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National Health and Nutrition Examination Survey data show
an association between hypertension and exposure to dioxin-
like halogenated aromatic hydrocarbons (HAHs). Furthermore,
chronic exposure of mice to the prototypical HAH, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), induces reactive oxygen
species (ROS), endothelial dysfunction, and hypertension. Because
TCDD induces cytochrome P4501A1 (CYP1A1l) and CYP1A1l
can increase ROS, we tested the hypothesis that TCDD-induced
endothelial dysfunction and hypertension are mediated by
CYP1A1l. CYP1A1 wild-type (WT) and knockout (KO) mice
were fed one control or TCDD-containing pill (180 ng TCDD/kg,
5 days/week) for 35 days (n = 10-14/genotype/treatment). Blood
pressure was monitored by radiotelemetry, and liver TCDD
concentration, CYP1A1l induction, ROS, and aortic reactivity
were measured at 35 days. TCDD accumulated to similar levels in
livers of both genotypes. TCDD induced CYP1A1 in endothelium
of aorta and mesentery without detectable expression in the vessel
wall. TCDD also induced superoxide anion production, measured
by NADPH-dependent lucigenin luminescence, in aorta, heart,
and kidney of CYP1A1 WT mice but not KO mice. In contrast,
TCDD induced hydrogen peroxide, measured by amplex red assay,
to similar levels in aorta of CYP1A1 WT and KO mice but not in
heart or kidney. TCDD reduced acetylcholine-dependent vaso-
relaxation in aortic rings of CYP1A1 WT mice but not in KO mice.
Finally, TCDD steadily increased blood pressure after 15 days,
which plateaued after 25 days (+20 mmHg) in CYP1A1 WT mice
but failed to alter blood pressure in KO mice. These results
demonstrate that CYP1A1 is required for TCDD-induced cardio-
vascular superoxide anion production, endothelial dysfunction,
and hypertension.

Key Words: 2,3,7,8-tetrachlorodibenzo-p-dioxin; cytochrome
P4501A1; hypertension; reactive oxygen species; endothelial
dysfunction.

Hypertension occurs in one of three U.S. adults and
represents a significant risk factor for life-threatening cardio-
vascular diseases. It is well established that environmental
modifiers, such as diet and exercise, can significantly impact
cardiovascular disease risk, but accumulating evidence also
suggests a role for the contribution of environmental pollutants
to the overall cardiovascular disease burden (O’Toole et al.,
2008). Nonetheless, only a limited number of studies have
investigated the impact of environmental pollutant exposure on
the incidence of hypertension.

For one class of environmental pollutants, dioxin-like
halogenated aromatic hydrocarbons (HAHs), epidemiology
studies have linked their exposure to human hypertension.
These pollutants include polychlorinated dibenzo-p-dioxins
(PCDDs), dibenzofurans (PCDFs), and biphenyls (PCBs) that
are structurally similar to the most potent congener, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Exposure of Vietnam
veterans to TCDD via the defoliant Agent Orange has been
associated with a significantly higher incidence of hypertension
(Air Force Health Study, 2005; Kang et al., 2006). Although
Vietnam veterans were exposed to high levels of TCDD, more
recent National Health and Nutrition Examination Survey data
have shown an association between the prevalence of
hypertension and exposure to background levels of dioxin-like
PCDD/Fs and PCBs in the general U.S. population (Everett
et al., 2008a,b; Lee et al., 2007). In all these studies, odds
ratios remained significant after adjusting for age, gender, race,
smoking status, and body mass index. Similar associations
have been reported among the general population in Japan
(Uemura et al., 2009).

Results from a limited number of animal studies are
consistent with the epidemiology studies. Acute or chronic
exposure of rodents to TCDD or TCDD-like HAHs signifi-
cantly increases blood pressure (Dalton er al., 2001; Kopf
et al., 2008; Lind et al., 2004). Additionally, hypertension
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induced by chronic TCDD exposure is associated with an
increase in cardiovascular reactive oxygen species (ROS),
endothelial dysfunction, and cardiac hypertrophy (Kopf et al.,
2008). One mechanism by which TCDD may induce these
effects is by the sustained induction of cytochrome P4501A1
(CYP1A1) via activation of the aryl hydrocarbon receptor
(AHR). CYP1A1 is highly induced in vascular endothelium
(Garrick et al., 2005; Guiney et al., 1997; Schlezinger and
Stegeman, 2000; Smolowitz et al., 1991; Stegeman et al.,
1991), and over expression is associated with the production of
ROS, including superoxide anion and hydrogen peroxide
(H,0O,) (Kopf and Walker, 2010; Zangar et al., 2004). ROS can
be elevated in human, and experimental hypertension (Touyz,
2004) and antioxidants can improve vascular function and
normalize hypertension in some animal models (Wilcox and
Pearlman, 2008).

Furthermore, linkage analysis and genome-wide scans have
mapped the Cyplal gene to a quantitative trait locus associated
with hypertension (Krushkal er al., 1999; Stoll et al., 2000),
and Cyplal polymorphisms that increase basal and inducible
expression are associated with human hypertension (Gambier
et al., 2006). Thus, in our study, we used CYP1A1 wild-type
(WT) and knockout (KO) mice to test the hypothesis that
TCDD-induced ROS, endothelial dysfunction, and hyperten-
sion are mediated by CYP1A1 induction.

MATERIALS AND METHODS

Animals. Male CYPl1Al KO mice, backcrossed more than eight
generations onto the C57Bl/6 background, were generously provided by
Dr Daniel Nebert (University of Cincinnati) and were bred at the University of
New Mexico (Dalton ef al., 2000). Age-matched C57BL/6 mice served as WT
controls. Animals were housed in a temperature-controlled environment with
a 12-h:12-h light-dark cycle, receiving standard mouse chow and water
ad libitum. This study was approved by the University of New Mexico
Institutional Animal Care and Use Committee and conforms to the National
Institutes of Health animal care guidelines.

Exposure to TCDD and analysis of hepatic TCDD concentration. TCDD
dissolved in 1,4-p-dioxane was added to transgenic dough (Bio-Serv,
Frenchtown, NJ) along with 0.1% bromophenol blue, and the mixture was
folded together until the dye was evenly distributed throughout the dough.
Pregelatinized corn starch was added to absorb excess water and reduce
stickiness. The dough was then formed into 100 mg pills using a pill mold
(Gallipot, St Paul, MN) coated with 5% magnesium stearate. Control pills were
made by adding an equivalent volume of 1,4-p-dioxane and bromophenol blue
to transgenic dough. Pills were analyzed for their TCDD content as described
below and stored at 4°C. CYP1A1 WT and KO mice were fed one control or
TCDD-containing pill (180 ng TCDD/kg, 5 days/week) for 35 days. Different
batches of pills were made containing the appropriate amount of TCDD to
adjust for 0.001 kg differences in body weight so that all mice received 180 ng
TCDD/kg body weight throughout the entire exposure period.

TCDD was measured in the liver of control and TCDD-exposed CYP1A1
WT and KO mice after 35 days of treatment by a method based on EPA
Method 1613 (Tetra- through Octa-Chlorinated Dioxins and Furans by Isotope
Dilution HRGC/HRMS, 1994) (Huwe and Smith, 2005). All chemical
standards used for the analysis were purchased from Wellington Laboratories
(Guelph, ON). Tissue samples (0.2 g) were homogenized in saline (200 ul)
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using disposable pellet pestles and microtubes. An aliquot equivalent to 5 mg
was transferred to a Teflon bottle containing methylene chloride:hexane (50:50)
(20 ml), spiked with '*C-labeled recovery standards, and vigorously shaken.
The extract was filtered through anhydrous sodium sulfate (20 g), solvent
exchanged into hexane (10 ml), and applied to an automated dioxin cleanup
instrument (Fluid Management Systems, Waltham, MA) for chromatography
on tri-phasic silica, basic alumina, and carbon cartridges. '*C-labeled internal
standards were added prior to high-resolution gas chromatography/high-
resolution mass spectrometry analysis on an Autospec Ultima mass
spectrometer (Waters, Milford, MA) coupled to an Agilent 6890 gas
chromatograph. The limit of detection was 160 pg/g given the small sample
size used for analysis (0.005 g).

Blood pressure analysis. Ten-week-old mice were surgically implanted
with blood pressure/activity telemeters (PA-C10; Data Sciences International, St
Paul, MN) as previously described (Kopf ez al., 2008). Mice were anesthetized
with isoflurane, telemeter catheter was inserted into the left carotid artery, and
body of the transmitter was placed sc. Beginning 7 days after surgery, baseline
blood pressure values, including mean, systolic, and diastolic, and heart rate were
recorded for 10 s every 15 min for 24 h/day for a total of 6 days.

Immunohistochemistry and Western blot analysis. Aortic and mesenteric
arteries were fixed in 10% neutral buffered-formalin or snap frozen. Fixed
tissues were embedded in paraffin and sectioned at 7 um. Sections were heated
at 95°C for 15 min in 10mM Tris and 1mM EDTA, pH 9, cooled to room
temperature, and then blocked for 1 h in 10% heat-inactivated goat serum
(Gibco BRL, Gaithersburg, MD) in tris-buffered saline (pH 7.4). Blocked
sections were incubated for 2 h with mouse anti-CYP1A[ monoclonal antibody
(1/100; Santa Cruz Biotechnology), washed with PBS containing 1.0% bovine
serum albumin and 0.05% Tween 20, incubated for 1 h with goat anti-mouse
IgG-biotin (1/200; Southern Biotech), washed and incubated for 1 h with
streptavidin-p-galactosidase (Southern Biotech), and washed again. Color was
developed 30 min at 37°C with 0.1% X-gal (Sigma) as described previously
(Walker et al., 1997).

Single frozen mesenteric arterial beds were pulverized while frozen and
homogenized in RIPA lysis buffer and protein analyzed for CYPIAl
expression by Western blot. The protein concentration was determined by the
Bradford assay. Protein samples were denatured by heating at 95°C in SDS
loading buffer for 5 min, resolved by electrophoresis on a 10% SDS-
polyacrylamide gel, and transferred to a polyvinylidene fluoride membrane.
Membranes were probed using rabbit polyclonal anti-CYP1A1 (1/2000;
Chemicon) followed by goat anti-rabbit IgM + IgG-HP secondary antibody
(1/2000; Southern Biotech). Detection was performed using ECL reagent
(Western Lighting -ECL kit; Perkin Elmer) and imaged on a Kodak Image
Station 4000MM (Carestream Health, Rochester, NY). Membranes were then
stripped using a mild stripping buffer, probed using a goat polyclonal anti-actin
primary antibody (1/500 dilution) and a donkey anti-goat IgG- horseradish
peroxidase (HRP) secondary antibody (1/2000 dilution). Band intensity was
quantified using Kodak Image Station digital imaging software.

Assessment of plasma indices of renin-angiotensin system. Plasma renin
activity (PRA) was determined using a commercial kit (GammaCoat Plasma
Renin Activity 1251 Kit; DiaSorin, Stillwater, MN). The PRA assay is a two-step
process, where first angiotensin I is generated and second angiotensin I is detected
by a radioimmunoassay. PRA is expressed as nanogram per milliliter per hour
of generated angiotensin I. Plasma angiotensin converting enzyme (ACE)
activity was determined using a commercial kit (Alpco Diagnostics, Salem, NH)
(Senador et al., 2009). Plasma samples (10 pul) were incubated with 100 pl 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer containing the
synthetic ACE substrate, *H-hippuryl-glycyl-glycine, at 37°C for 1 h. Incubation
was followed by acidification with 50 pl 1 N HCI to stop the reaction. Liberated
*H-hippuric acid was separated from unreacted substrate by extraction with 1.5 ml
scintillation cocktail and measured in beta counter (Packard I18TR Liquid
Scintillation Analyzer). ACE activity was expressed as units per liter. One unit of
ACE activity was defined as the amount of enzyme required to release 1 pmol of
hippuric acid per minute per liter of plasma at 37°C.
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TABLE 1
Comparison of Body and Organ Weights of 4-Month-Old CYP1A1 WT and KO Male Mice Exposed to TCDD for 35 Days

CYP1A1 WT CYP1A1 KO
Weight (g) Control (n = 14) TCDD (n = 12) Control (n = 11) TCDD (n = 10)
Body 32.31 £ 0.92 3297 = 1.04 27.24 + 0.41* 27.27 + 0.69*
Liver 1.69 = 0.06 (5.28 £ 0.12) 2.00 = 0.077 (5.94 + 0.17)" 1.32 + 0.02* (4.83 £ 0.07)* 1.52 + 0.07%" (5.54 + 0.11)*"
Heart 0.129 + 0.002 (0.40 = 0.01) 0.131 + 0.002 (0.40 + 0.01) 0.109 = 0.002* (0.40 + 0.01) 0.111 + 0.003* (0.41 + 0.012)
Kidney 0.397 + 0.006 (1.24 = 0.03) 0.449 = 0.049 (1.37 £ 0.01) 0.327 = 0.006* (1.20 + 0.02) 0.334 + 0.015* (1.22 + 0.05)

Note. Numbers in parentheses indicate organ weight/body weight X 100.
*p < 0.05 versus corresponding WT.
"p < 0.05 versus corresponding control group.

Assessment of cardiovascular ROS. We used NADPH-dependent lucige-
nin luminescence to assess superoxide anion production as described
previously (Kopf et al., 2008) and an amplex red assay to assess H,O,
production from aorta, heart, and kidneys. For lucigenin luminescence, a 15-mg
cross section of frozen left ventricle, kidney, or 5-mm segment of aorta was
thawed in ice-cold PBS and then incubated in ice-cold Krebs-Ringer buffer
(20mM HEPES, 10mM dextrose, 127mM NaCl, 5.5mM KCI, ImM CaCl,, and
2mM MgSOy, pH 7.4) for 10 min. Each tissue was then transferred to a well of
a 96-well white opaque plate containing 200 pl of room temperature Krebs-
Ringer buffer with S5uM lucigenin and 100pM NADPH. Luminescence was
measured three times for 10 s at 2-min intervals using a multilabel counter
(Wallac Victor2; Perkin Elmer), and the three measurements were averaged.
Preincubation of tissue with 30uM tempol was used to confirm specificity
for superoxide anion. For the amplex red assay, a 5-mm section of aorta or 20—
25 mg of left ventricle tissue were incubated in 50 pl of Krebs/HEPES buffer
(130mM NaCl, 4.7mM KCl, 1.5mM CaCl,, 1.2mM MgSO,, 1.2mM NaH,PO,,
25mM NaHCO;, ImM HEPES, and 11.5mM glucose) and 50 pl of 0.2uM
amplex red and 0.2 U/ml HRP in a well of a 96-well plate for 1 h at 37°C.
Kidneys (half sections) were homogenized in Kreb/HEPES buffer, and 50 pl of
the homogenate were added to 50 pl of the Amplex Red/HRP solution and
incubated for 1 h at 37°C. Fluorescence was measure (560 nm excitation;
590 nm emission), and tissue H,O, concentrations were derived from a H,O,
standard curve. Tissue H,O, concentrations were standardized to tissue weight
and total protein for heart and kidney, respectively. Total protein of kidney
homogenates was determined by colorimetric assay (Bio-Rad Protein Assay).

Aortic reactivity analysis. After 35 days of TCDD treatment, acetylcho-
line (ACh)-dependent vasorelaxation was assessed in the absence and presence
of tempol as described previously (Kopf er al., 2008). Aortas were cleaned in
ice-cold physiological saline (130mM NaCl, 4.7mM KCI, 1.18mM KH,PO,,
1.17mM MgSOy, 14.9mM NaHCO3;, 5.5mM glucose, 26uM CaNa,EDTA, and
1.8mM CaCl,, pH 7.4), cut into 3-mm segments, and two rings per animal were
mounted in a wire myograph (Radnoti Glass Technology Inc., Monrovia, CA)
attached to a force transducer (Grass Technologies, West Warwick, RI).
An ACh dose-response (10°~10"°M) was conducted following preconstric-
tion with phenylephrine (30pM). Following a 40-min washout, aortas were
preincubated with tempol (30uM) for 20 min, and the ACh dose-response was
repeated.

Analysis of gene expression. Total RNA was isolated from the aorta, heart,
or mesenteric arteries of CYP1A1 WT and KO mice treated for 35 days with
control or TCDD, using RNeasy Fibrous Tissue Mini Kit (Qiagen, GmbH,
Germany). Complementary DNA (cDNA) was synthesized using iScript Select
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) with the supplied
random primers and 250 ng RNA. PCR amplification was performed using an
iCycler (Bio-Rad Laboratories) with a reaction mixture comprised of iQ SYBR
Green Supermix (Bio-Rad Laboratories) with 500nM CYP1A1l or CYPIBI1
primers (CYP1AL: sense, 5" CAAAGAGCACTACAGGACA 3'; antisense, 5’

TTGGCATTCTCGTCCAGC 3’ and CYPIBI: sense, 5' AATCAATGC-
GATTCTCCAGCTTTT 3’; antisense, 5’ CGACCGTATTCTTGGGGATG-
TAG 3’) and 250 pg cDNA/pl. We used RNA polymerase II (POL2: sense, 5’
TGACTCACAAACTGGCTGACATT 3’; antisense, 5’ TACATCTTCTGC-
TATGACATGG 3’) as a reference gene for CYP1B1 messenger RNA (mRNA)
expression in aorta, heart, and kidney but found that glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was a better reference for the vascular tissues and thus
used it (sense, 5’ CCAATGTGTCCGTCGTGGATC 3’; antisense, 5 TGT-
AGCCCAAGATGCCCTTCA 3') as the internal reference gene for CYP1Al
mRNA expression in aorta and mesenteric arteries. Cycle threshold data for both
the target gene and the reference gene were used to calculate mean normalized
expression as previously described (Lund et al., 2003).

Statistical analysis. Data were expressed as mean + SE. Treatment- and
genotype-related changes were analyzed by two-way ANOVA with post hoc
Holm-Sidak comparisons. Aortic ACh relaxation and blood pressure were
analyzed by repeated measures two-way ANOVA with post hoc Holm-Sidak
comparisons. p < 0.05 was considered statistically significant.

RESULTS

Body and Organ Weights

We compared body and organs weights of CYP1A1 WT and
KO mice and investigated whether 35 days TCDD exposure
significantly altered these weights. Irrespective of TCDD
exposure, CYPIA1l KO mice exhibited significantly smaller
body weights compared with age-matched CYP1A1 WT mice
(Table 1). In addition, all organs weighed from CYP1A1 KO
mice were significantly smaller than WT, including liver, heart,
and kidney. However, when organ weight was expressed as
a percent of total body weight, only the liver/body weight ratio
remained significantly smaller in CYP1A1 KO mice compared
with WT mice. TCDD exposure significantly increased liver
weight and liver/body weight ratio in both genotypes.

CYPIAI Induction in Conduit and Resistance Arteries

We sought to determine the spatial localization of TCDD-
induced CYP1AL1 expression in conduit and resistance arteries
and the degree to which CYP1A1 was induced. We found that
TCDD induced CYPIA1 mRNA expression by 10- and 21-
fold in the aorta and mesenteric arteries, respectively (Fig. 1A).
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FIG. 1.

Comparison of CYPIA1 mRNA (A) and protein expression in aortic (B and C) and mesenteric arteries (D-G) of CYP1A1 WT mice treated with

control or TCDD (180 ng/kg/day, 5 days/week) for 35 days. Representative sections of aorta and mesentery were stained without (B and D) or with primary
CYP1ALIl antibody (C and E). Positive B-galactosidase staining (blue) can be seen in the endothelium of both the aortic (C) and mesenteric artery (E).
Representative Western blot (F) and quantification (G) of CYP1AI expression from mesenteric arteries. L indicates molecular weight ladder and arrowheads
indicate CYP1A1 (upper band) and B-actin (lower band). *p < 0.05 compared with control, n = 3 per treatment.

Furthermore, immunohistochemical analysis revealed that
CYPIAT1 expression localized to endothelial cells of both the
aorta (Figs. 1B and 1C) and mesenteric arteries (Figs. 1D and 1E)
with no detectable expression in vascular smooth muscle or
adventitia. Although CYP1A1 expression was not detectable in
control CYP1A1 WT or KO mice by immunohistochemistry
(not shown), constitutive expression was detected at low levels
in mesenteric resistance arteries of control CYP1A1 WT mice by
Western blot (Fig. 1F) and was induced 2.1-fold by TCDD
(Fig. 1G). The large difference between the degree of CYP1A1
mRNA and protein induction by TCDD in the mesentery may
have resulted from differences in how the vessel beds were
collected for each analysis. Analysis of pooled samples using
a standardized collection method might provide a more accurate
comparison of the level of CYP1Al mRNA and protein
induction by TCDD.

TCDD Liver Concentration and CYP1BI Induction

To determine if CYP1A1 WT and KO mice were exposed to
similar levels of TCDD after 35 days, we measured the hepatic
concentration of TCDD as an index of total body burden
(Diliberto et al., 2001) and CYP1B1 mRNA induction as an
index of AHR activation in extrahepatic tissues (Puga et al.,
2004). TCDD accumulated to the same extent in the liver of

CYP1A1 WT and KO mice after 35 days (Fig. 2A), whereas
hepatic TCDD was not detected in any control mice. Although
neither constitutive nor TCDD-inducible CYP1B1 mRNA
expression differed between CYP1A1 WT and KO mice in
aorta and kidney, the TCDD-induced expression of CYP1B1
mRNA was significantly greater in CYP1A1 KO hearts
(Fig. 2B). Although CYP1B1 mRNA expression in the control
KO hearts tended to be higher than in the WT hearts, it is
notable that the degree of induction by TCDD was equivalent
between genotypes (WT TCDD: 2.4 + 0.5-fold induction; KO
TCDD: 2.1 + 0.1-fold, p > 0.6).

TCDD Induction of Superoxide Anion and H,O,

Because TCDD induction of superoxide anion and H,0, in
cultured endothelial cells requires CYP1A1 (Kopf and Walker,
2010), we determined whether TCDD induction of ROS in vivo
also required CYP1A1. TCDD induced a significant increase in
superoxide anion production in aorta, heart, and kidney in
CYP1A1 WT mice, but these increases were absent from
TCDD-exposed CYP1A1 KO mice (Figs. 3A—C). Additionally,
TCDD induced an increase in H,O, production from the aorta of
both mouse genotypes, although the increase was significant
only in CYP1A1 KO mice (Fig. 3D). TCDD did not increase
H,O0, in the heart or kidney of either genotype (Figs. 3E and 3F).



CYP1A1 MEDIATES TCDD-INDUCED HYPERTENSION

A
10

c
2
T s
£ |
8

— 6'
c
oD
82
O~ 4 /|
[a)
o
- 2
]
2
- 0

CYP1A1WT CYP1A1 KO

B
5
S C——— WT Control
[ 4 | W= WTTCDD
2§ rzzza KO Control
‘,5_6' wwea KO TCDD
Qe 3
< 8
22
E€ 27
-
@
™~ 1
o
>
0 d

Aorta

Heart Kidney

FIG. 2. Comparison of liver TCDD concentration (A) and induction of
CYP1B1 mRNA from cardiovascular tissues (B) of CYP1A1 WT and KO mice
treated with control or TCDD (180 ng/kg/day, 5 days/week) for 35 days. *p <
0.05 compared with corresponding control group of the same genotype; "p <
0.05 compared with TCDD-treated CYP1A1 WT mice; n = 6 per genotype (A)
and n = 4 per group (B).

TCDD Induction of Aortic Endothelial Dysfunction

To determine if CYP1Al mediated TCDD-induced endo-
thelial dysfunction, we assessed ACh-dependent relaxation in
aortic rings from control and TCDD-treated CYP1A1 WT and
KO mice. As reported previously (Kopf ez al., 2008), TCDD
attenuated ACh-dependent relaxation, which was normalized
by preincubation of aortic rings with the superoxide dismutase
mimetic, tempol (Figs. 4A and 4B). In contrast, TCDD failed to
alter ACh-mediated relaxation in aortic rings from CYPIA1
KO mice but rather enhanced ACh-dependent contraction at
low doses (Figs. 4C and 4D).

TCDD Induction of Hypertension

To determine if CYP1Al also mediated TCDD-induced
hypertension, we measured blood pressure by radiotelemetry
from control and TCDD-treated CYP1A1 WT and KO mice.
TCDD steadily increased both daytime and nighttime mean
arterial blood pressure (MAP) in CYP1A1 WT mice beginning
after 15 days, which plateaued at +20 mmHg after 25 days
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(Figs. 5A and 5B). Although CYP1A1 KO mice had a slightly
higher baseline MAP (24 h MAP; KO: 109 + 2.2 mmHg; WT:
101 £ 1.2; p < 0.05), TCDD failed to alter blood pressure in
CYPIA1 KO mice over the 35-day exposure period (Figs. 5C
and 5D).

TCDD-Induced Activation of Renin-Angiotensin System

Because oxidative stress can stimulate renin expression
(Itani et al., 2009) and an activated renin-angiotensin system
(RAS) can induce additional cardiovascular oxidative stress,
endothelial dysfunction, and hypertension, we further assessed
whether TCDD exposure of CYP1A1 WT mice led to
activation of the RAS. We found that plasma angiotensin II,
ACE activity, and PRA were the same between control and
TCDD-treated CYP1A1 WT mice (Table 2).

DISCUSSION

CYPI1A1 is one of the most highly induced genes in the liver
and extrahepatic tissues of experimental animal models
following AHR activation; however, its contribution to toxic
end points other than cancer has been investigated in only
a few instances. CYP1Al KO mice are resistant to overt
toxicity and mortality induced by a single high dose of TCDD,
but no cardiovascular end points were investigated (Uno et al.,
2004). Although CYP1A antisense morpholinos protected
against TCDD-induced vascular dysfunction in zebrafish
embryos in one study (Teraoka ef al., 2003), they were not
protective in another (Carney et al., 2004). Thus, our results
establish for the first time that induction of CYP1AI is an
essential mediator of cardiovascular toxicity resulting from
chronic dietary TCDD exposure.

The mechanism by which CYP1A1l mediates this cardio-
vascular toxicity remains to be elucidated; however, induction
of CYP1AL in the endothelium of both conduit and resistance
vessels suggests that the vascular endothelium may be a target.
Other studies have shown that CYP1A1 is highly induced in
vascular endothelium (Garrick ez al., 2005; Guiney et al., 1997;
Schlezinger and Stegeman, 2000; Smolowitz et al., 1991;
Stegeman et al., 1991) and that exposure to TCDD or other
TCDD-like HAHs significantly impacts vascular structure and
function (Jokinen et al., 2003; Toborek et al., 1995). The idea
that the vascular endothelium is a target is further supported by
our observations that TCDD induces endothelial dysfunc-
tion and that CYP1A1 induction is required to mediate this
effect. It is notable that physiological levels of vascular shear
stress induce endothelial expression of CYP1A1 in a manner
consistent with an anti-atherogenic phenotype (Conway et al.,
2009). Thus, although physiological mechanisms that induce
endothelial CYP1Al may be vasculoprotective, our data
demonstrate that sustained xenobiotic-mediated induction is
injurious.
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FIG. 3. Comparison of superoxide anion and H,O, production from cardiovascular tissues of CYP1Al WT and KO mice treated with control or TCDD
(180 ng/kg/day, 5 days/week) for 35 days. Superoxide production, as measured by NADPH-dependent lucigenin luminescence, from aorta (A), heart (B), and
kidney (C). H,O, production, as measured using an amplex red assay, from aorta (D), heart (E), and kidney (F). Two-way ANOVA demonstrated significant
differences based on treatment and genotype for lucigenin luminescence in all tissues and only based on treatment for amplex red in aorta. *p < 0.05 compared
with corresponding control group of the same genotype; *p < 0.05 compared with TCDD-treated CYP1A1 WT; n = 3—7 per group.

One mechanism that could link sustained CYP1A1l in-
duction to endothelial dysfunction is the production of
superoxide anion. Superoxide anion can inactivate the
vasodilator, nitric oxide, producing peroxynitrite and re-
ducing endothelial-dependent vasodilation, and in our experi-
ments, the endothelial dysfunction was normalized by the
superoxide dismutase mimetic and antioxidant, tempol. Our
results show that CYP1A1 induction is required to mediate
TCDD-induced increases in superoxide anion in cardiovas-
cular tissues, including aorta, which is consistent with our
previous observations that CYP1A1 is required for TCDD-
induced increases in superoxide anion in aortic endothelial
cells in culture (Kopf and Walker, 2010). CYP1A1 itself
could be the source of the superoxide anion via NADPH-
dependent enzymatic uncoupling as has been shown in other
models (Schlezinger et al., 2006; Shertzer et al., 2004; Zangar
et al., 2004). It is also possible that CYP1A1 induction leads
to the production of arachidonic acid hydroperoxides, which
can lead to the subsequent release of superoxide anion or that
the hypertension itself leads to increased vascular ROS. Thus,
the specific cause-and-effect mechanism by which CYP1A1
mediates TCDD-induced superoxide anion remains to be
determined.

It is interesting that although TCDD-induced superoxide
anion production in the aorta, heart, and kidney was CYP1A1
dependent, TCDD induction of H,O, in the aorta was not.
Because this is not consistent with our observations in cultured

endothelial cells (Kopf and Walker, 2010), it suggests that the
source of H,O, in the aorta is not CYP1A1l and may not be
from the endothelium. It has been shown that AHR agonists
can also induce gene targets within mouse aortic vascular
smooth muscle cells (Karyala et al., 2004) and TCDD-induced
changes in gene expression can differ significantly between
intact aorta and cultured cells (Puga er al., 2004). Thus,
although unexpected, it is not unreasonable that the source of
TCDD-induced H,0, in the aorta in vivo is not CYP1AL1 and it
is plausible that the source is not from the endothelium. It is
possible that the enhanced CYP1B1 expression in the TCDD-
exposed CYP1A1 KO mice could contribute to the increase in
H,0,. The tissue in which we observed the increase in
CYP1B1 mRNA expression (heart) does not correspond to
tissue in which we measured an increase in H,O, (aorta).
Nonetheless, differences in CYP1B1 protein expression as well
as the antioxidant capacity of the respective tissues could
account for this apparent discrepancy. Future studies will be
needed to delineate the specific sources of cardiovascular ROS
and the mechanisms by which CYP1A1 mediates the increase
in superoxide anion.

In addition to being required to mediate TCDD-induced
superoxide anion and endothelial dysfunction, CYP1Al was
also required for TCDD-induced hypertension. Increased ROS
and vascular dysfunction are causally associated with hyper-
tension in experimental animal models, particularly those
mediated by activation of the RAS (Didion et al., 2002).
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FIG. 4. Comparison of ACh-dependent relaxation of aortic rings between CYP1A1 WT and KO mice treated with control or TCDD (180 ng/kg/day, 5 days/
week) for 35 days. ACh-dependent relaxation in vessels preconstricted with phenylephrine (PE) prior to (A, CYP1A1 WT; C, CYP1A1 KO) or after incubation
with 10puM tempol (B, CYP1A1 WT; D, CYP1A1 KO). Two-way repeated measures ANOVA demonstrated significant differences based on treatment and ACh
concentration. *p < 0.05 compared with corresponding control group; n = 6-7 per group.

Although our data suggest that TCDD does not activate the
RAS, we cannot completely rule out the possibility that there is
an increased activation of angiotensin II receptors. Future
studies using angiotensin II receptor blockers and antioxidant
therapy and evaluating vascular reactivity of resistance vessels
are needed to confirm the degree to which ROS, RAS, and
vascular dysfunction contribute to TCDD-induced hypertension.

Lastly, although CYP1A1 KO mice were resistant to TCDD-
induced cardiovascular toxicity, they exhibited phenotypic
characteristics that were distinct from WT mice. CYP1A1 KO
mice were significantly smaller than their age-matched WT
controls, and MAP of CYP1A1 KO mice was slightly elevated
(+8 mmHg). Although there was no evidence that this mild
increase in blood pressure resulted in hypertension-related
organ damage, such as cardiac hypertrophy, cardiovascular
ROS, or vascular dysfunction, the increased MAP could
contribute to an impairment of growth rate. The other notable
difference between the CYP1A1l WT and KO mice was that
TCDD-treated CYP1A1 KO mice exhibited an enhanced
response to ACh-mediated vasocontraction at low doses. This
suggests that TCDD may increase an endothelium-dependent
contracting factor in CYP1A1 KO mice. One potential
candidate would be cyclooxygenase 2, which is inducible by

AHR activation (Kraemer et al., 1996) and which can increase
the metabolism of arachidonic acid to prostanoids that mediate
vasocontraction. Future studies are needed to determine
whether cyclooxygenase 2 plays a role in TCDD-induced
vascular dysfunction.

As noted earlier, epidemiology studies have linked exposure
to TCDD and TCDD-like HAHs to hypertension in humans
and these associations have been noted for both high exposure
levels as well as to current background exposure levels (Everett
et al., 2008a; Kang et al., 2006; Uemura et al., 2009). To
compare our data with human exposures, we followed a similar
dosing protocol (5 days/week for 35 days) as reported by
Diliberto et al. (2001) and used the measured liver concentra-
tion (67 ng/g) as an index of total body burden. Thus, we
estimated that the final body burden of these mice was 600—700
ng/kg body weight. Although this body burden is 15-100 times
higher than current exposure levels to TCDD and TCDD-like
HAHs in the United States (Ferriby ef al., 2007), it is within the
range estimated for Vietnam veterans and other individuals
with known accidental or occupational dioxin exposure (100-
8000 ng/kg body weight) (DeVito ef al., 1995; Emond et al.,
2005). Thus, our study provides biological plausibility for the
link between human hypertension and exposure to TCDD-like
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FIG. 5. Comparison of daytime and nighttime MAP between CYP1A1 WT and KO mice treated with control or TCDD (180 ng/kg/day, 5 days/week) for
35 days. Blood pressure radiotelemeters were implanted 14 days prior to treatment. MAP was measured for 7 days prior to treatment and continuously during 35-day
treatment. Daytime and nighttime MAP from CYP1A1 WT mice (A and B) and CYP1A1 KO mice (C and D). Two-way repeated measures ANOVA demonstrated
significant differences based on time and treatment. *p < 0.05 compared with CYP1A1 control group; n = 4-5 per group.

chemicals. Nonetheless, future studies will be needed to
establish the sensitivity of the hypertension response to TCDD
and the degree to which even low level exposure may increase
the susceptibility to hypertension in the presence of other
common risk factors.

In summary, our study provides experimental evidence that
induction of CYP1ALl is a risk factor for vascular dysfunction
and hypertension. Human exposure to AHR agonists that
induce CYPIAL1 is not limited to TCDD-like HAHs but also
includes the polycyclic aromatic hydrocarbons found in
tobacco smoke, particulate matter air pollution, and the diet.
Thus, induction of CYP1A1 could represent an important risk

TABLE 2
Plasma Angiotensin II Concentration, ACE Activity, and
PRA in CYP1A1 WT Mice Treated with Control or
TCDD for 35 Days

CYPIA1 WT
Control TCDD
(n=28) (n = 6-8)
Ang II (pg/ml) 309 +44 285 +44
ACE (U/) 207.0 + 4.8 205.0 = 4.2
PRA (ng Ang I/ml/h) 329 £ 0.15 343 £0.16

factor for cardiovascular disease for a large number of
individuals as a result of environmental pollutant exposure.
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