y, Sadhu DN and Chapkin RS (1996) The induction of prolifera-
tive vascular smooth muscle cell phenotypes by benzo(a)pyrene is characterized by
up-regulation of inositol phospholipid metabolism and c-Ha-ras gene expression.
Arch Biochem Biophys 332:213–222.

Rao GN (1996) Hydrogen peroxide induces complex formation of SHC-Grb2- SOS
with receptor tyrosine kinase and activates ras and extracellular signal-regulated
protein kinases group of mitogen-activated protein kinases. Oncogene 13:713–719.

Rao GN and Berk BC (1992) Active oxygen species stimulates vascular smooth
muscle cell growth and proto-oncogene expression. Circ Res 70:593–599.

Ross R (1993) The pathogenesis of atherosclerosis: A perspective for the 1990’s.
Nature (Lond) 362:801–809.

Rushmore TH, Morton MR and Pickett CB (1991) The antioxidant responsive ele-
ment. Activation by oxidative stress and identification of the DNA consensus
sequence required for functional activity. J Biol Chem 266:11632–11639.

Sadhu DN, Lundberg MS, Burghardt RC and Ramos KS (1994) c-Ha-rasEJ transfec-
tion of rat aortic smooth muscle cells induces epidermal growth factor responsive-
ness and characteristics of a malignant phenotype. J Cell Physiol 161:490–500.

Sadhu DN, Merchant M, Safe SH and Ramos KS (1993) Modulation of protooncogene
expression in rat aortic smooth muscle cells by benzo(a)pyrene. Arch Bioch Bio-
phys 300:124–131.

Sadhu DN and Ramos KS (1993) Cyclic AMP inhibits c-Ha-ras protooncogene ex-
pression and DNA synthesis in rat aortic smooth muscle cells. Experentia 49:567–
570.

Savas U and Jefcoate CR (1994) Dual regulation of cytochrome P450EF expression
via the aryl hydrocarbon receptor and protein stabilization in C3H/10T1/2 cells.
Mol Pharmacol 45:1153–1159.

Shi MM, Kugelman A, Iwamoto T, Tian L and Forman HJ (1994) Quinone-induced
oxidative stress elevates glutathione and induces gamma glutamylcysteine syn-
thetase activity in rat lung epithelial L2 cells. J Biol Chem 269:26512–26517.

Sullivan PD (1985) Free radicals of benzo(a)pyrene and derivatives. Environ Health
Perspect 64:283–295.

Sun H, Tonks NK and Bar-Sagi D (1994) Inhibition of ras-induced DNA synthesis by
expression of the phophatase MKP-1. Science (Wash DC) 266:285–288.

Tsai J-C, Jian M, Hsieh C-M, Lee W-S, Yoshizumi M, Patterson C, Perrella MA,
Cooke C, Wang H, Haber E, Schlegel R and Lee M-E (1996) Induction of apoptosis
by pyrrolidinedithiocarbamate and N-acetylcysteine in vascular smooth muscle
cells. J Biol Chem 271:3667–3670.

Tsai J-C, Perrella MA, Yoshizumi M, Hsieh C-M, Haber E, Schlegel R and Lee M-E
(1994) Promotion of vascular smooth muscle cell growth by homocysteine: A link to
atherosclerosis. Proc Natl Acad Sci USA 91:6369–6373.

Ueno H, Yamamoto H, Ito S, Li J-J and Takeshito A (1997) Adenovirus-mediated
transfer of a dominant-negative H-ras suppresses neointimal formation in balloon-
injured arteries in vivo. Arterioscler Thromb Vasc Biol 17:898–904.

Vasiliou V, Puga A, Chang C-Y, Tabor MW and Nebert D (1995) Interactions
between the Ah receptor and proteins binding to the AP-1 like electrophile respon-
sive element (EpRE) during murine phase II (Ah) battery gene expression. Bio-
chem Pharmacol 50:2057–2068.

Send reprint requests to: Dr. Kenneth S. Ramos, Department of Physiology
and Pharmacology, College of Veterinary Medicine, Texas A&M University,
College Station, TX 77843-4466. E-mail: kramos@cvm.tamu.edu

158 Kerzee and Ramos

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

