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Abstract The mechanisms by which 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) increases the incidence of
human cardiovascular disease are not known. We inves-
tigated the degree to which cardiovascular disease
develops in mice following subchronic TCDD exposure.
Adult male C57BL/6 mice were dosed with vehicle or
300 ng TCDD/kg by oral gavage three times per week for
60 days. Blood pressure was recorded by radiotelemetry
and aortic endothelial function was assessed by acetyl-
choline-induced vasorelaxation. Mean arterial pressure of
TCDD-exposed mice was increased significantly by day 4

The use of trade, firm, or corporation names in this publication is for
the information and convenience of the reader. Such use does not
constitute an official endorsement or approval by the United States
Department of Agriculture or the Agricultural Research Service of
any product or service to the exclusion of others that may be suitable.

P. G. Kopf - M. K. Walker (X))

College of Pharmacy, University of New Mexico Health
Sciences Center, MSC09 5360, 2502 Marble NE,
Albuquerque, NM 87131, USA

e-mail: mwalker@salud.unm.edu

P. G. Kopf
e-mail: pkopf@salud.unm.edu

J. K. Huwe

Biosciences Research Laboratory, Agricultural Research Station,
United States Department of Agriculture, Fargo,

ND 58105, USA

e-mail: Janice. Huwe @ars.usda.gov

M. K. Walker

Department of Cell Biology and Physiology, School

of Medicine, University of New Mexico Health Sciences Center,
Albuquerque, NM 87131, USA

and between days 7-10, 25-35, and 45-60 with two
periods of normalization on days 11-24 and days 36-39.
Consistent with a prolonged period of systemic hyper-
tension, heart weight was increased and was associated
with concentric left ventricular hypertrophy. Significant
increases in superoxide production also were observed in
the kidney, heart, and aorta of TCDD-exposed mice.
Furthermore, increased aortic superoxide resulted in
endothelial dysfunction as demonstrated by significant
impairment of acetylcholine-induced vasorelaxation in
TCDD-exposed mice, which was restored by tempol, a
superoxide dismutase (SOD) mimetic. Our model is the
first to definitely demonstrate that sustained AhR activa-
tion by TCDD increases blood pressure and induces
cardiac hypertrophy, which may be mediated, in part, by
increased superoxide.
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Introduction

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a ubiqui-
tous toxicant that persists in the environment and is
generally resistant to degradation. The public became
widely aware of TCDD and its potential toxic effects
during the 1960s, when it was identified as a major con-
taminant in Agent Orange, an herbicide and defoliant
abundantly used during the Vietnam War. Today, TCDD
and related polychlorinated dibenzo-p-dioxins and dib-
enzofurans predominantly enter the environment as
contaminants in incineration emissions [1].
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The toxicity of TCDD is mediated by activation of the
aryl hydrocarbon receptor (AhR), an orphan receptor
belonging to the basic helix-loop-helix Per-ARNT-Sim
family of transcription factors. TCDD and related chem-
icals bind to the AhR with high affinity, leading to its
translocation into the nucleus and dimerization with the
AhR nuclear translocator (ARNT). This heterodimeric
complex then binds dioxin response elements in the
promoters of target genes and regulates their transcrip-
tional expression [2]. Mice in which the AhR has been
genetically deleted fail to exhibit any overt toxic
responses typically observed after TCDD exposure [3-5],
demonstrating that AhR activation is required to mediate
TCDD toxicity.

Human TCDD exposure has been associated with
cardiovascular diseases. For example, in a study of
Korean Vietnam veterans, the incidence of hypertension,
stoke, and coronary heart disease was increased in
veterans exposed to Agent Orange, compared to unex-
posed veterans [6]. Moreover, these results are supported
by a recent study of Vietnam veterans. This study found
that Army Chemical Corps Vietnam veterans who were
responsible for spraying Agent Orange around the
perimeters of base camps and from helicopters exhibited a
significantly higher incidence of heart disease and
hypertension compared to Army veterans that did not
spray herbicides [7].

Despite the evidence showing an association between
human TCDD exposure and cardiovascular diseases, ani-
mal models elucidating the mechanisms underlying these
effects are limited. One study found that an acute high
dose of TCDD resulted in a modest increase in blood
pressure in a mouse model [8], while another study
reported that chronic exposure of rats to TCDD induced a
dose-dependent increase in cardiomyopathy and chronic
active arteritis [9]. In a third study of mice with consti-
tutively active AhR (CA-AhR), heart weights were
significantly increased in male CA-AhR mice after
58 days of age [10]. These data suggest that continuous
AhR activation causes cardiovascular disease. The
objective of our study was to investigate the degree to
which cardiovascular disease develops in an animal model
when exposed subchronically to TCDD with the body
burden gradually accumulating over time. Using this
model, we tested the hypothesis that subchronic TCDD
exposure will induce vascular dysfunction and hyperten-
sion. Further, reactive oxygen species (ROS) are
commonly elevated in cardiovascular disease, including
hypertension [11], and AhR activation by TCDD has been
linked to oxidative stress in mice [12]. Thus, we also
hypothesized that vascular dysfunction and hypertension
induced by subchronic TCDD exposure would be asso-
ciated with increased ROS.
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Materials and Methods
Chemicals

TCDD was a generous gift from Dr. Richard E. Peterson
(University of Wisconsin-Madison). Mason’s trichrome
stain, bovine serum albumin, phenylephrine (PE), acetyl-
choline (ACh), tempol, and all components of phosphate
buffered saline (PBS), Krebs-Ringer buffer, and physio-
logical saline solution (PSS) were acquired from Sigma-
Aldrich (St. Louis, MO).

Animals

Male C57BL6/N mice were purchased from Harlan Sprague
Dawley, Inc. (Indianapolis, IN). Three separate exposure
studies were conducted. First, blood pressure was continu-
ously monitored in mice prior to and throughout a 60-day
dosing with TCDD. A second study was conducted to assess
organ weights on days when TCDD-induced blood pressure
peaked, while a third assessed tissue ROS and vascular
reactivity after 35 days of dosing since this was the earliest
time point that mice were significantly hypertensive and
exhibited significant changes in organ weight.

For the first study, mice were dosed from the age of 100
to 160 days with vehicle control (corn oil, 3 ml/kg) or
300 ng TCDD/kg body weight three times per week by oral
gavage. This dosing regimen was selected to minimize
handling of mice, which could disrupt blood pressure
measurements, and to achieve an approximate steady state
body burden of 2 pg/kg by day 60.

Blood Pressure Assessment

Fourteen days prior to dosing, a PA-C20 blood pressure
telemeter (Data Sciences International, St. Paul, MN) was
implanted into each mouse. Thirty minutes prior to surgery,
mice were injected with buprenorphine (0.1 mg/kg, sc) for
analgesia and then anesthetized with isoflurane (5% for
induction, 2.5% for maintenance). The telemeter catheter
was inserted into the left carotid artery and fed down to the
aortic arch, and the body of the transmitter was placed sub-
cutaneously in the abdomen. Mice were allowed to recover
from surgery for 7 days prior to collecting any blood pres-
sure data. Baseline blood pressure was collected for 7 days.
Measurement parameters including systolic, diastolic, and
mean arterial pressure, and heart rate were collected for 10 s
every 15 min. For the duration of the study, telemetry
measurements were monitored for quality assurance. At the
first signs of a failing battery, when signal strength
decreased, or a pinched or occluded catheter, when pulse-
wave form was reduced, any further data from that particular
mouse were excluded from the study. In addition, since
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battery life is only guaranteed for 42 days, after collecting
baseline BP data some telemeters were turned off until
treatment day 35. Sample sizes were vehicle control, n = 4
for the entire treatment period, and TCDD, n = 4 treatment
days 1-36 and 54-60, n = 5 treatment days 37-53.

Organ Collection

Following blood pressure assessment, a second study was
performed to examine any overt changes in tissue weight at
the three time points that blood pressure was highest: 9, 35,
and 60 days of treatment. Mice were anesthetized with
ketamine (80 mg/kg)/xylazine (4 mg/kg), weighed, and
euthanized by exsanguination. Plasma was collected from
EDTA-treated blood, divided into aliquots, and frozen at
—20°C. The atria were removed from the heart and total
ventricle weight measured. Then the left ventricle and
ventricular septum were dissected from the right ventricle,
weighed, and either frozen at —80°C or fixed in 10%
neutral buffered formalin, dehydrated, and embedded in
paraffin. Liver and kidneys were also removed, weighed,
and frozen at —80°C.

Determination of TCDD Tissue Concentration

TCDD was measured in the kidney and liver of control and
TCDD-exposed mice after 35 and 60 days of treatment by a
method based on EPA Method 1613 (Tetra- through Octa-
Chlorinated Dioxins and Furans by Isotope Dilution HRGC/
HRMS, 1994) [13]. All chemical standards used for the
analysis were purchased from Wellington Laboratories
(Guelph, ON). Tissue samples (0.03-0.35 g) were homog-
enized in saline (200 pl) using disposable pellet pestles and
microtubes. An aliquot equivalent to 5 mg (liver) or 50 mg
(kidney) was transferred to a Teflon bottle containing
methylene chloride:hexane (50:50) (20 ml), spiked with
13C-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. 13C_Labeled
internal standards were added prior to high resolution gas
chromatography/high  resolution mass spectrometry
(HRGC/HRMS) analysis on an Autospec Ultima mass
spectrometer (Waters, Milford, MA) coupled to an Agilent
6890 gas chromatograph. The limit of detection for the 50
and 5 mg samples was 16 and 160 pg/g, respectively.

Left Ventricle Histology

Paraffin-embedded left ventricle tissue from mice treated
for 60 days was sliced into 10 pm sections using a Leica

RM2135 rotary microtome (Leica Microsystems, Ban-
nockburn, IL) and stained using Mason’s trichrome stain.
Images were taken using an Olympus S2X12 dissecting
microscope (Olympus America Inc, Center Valley, PA).
Left ventricle myocardium area and left ventricle cavity
area were determined from the images using the “Magic
Wand tool” in Adobe Photoshop (Adobe Systems Incor-
porated, San Jose, CA), a tool which allows for the
discretionary selection of areas within an image that consist
of a similar color and reports the area of the selection in
pixels.

Determination of Plasma Angiotensin II (Ang II)
and Endothelin-1 (ET-1)

The levels of Ang II and ET-1 were determined from
100 pl of plasma from mice after 60 days of treatment,
using a radioimmunoassay (RIA) kit (Euro-Diagnostica,
Arnhem, The Netherlands) and an enzyme-linked immu-
nosorbent assay (ELISA) kit (R&D Systems, Minneapolis,
MN), respectively. Radioactivity of Ang II RIA samples
was quantified for '*°I using an automatic gamma counter
(Wallac Wizard 3, Perkin Elmer, Waltham, MA), and
luminescence of ET-1 ELISA samples were quantified
using a multi-label counter (Wallac Victor?, Perkin Elmer).

Gene Expression Associated with AhR and Antioxidant
Responses

Total RNA was isolated from left ventricle tissue from
mice treated for 60 days with RNeasy Fibrous Tissue Mini
Kit (Qiagen, GmbH, Germany). cDNA was synthesized
using iScript Select cDNA Synthesis Kit (Bio-Rad Labo-
ratories, 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 Labo-
ratories) with 500 uM sense and antisense primers
(Table 1) and 250 pg cDNA/ul. Cycle threshold data for
both the target gene and reference gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), were used to cal-
culate mean normalized expression as previously described
[14].

Reactive Oxygen Species Production in Cardiovascular
Organs

A 15 mg cross section of frozen left ventricle, kidney, or
aorta was thawed in ice cold PBS and then incubated in ice
cold Krebs-Ringer buffer (20 mM HEPES, 10 mM dex-
trose, 127 mM NaCl, 5.5 mM KCI, 1 mM CaCl,, 2 mM
MgSO,, pH 7.4) for 10 min. Each tissue was then trans-
ferred to a well of a 96-well white opaque plate containing
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Table 1 Real-time PCR primer sequences

Gene

Sense primer

Antisense primer

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
Cytochrome P4501A1 (CYP1A1)

Cytochrome P4501A1 (CYPIB1)

NF-E2-related factor 2 (Nrf2)

Superoxide dismutase 2 (SOD2)

Catalase

Heme oxygenase-1 (HO-1)

NAD(P)H dehydrogenase, quinone 1 (NQO1)

CCAATGTGTCCGTCGTGGATC
TGAGTCAGCAGTATGGGGACG
AATCAATGCGATTCTCCAGCTTTT
ATCTCCTAGTTCTCCGCTGCT
GCGGCCTACGTGAACAATCT
CAAGATTGCCTTCTCCGGGTG
TTCTGGTATGGGCCTCACTGG
AACCTCAACTGGTTTACAGCATTG

TGTAGCCCAAGATGCCCTTCA
AGGGCCTGCTTGATGGTGTT
CGACCGTATTCTTGGGGATGTAG
ACTCCAAGTCCATCATGCTGAG
CTGAAGAGCGACCTGAGTTGTAA
GCTCCTTCCACTGCTTCATCTG
ACCTCGTGGAGACGCTTTACA
TCTCCTCCCAGACGGTTTCC

200 Wl of room temperature Krebs-Ringer buffer with
5 puM lucigenin and 100 pM NADPH. Luminescence was
measured three times for 10 s at 2-min intervals using a
multi-label counter (Wallac Victor?, Perkin Elmer). The
average of the three measures was used to represent the
luminescence of each sample. Furthermore, to verify
specificity of lucigenin luminescence for representation of
superoxide anion production, a second set of TCDD tissue
sections was preincubated in ice cold Krebs-Ringer buffer
containing 31.6 uM tempol, a superoxide dismutase
mimetic, for 30 min prior to measurement of lucigenin
luminescence [15, 16].

Vascular Reactivity

A third study was performed to determine functional
capacity of the vasculature. This study was conducted after
35 days of TCDD treatment since mice were hypertensive
at this time point and exhibited significant increases in
superoxide production in cardiovascular tissues, including
aorta. After 35 days of treatment, mice were anesthetized
with ketamine (80 mg/kg)/xylazine (4 mg/kg) and eutha-
nized by exsanguination. Aortae were carefully removed,
immediately placed in ice cold PSS (130 mM NaCl,
47mM KCI, 1.18 mM KH,PO4, 1.17 mM MgSO,,
14.9 mM NaHCOg;, 5.5 mM glucose, 26 pM CaNa,EDTA,
1.8 mM CaCl,, pH 7.4), trimmed of connective tissue, and
cut into 3 mm segments. Two metal hangers were placed
inside the lumen of each aorta and then quickly placed in
the tissue bath (Radnoti Glass Technology Inc., Monrovia,
CA) with the lower hanger attached to a fixed stage and the
upper hanger attached to a force transducer (Grass Tech-
nologies, West Warwick, RI). Aortic rings were run in
duplicate. PSS and the tissue baths were constantly bubbled
with 21% O,, 6% CO, balance N, and refreshed every
10 min. Initial resting tension was brought up to 250 mg
for the first 10 min, followed by resting tensions of 500 mg
for 10 min, 1000 mg for 10 min, and 1500 mg for 30 min.
Rings were then constricted with 100 mM KCI and 10 uM
PE for 10 min followed by washout for 30 min, which was
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repeated for a total of three cycles. Endothelium viability
was confirmed by relaxation to 10 pM ACh in aortae
preconstricted with 10 uM PE. Vessels failing to vasorelax
at least 60% to Ach (10 pM) were removed from the study.
Following a 40-min washout period, vessels were precon-
stricted with 3.16 yM PE for 10 min. An ACh dose
response (1 nM, 3.16 nM, 10 nM, 31.6 nM, 100 nM,
316 nM, 1 puM, 3.16 uM, 10 pM) was then performed,
increasing the concentration of ACh every 5 min. Fol-
lowing another 40-min washout period, aortae were
incubated with tempol (31.6 uM), a superoxide dismutase
mimetic, for 20 min prior to repeating the ACh dose
response in preconstricted vessels.

Statistical Analysis

Each 24 h of systolic, diastolic, and mean arterial pressure
(MAP) data was averaged for 12-h periods, daytime and
nighttime. Systolic, diastolic, MAP, and ACh dose
response of aortic rings were compared using a two-way
repeated measures ANOVA with post-hoc Holm-Sidak
pairwise comparisons for a given time point. Body weight,
organ weights, morphometric measures of left ventricle,
plasma Ang II, and plasma ET-1 were compared between
treatment groups by Student’s #-test. Lucigenin lumines-
cence was compared between treatment groups by one-way
ANOVA with post-hoc Holm-Sidak pairwise comparisons.
A P-value <0.05 was considered significant.

Results
Tissue TCDD Concentrations

To determine the degree to which TCDD accumulated in the
liver and kidney when dosing 300 ng TCDD/kg three times
per week, the hepatic and renal TCDD concentrations were
determined on days 35 and 60. Tissue concentrations of
TCDD in all control mice, except the liver of one on day 60
(249 pg/g), were below the limit of detection of 160 pg/g for
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Table 2 Effect of exposure to TCDD on tissue TCDD concentrations

Day 35 Day 60
Control TCDD Control TCDD
Kidney (pg/g)* ND 187 + 15 ND 96 + 38

Liver (pg/g)° ND 6,814 £ 1,663 ND—249° 9,212 + 512

n=4

ND not detectable

? Limit of detection = 16 pg/g

® Limit of detection = 160 pg/g

¢ ND in all mice except one, which had a reading of 249 pg/g

liver and 16 pg/g for kidney (Table 2). In contrast, TCDD
was detected in the liver and kidney of TCDD-treated mice
on both days 35 and 60. While the mean liver concentration
increased between day 35 and 60 and the mean kidney
concentration decreased, the respective tissue concentra-
tions were not significantly different between days. The
degree of accumulation of TCDD in the liver and kidney
using this dosing regimen was very similar to that reported
when dosing 150 ng TCDD/kg 5 days per week [17]. We
chose to dose three times per week to minimize handling of
mice to limit disruption of the blood pressure measurements.

Expression of AhR Response Genes

To verify AhR stimulation, mRNA expression of the AhR-
inducible genes CYP1Al and CYPIB1 was examined in
the aorta, kidney, and left ventricle after 35 days of
exposure. CYPIA1 mRNA expression was significantly
upregulated in all tissues of TCDD-exposed mice, most
dramatically in the left ventricle (Fig. 1a); while CYP1BI
mRNA expression was only significantly upregulated in the
heart of TCDD-exposed mice (Fig. 1b).

To confirm sustained induction of CYP1Al and
CYP1B1, mRNA expression was also examined in the left
ventricle after 60 days of exposure. Induction of CYP1A1
mRNA expression of TCDD-exposed mice was similar to
values seen after 35 days of exposure (122.6 £ 15.9 fold).
However, the induction of CYP1B1 mRNA expression in
TCDD-exposed mice was significantly greater after
60 days of exposure (7.6 &+ 2.8 fold, P = 0.05).

Systemic Arterial Blood Pressure

We assessed blood pressure 24 h/day during subchronic
TCDD exposure. We found that TCDD exposure increased
both daytime and nighttime MAP (Figs. 2b and 3b). MAP
was significantly increased in TCDD-exposed mice within
the first week of treatment. This increase in MAP peaked at
day 10 and was followed by a normalization. MAP
remained normal for approximately 12 days until a second
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Fig. 1 Effect of exposure to TCDD for 35 days on CYP1Al (a) and
CYPIBI1 (b) mRNA expression in aorta, kidney, and left ventricle.
Target mRNA was normalized to GAPDH mRNA and expressed
relative to control. n = 5. * P < (0.05, compared to respective control

increase began, which peaked on day 35 of treatment. After
another short normalization period of about 8 days, MAP
was significantly increased for the remainder of the 60-day
study. These changes in MAP were paralleled by similar
changes in systolic and diastolic blood pressure and at the
end of the study both were also significantly elevated in
TCDD-exposed mice (Figs. 2a, ¢ and 3a, c). No significant
alterations in daytime and nighttime heart rate, activity, or
circadian rhythms were observed (data not shown).

Body and Organ Weights

We next conducted a study to assess organ weights on the
approximate days when TCDD-induced blood pressure
peaked (i.e., days 9, 35, and 60; Table 3). Neither body
weight nor body weight gain was altered in TCDD-exposed
mice, demonstrating the lack of overt toxicity. Increased
liver weight, a well-documented response to TCDD expo-
sure, was observed on days 35 and 60, and at all three time
points in TCDD-exposed mice, when expressed as a per-
centage of total body weight. Raw heart weight was
increased in the TCDD treatment group only on day 35.
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Fig. 2 Effect of exposure to TCDD on daytime (sleep period)
systolic (a), mean (b), and diastolic (c) arterial pressure. Vehicle
control, n = 4; TCDD, n = 4 days 1-36 and 54-60, n = 5 days 37—
53. * P < 0.05, compared to control on the same day

However, when the left ventricle and septum (LV + S) were
dissected from the right ventricle (RV), a significant increase
inLV 4 S weight was observed in TCDD-exposed mice on
day 35, and on both day 35 and 60 when expressed as a
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Fig. 3 Effect of exposure to TCDD on nighttime (active period)
systolic (a), mean (b), and diastolic (c¢) arterial pressure. Vehicle
control, n = 4; TCDD, n = 4 days 1-36 and 54-60, n = 5 days 37—
53. * P < 0.05, compared to control on the same day

percentage of total body weight. There was no difference in
RV weight in TCDD-exposed mice, compared to vehicle
controls. No changes in kidney weight were observed on
days 9, 35, or 60 of treatment (data not shown).
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Table 3 Effect of exposure to TCDD on body and organ weights
Weight (g) Day 9 Day 35 Day 60
(% body weight)
Control TCDD Control TCDD Control TCDD
n=10 n=10 n=>5 n=>5 n=29 n=2_8
Body 26.94 £+ 0.31 26.97 £+ 0.35 28.14 £ 0.71 30.01 £+ 0.61 34.15 +£ 1.36 33.90 £+ 1.36
Liver 1.492 4+ 0.038 1.587 4+ 0.052 1.490 £+ 0.075 1.922 £+ 0.062* 1.728 £+ 0.071 1.979 £ 0.088*
(5.54 £ 0.13) (5.92 £ 0.20)* (5.29 £ 0.18) (6.40 = 0.09)* (5.08 = 0.16) (5.86 + 0.21)*
Heart 0.123 £ 0.001 0.124 £ 0.003 0.114 £ 0.005 0.134 £ 0.004* 0.129 £ 0.004 0.134 £ 0.005
(0.46 £ 0.01) (0.46 £ 0.01) (0.41 £ 0.01) (0.45 £ 0.02) (0.38 £ 0.01) (0.40 £ 0.01)
LV + S 0.085 £ 0.002 0.087 £ 0.002 0.083 + 0.004 0.099 + 0.003* 0.089 & 0.003 0.095 + 0.004
(0.32 £ 0.01) (0.32 £ 0.01) (0.29 £+ 0.01) (0.33 £ 0.01)* (0.26 £ 0.01) (0.28 £ 0.01)*
RV 0.39 £ 0.002 0.037 £ 0.002 0.031 £ 0.003 0.034 + 0.003 0.040 £ 0.003 0.039 & 0.004
(0.14 £ 0.01) 0.14 + 0.01 0.11 + 0.01 0.11 + 0.01 (0.12 £ 0.01) (0.12 + 0.01)

* P < 0.05, compared to control on the same day
Cardiac Histology

Due to the observed increase in left ventricle weight and
that MAP had been significantly elevated for 13 of the
previous 16 days, the histology of the left ventricle from
mice after 60 days of treatment was examined from par-
affin-embedded tissue sections. Concentric hypertrophy,
where the wall of ventricle increases and radius of the
ventricle cavity decreases, was observed in the left ven-
tricle of TCDD-exposed mice (Fig. 4a), which is consistent
with a chronic increase in systemic arterial blood pressure
[18].

To quantify the changes observed in the left ventricle
histology, morphometric measures of ventricular myocar-
dium and cavity were taken. Left ventricular myocardium
area was significantly increased in TCDD-exposed mice
and left ventricular cavity area was significantly decreased
in TCDD-exposed mice (Fig. 4b), consistent with the
observed concentric hypertrophy.

Plasma Vasoactive Agents

Systemic hypertension is frequently associated with
increases in the vasoconstricting peptides, Ang II and ET-
1. Thus, plasma samples from mice on day 60 of treatment
were analyzed for Ang II and ET-1. No significant altera-
tions were observed in plasma Ang II or ET-1 (data not
shown).

Indices of Oxidative Stress

To assess the potential TCDD-induced oxidative stress,
mRNA expression of antioxidant genes was examined in
left ventricle. Expression of Nrf2, a transcription factor
governing antioxidant response elements [19, 20], was
significantly upregulated by 1.5-fold. There was a trend for

an increase in the expression of SOD2 and -catalase,
enzymes which reduce superoxide and hydrogen peroxide,
respectively. Expression of HO-1, an inducible isoform of
heme oxygenase to oxidative stress, was significantly
increased by 1.4-fold. Moreover, expression of NQOI, an
enzyme which reduces vitamin E and coenzyme Q10, was
significantly increased by 1.3-fold (Table 4).

Due to modest increases in expression of antioxidant
response genes, we measured ROS directly by assessing
superoxide production in cardiovascular organs of interest,
the left ventricle, kidney, and aorta using lucigenin lumi-
nescence. We focused on animals exposed for 35 days
since these mice were significantly hypertensive and this
was the first time point when we detected significant
changes in organ weights. Increased lucigenin lumines-
cence was observed in all three cardiovascular organs from
TCDD-exposed mice. This increase in lucigenin lumines-
cence was verified to be attributed to an increase in
superoxide production by a normalization of lucigenin
luminescence to control levels in tissue from TCDD-
exposed mice with preincubation with tempol, an SOD
mimetic and antioxidant [21] (Fig. 5a—c).

Vascular Reactivity

With increased superoxide and the presence of hyperten-
sion, we examined the vasorelaxation response to ACh,
which is mediated in the mouse aorta by endothelial pro-
duction of nitric oxide (NO). Since superoxide can react
with NO and reduce its ability to stimulate vasorelaxation,
we further examined the ACh-response in the presence of
tempol, an SOD mimetic and antioxidant. While aortic rings
from control mice responded normally to ACh in a dose-
dependent manner, the response to ACh in aortic rings from
TCDD-exposed mice was significantly attenuated (Fig. 6a).
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Fig. 4 Effect of exposure to
TCDD for 60 days on left
ventricle histology (a, b) and
morphometrics (¢). n = 4.

* P < 0.05, compared to
respective control
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Table 4 Effect of exposure to TCDD for 60 days on AhR and oxi-
dative stress response gene expression

Gene® Control® TCDD P-value
Nrf2 1.0 £ 0.1 1.5+02 0.033
SOD2 1.0 £ 0.1 1.2 £ 0.1 0.062
Catalase 1.0 £ 0.1 1.2 £ 0.1 0.094
HO-1 1.0 £0.1 1.4 £ 0.1 0.050
NQOI1 1.0 £0.1 1.3 £0.1 0.047
n=>5

? Normalized to GAPDH mRNA expression

" Normalized to control expression

However, when the vessels were preincubated with tempol,
this attenuated response was normalized (Fig. 6b).
Discussion

Our results demonstrate that subchronic TCDD exposure

increases systemic arterial blood pressure, left ventricle
weight and wall thickness, cardiovascular superoxide, and
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Ventricular cavity

induces endothelial dysfunction characterized by a reduc-
tion in NO-dependent vasorelaxation. This study represents
the first animal model that definitively demonstrates that
sustained AhR activation by TCDD induces hypertension
and cardiac hypertrophy, associated with impaired vascular
reactivity.

Systolic blood pressure above 130 mmHg is considered
hypertensive in mice [22]. Therefore, the blood pressure of
131/106 mmHg observed in TCDD-exposed mice at the
termination of the study would classify them as hyperten-
sive. This increase in blood pressure is consistent with
previously reported increases in blood pressure from a
mouse model of acute TCDD exposure as measured by a
tail cuff system [8]. However, we observe an initial
increase in blood pressure as early as day 2—3, while Dalton
et al. [8] did not see significant increases in blood pressure
until day 23-29. This may be due in part to the differences
of dose and exposure, as well as the increased sensitivity
that radiotelemetry provides for detecting smaller changes
in blood pressure [23]. Moreover, the telemetry recordings
allowed us to observe that the TCDD-exposed mice
developed a nondipping pattern of diurnal blood pressure,
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Fig. 5 Effect of exposure to TCDD for 35 days on lucigenin
luminescence in aorta (a), left ventricle (b), and kidney (c). n = 5.
* P < 0.05, compared to control

characterized by less than 10% differences in daytime and
nighttime blood pressure. Hypertensive target organ dam-
age is more prevalent in individuals with a nondipper blood
pressure pattern [24, 25], suggesting that TCDD-induced
hypertension may lead to significant organ damage as
observed with the left ventricle hypertrophy. Furthermore,
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Fig. 6 Effect of exposure to TCDD for 35 days on basal acetylcho-
line-induced vasorelaxation (a) (Control, n = 7; TCDD, n = 6) and
acetylcholine-induced vasorelaxation in the presence of tempol (b)
(n=4). * P <0.05, compared to respective control

the increase in LV + S weight, but not in RV weight, in
TCDD-treated mice is indicative of an increase in systemic
arterial pressure in the absence of an increase in pulmonary
arterial pressure.

The TCDD-induced hypertension is also associated with
a significant impairment of NO-dependent vasodilation that
is normalized by a superoxide dismutase mimetic tempol.
Superoxide is frequently elevated in human and experi-
mental hypertension [11] and an important consequence of
superoxide production is the loss of endothelium-derived
NO. NO is as a potent vasodilator and genetic deletion of
the enzyme that produces it, endothelial nitric oxide syn-
thase (eNOS), results in loss of endothelial-dependent
vasodilation (i.e., endothelial dysfunction) and hyperten-
sion [26]. Increased vascular superoxide reacts with NO to
produce peroxynitrite and thus represents a key mechanism
by which NO bioavailability is reduced, leading to
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diminished endothelial-dependent vasorelaxation. Further-
more, treatment with antioxidants, including tempol,
improves vascular function and attenuates hypertension in
many animal models [27], similar to our results in isolated
artery studies. Moreover, chronic TCDD exposure increa-
ses the severity of atherosclerotic plaques in apolipoprotein
E null mice [8], which may be attributed to a decrease in
bioavailable NO and its anti-atherosclerotic activity [18].
Nonetheless, we cannot rule out the possibility that TCDD
exposure reduces NO-dependent signaling in the vascular
smooth muscle. Future studies of the aortic vasorelaxation
responses to NO donors would establish whether down-
stream NO signaling is also altered by TCDD.

It has been well established that TCDD and other AhR
ligands induce oxidative stress in humans and experimental
animal models. TCDD exposure has been shown to induce
oxidative stress in brain [28, 29], liver [28]), and kidney
tissue [12] of mice. In rats, oxidative stress is increased in
brain [30], liver [30], and reproductive tissue [30] by
exposure to TCDD, polychlorinated dibenzofurans, or
polychlorinated biphenyls. In humans, serum polychlori-
nated dibenzo-p-dioxin and polychlorinated dibenzofuran
levels and plasma lipid peroxidation were positively
correlated in metal recovery workers [31]. Moreover,
concomitant antioxidant supplementation has been shown
be protective in TCDD-induced toxicity in mice [32].

In the cardiovascular system, 3,3’,4,4'-tetrachlorobi-
phenyl (PCB 77), a TCDD-like AhR agonist, has been
shown to increase ROS in endothelial cells [33]. Moreover,
exposure of zebrafish embryos to TCDD results in
decreased blood flow in the mesencephalic vein, which is
abolished by simultaneous exposure to an antioxidant [34].
Additionally, occupational exposure of pesticide produc-
tion workers to TCDD is associated with impaired
microvascular reactivity, which was negatively correlated
with superoxide dismutase activity [35], indicative of
vascular superoxide and endothelial dysfunction. Thus,
activation of AhR appears to increase ROS in multiple
organ systems.

There are a number of potential mechanisms for these
observed increases in ROS. First, antioxidant enzyme
activity could be suppressed, increasing susceptibility to
endogenous ROS. TCDD exposure has been shown to
decrease catalase and glutathione peroxidase activity in rat
brain tissue [36] and decrease glutathione peroxidase,
glutathione reductase, and SOD activity in chicken liver
[37]. Since we see modest increases, rather than decreases,
in mRNA expression of antioxidant response genes, these
data suggest that suppressed antioxidant responses are not
the primary cause of the increased ROS.

A second potential mechanism is increased mitochon-
drial production of ROS. Mitochondria are responsible for
the majority of ROS production in most cells. However,
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ROS production and elimination by antioxidant systems is
balanced under normal conditions [38]. Mitochondrial
dysfunction that elevates ROS release can lead to the
development of cardiovascular disease, particularly ath-
erosclerosis and hypertension [39], and AhR-dependent
mitochondrial production of ROS has been shown to be
increased following TCDD exposure in mouse liver [40].
Interestingly, we saw an increase in mRNA expression of
the mitochondrial isoform of SOD (SOD2 or MnSOD) in
the left ventricle of TCDD-exposed mice. These data
suggest that the source of the ROS could be mitochondrial,
potentially linked to the mitochondrial accumulation of
CYP450s that follow TCDD exposure [41].

Uncoupling of eNOS is a third potential source of ROS,
where the enzyme transfers an electron from NADPH to
oxygen, rather than the substrate, L-arginine, resulting in
the formation of superoxide instead of NO [42]. The pri-
mary mechanism by which eNOS uncoupling occurs is
from a decrease in the availability of the co-factor tetra-
hydrobiopterin (BH,) [43]. BH4 levels can be reduced as a
result of impaired synthesis and/or increased oxidation,
both of which can lead to eNOS uncoupling, endothelial
dysfunction, and hypertension [44—46]. Microarray studies
have shown that TCDD exposure decreases the mRNA
expression of cyclohydrolase 1 (GTPCH), the rate limiting
step in BH, synthesis, and increases the mRNA expression
of GTP cyclohydrolase negative feedback protein, which
inhibits BH, synthesis [47, 48]. Thus, sustained AhR
activation by TCDD may lead to BH, depletion, eNOS
uncoupling, and increased vascular superoxide.

Lastly, uncoupling of the induced cytochrome P450s is a
fourth potential source of ROS. It has been demonstrated
that P450-enriched human microsomes are capable of
producing ROS [49]. Moreover, TCDD-induced mouse
liver microsomes have increased production of superoxide
[50]. CYP1AL is of particular interest as a potential source
of ROS. It is dramatically induced in the tissues of TCDD-
exposed mice in our study, including the vasculature, and
CYPI1A and CYP1A1 are inducible in endothelial cells by
AhR activation [51]. Furthermore, CYP1A and CYP1Al
have been shown to contribute to TCDD-induced toxicity
in zebrafish and mice, respectively [52]. Future studies will
investigate the role of CYP1AIl in ROS production and
cardiovascular toxicity.

Hypertension in both humans and animal models is
often associated with activation of the sympathetic nervous
system and/or elevation of circulating Ang II and ET-1
[53]. Heart rate was not significantly altered in TCDD-
exposed mice, suggesting that sympathetic nervous system
activity was not increased. Similarly, neither plasma Ang II
nor ET-1 was significantly altered in TCDD-exposed mice.
While these data do not provide evidence of the involve-
ment of these pathways, our results also do not rule them
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out. For example, increased sympathetic tone of peripheral
resistance vessels can increase blood pressure without
increasing heart rate [53], while plasma ET-1 levels do not
necessarily reflect the amount of vasoactive ET-1 [54].
Therefore, future studies using pharmacological inhibitors
of these pathways will help to further define their contri-
bution to TCDD-induced hypertension.

While the TCDD exposure resulted in hypertension, it
also induced periodic normalizations of the blood pressure.
The mechanism underlying these normalizations in blood
pressure is unknown, but may include a compensatory
decrease in autonomic nervous system activity, changes in
the tissue distribution of TCDD over time, or pressure
natriuresis, an increase in sodium and water renal excretion
in response to an increase in renal arterial pressure. A
decrease in autonomic activity commonly is an acute
compensatory response occurring over seconds to minutes
rather than days, while significant changes in TCDD tissue
distribution would not be expected to occur during these
periods of blood pressure normalizations, based on previ-
ous reports of the toxicokinetics of TCDD in the mouse
[17, 55]. Pressure natriuresis is a possible explanation,
which could be verified by determining if urine volume and
sodium excretion increase during the normalization peri-
ods. Moreover, if pressure natriuresis is responsible for the
normalizations, the observed hypertension would be salt
sensitive. Future studies of the mechanisms responsible for
TCDD-induced increases in blood pressure will likely help
to elucidate the reasons for the periodic normalizations.

In conclusion, our model is the first to definitively
demonstrate that sustained AhR activation by subchronic
TCDD exposure induces hypertension, vascular dysfunc-
tion, and cardiac hypertrophy. These data are consistent
with the epidemiology studies of Vietnam veterans
exposed to Agent Orange and validate the need to continue
epidemiology studies of such cohorts as they reach the age
when cardiovascular morbidity and mortality increase
further. This model should provide valuable insight into the
mechanisms underlying TCDD-induced cardiovascular
pathogenesis, including the role of vascular ROS as
potential mediators of TCDD-induced hypertension.
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