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Abstract
The mouse heart is a target of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) during fetal
development, and microarray analysis demonstrates significant changes in expression of cardiac
genes involved in extracellular matrix (ECM) remodeling. We tested the hypothesis that
developmental TCDD exposure would disrupt cardiac ECM expression and be associated with
changes in cardiac morphology in adulthood. In one study, time-pregnant C57BL/6 mice were
dosed with corn oil or 1.5, 3.0, or 6.0 µg TCDD/kg on gestation day (GD) 14.5 and sacrificed on
GD 17.5, when changes in fetal cardiac mRNA expression were analyzed using quantitative PCR.
TCDD induced mRNA expression of genes associated with ECM remodeling (matrix
metalloproteinase 9 and 13, preproendothelin-1), cardiac hypertrophy (atrial natriuretic peptide, β-
myosin heavy chain, osteopontin), and aryl hydrocarbon receptor (AHR) activation (cytochrome
P4501A1, AHR repressor). Further, all TCDD-induced changes required the AHR since gene
expression was not altered in AHR knockout fetuses. In a second study, time-pregnant mice were
treated with corn oil or 6.0 µg TCDD/kg on GD 14.5, and male offspring were assessed for
changes in cardiac gene expression and cardiac and renal morphology at 3 mo. All TCDD-induced
changes in cardiac gene expression observed fetally, except for preproET-1, remained induced in
the hearts of adult male offspring. Adult male offspring of TCDD-exposed dams also displayed
cardiac hypertrophy, decreased plasma volume, and mild hydronephrosis. These results
demonstrate that in utero and lactational TCDD exposure alters cardiac gene expression and
cardiac and renal morphology in adulthood, which may increase the susceptibility to
cardiovascular dysfunction.
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INTRODUCTION
The developing cardiovascular system is a target of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a potent environmental contaminant belonging to the halogenated aromatic
hydrocarbon family of compounds. TCDD exposure during development results in
cardiovascular malformations in fish and birds. In avian embryos TCDD exposure induces
ventricular septal abnormalities, aortic arch anomalies (Cheung et al. 1981), and enlarged
ventricles in the absence of a thickened myocardial wall (Walker et al. 1997; Walker and
Catron 2000), while in piscine species, TCDD induces altered heart looping, resulting in a
misshapen, elongated heart (Antkiewicz et al. 2005). Moreover, cardiac function also is
impaired in TCDD-treated embryos, and exposed offspring display reduced heart rate, blood
regurgitation, irregularities in ventricular rhythm, and impaired contractile responsiveness
(Antkiewicz et al. 2005; Canga et al. 1988; Walker and Catron 2000).

Despite the extensive amount of research conducted in piscine and avian embryos, the extent
of TCDD-induced developmental cardiotoxicity in mammals is relatively unknown.
Recently, microarray analysis shows that cardiac gene expression is highly altered in
gestation day (GD) 17.5 mouse fetuses from dams exposed to 1.5–6.0 µg/kg TCDD on GD
14.5. As expected, TCDD exposure significantly induces the expression of aryl hydrocarbon
receptor (AHR)-regulated genes, such as cytochrome P4501A1 (CYP1A1), but one of the
most striking findings is that TCDD highly dysregulates the expression of cardiac
extracellular matrix (ECM) genes, including five procollagens and three matrix
metalloproteinases (MMPs) (Thackaberry et al. 2005a). This is particularly notable since
ECM remodeling plays a critical role in the pathogenesis of cardiac hypertrophy and
dysfunction (D'Armiento 2002; Ju and Dixon 1996)

In addition to changes in gene expression, two studies suggest that cardiac morphology and
function are also altered as a consequence of in utero and lactational TCDD exposure in the
mouse. Following maternal exposure to TCDD, offspring initially exhibit smaller hearts, but
as the offspring age they exhibit significant increases in heart weight, relative to body
weight (Lin et al. 2001; Thackaberry et al. 2005b). Consistent with this observation, cardiac
atrial natriuretic peptide (ANP) mRNA expression is induced in these offspring with
enlarged hearts, suggestive of compensatory cardiac hypertrophy. Analogous to observations
that have been made in other TCDD-exposed species, offspring from TCDD-exposed dams
exhibit bradycardia (Thackaberry et al. 2005b).

The goals of the present study were to confirm the degree to which fetal TCDD exposure
altered fetal cardiac mRNA expression of AHR-regulated, ECM, and hypertrophy marker
genes, and establish whether these changes in expression required the AHR. Secondly, we
sought to determine whether these TCDD-induced changes in fetal gene expression persisted
into adulthood and whether they were associated with altered cardiac and renal morphology.

MATERIALS AND METHODS
Chemicals

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was a gift from Dr. Richard E. Peterson
(University of Wisconsin-Madison). Evan’s blue dye and Masson’s Trichrome stain were
purchased from Sigma-Aldrich (St. Louis, MO).

Animals
Six-to-eight week old male and female AHR+/+ C57BL/6N mice (Harlan, Indianapolis, IN)
were purchased, and AHR−/− mice were obtained from Dr. Frank Gonzalez (National
Cancer Institute) (Fernandez-Salguero et al. 1995) and backcrossed 11 generations to
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C57BL/6N. Mice were individually housed in the the Animal Resource Facility at the
University of New Mexico on a 12:12 hr light:dark cycle and provided standard mouse
chow and water ad libitum. The University of New Mexico Institutional Animal Care and
Use Committee approved all experiments.

Animal Exposures to TCDD
AHR+/+ mice were mated and time-pregnant dams were dosed with corn oil (vehicle control,
N=12 litters) or 1.5, 3.0, or 6.0 µg TCDD/kg in corn oil by oral gavage on GD 14.5 (N=9,
10, and 8 litters for the three TCDD doses, respectively). For analysis of fetal cardiac gene
expression, dams were sacrificed on GD 17.5, and fetal hearts were isolated, pooled within a
litter, and frozen at −80°C. The number of fetuses per litter ranged from 6–11 and did not
differ among treatment groups. However, when fetal numbers were small, we did not always
have a sufficient amount of RNA from each litter to conduct the PCR analyses for all genes.
The figure legends indicate the number of litters analyzed for each set of genes. For analysis
of changes in adult offspring, dams exposed to corn oil or 6.0 µg TCDD/g on GD 14.5 were
allowed to deliver and male offspring were analyzed for cardiac and hepatic gene expression
(control, N=4–5 litters; TCDD, N=4–5 litters), renal and cardiac morphology (control, N= 7
litters; TCDD, N=5–10 litters), and plasma volume at ~ 3 mo (control, N=5 liters; TCDD,
N=7 litters). To determine AHR dependent changes in fetal gene expression, AHR+/− male
and female mice were mated, and time-pregnant dams were dosed with 6.0 µg TCDD/kg on
GD 14.5 and sacrificed on GD 17.5. Fetuses were removed and genotyped as previously
described (Fernandez-Salguero et al. 1995), and then hearts from AHR+/+ or AHR−/− fetuses
were pooled within a litter (N=6 litters) and frozen at −80°C for mRNA isolation.

RNA Isolation and Quantitative PCR
Total RNA was isolated from fetal and adult hearts using Trizol reagent (Invitrogen,
Carlsbad, CA) or an RNeasy Mini Kit (Qiagen, Valencia, CA). RNA integrity was verified
using an Agilent 2100 bioanalyzer (Agilent Technologies, Foster City, CA) and samples
were deemed of sufficient quality by the presence of clear rRNA bands and a 260/280 ratio
of > 1.9. No samples were excluded due to poor quality. cDNA was synthesized from total
RNA using 6 mU reverse transcriptase (Promega, Madison, WI) and 5.0 ng oligo dT primer
(Promega). mRNA transcript levels were quantified with the BioRad I-Cycler (BioRad,
Hercules, CA) using gene-specific primers (Sigma-Genosys, The Woodlands, TX; Table 1).
Standard curves were used to assess the efficiency of each primer set, and usable primer sets
were 90–100% efficient. Quantitative PCR reactions used 500 nM primers, 250 ng of
cDNA, and SYBR Green Supermix (BioRad). Reactions were run in triplicate for the target
genes and phosphoglycerate kinase 1 (PGK-1), which was used as the internal normalization
control. Differences between CT values were computed, and values converted to mean
relative expression using Q-gene software (Simon 2003) and expressed as a percent of
control.

Plasma Volume
Adult offspring were anesthetized with isoflurane, and plasma volume was determined by
infusing 50 µL of 1% Evan’s Blue dye into a jugular catheter. Blood was collected by
cardiac puncture 5 min after dye infusion and plasma was separated by centrifugation (4°C,
15 min, 3500 × g). Plasma was diluted 1:50 with saline and absorbance determined at 620
nm. Plasma volume was calculated according to the formula plasma volume = [injected dye
(g) ÷ plasma dye (g/l)] − injection volume (Maas et al. 2005).
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Tissue Collection
Adult offspring were anesthetized via IP injection of ketamine/xylazine (80 mg/kg ketamine,
4 mg/kg xylazine) and euthanized by exsanguination via cardiac puncture. Plasma was
immediately separated by centrifugation and stored at −20°C. Body, liver, lung, aorta,
kidney, and heart weights were measured, and then the left and right ventricles were
dissected and weighed. The liver, lung, aorta, left kidney, and upper half of the left ventricle
(including septum) were frozen at −80°C, while the lower half of the left ventricle
(including septum) and right kidney were fixed in 10% neutral buffered formalin overnight,
permeabilized in 4% sucrose, and embedded in paraffin.

Analysis of Renal Morphology
To assess the incidence and severity of hydronephrosis, the right kidney was cut along the
transverse plane and severity of hydronephrosis scored according to the scale published
previously (Bryant et al. 2001). Paraffin-embedded kidney sections were stained with
Masson’s trichrome and the presence of fibrosis was determined using light microscopy and
Magna Fire computer software (Silver Spring, MD).

Residual TCDD Analysis
TCDD was measured in livers from offspring of control and TCDD-exposed dams by a
previously reported 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). Briefly, liver samples (1 g) were ground with Celite (6 g), spiked with 13C-
labeled recovery standards, and extracted in an Accelerated Solvent Extractor (Dionex,
Sunnyvale, CA) using isopropanol:hexane:methylene chloride (35:30:35). The extract was
exchanged into hexane and subsequently washed with 20% potassium hydroxide, water,
concentrated sulfuric acid, and water. Samples were then applied to a PowerPrep 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 this analysis was
0.06 pg/g.

Statistics
Data are expressed as a mean ± SEM. An unpaired Student’s t test was used for statistical
comparison of two treatment groups. One-way analysis of variance (ANOVA) was used for
statistical analysis of multiple treatment groups. A Fisher’s Exact test was used to determine
significance for hydronephrotic incidence and severity. A value of p < 0.05 was considered
statistically significant in all cases.

RESULTS
Fetal cardiac gene expression

Quantitative PCR was used to determine fetal cardiac expression of AHR-regulated, ECM
modulators, and cardiac hypertrophy markers on GD 17.5, following in utero exposure to
corn oil control or TCDD for 3 d. mRNA expression of both AHR repressor (AHRR) and
CYP1A1 were up regulated in a dose-dependent manner, and maternal doses as low as 1.5
and 3.0 µg TCDD/kg significantly increased expression, respectively (Fig. 1A and 1B).
Further, fetal cardiac AHRR and CYP1A1 mRNA were induced up to 10- and 17-fold,
respectively, by the highest maternal dose of TCDD. Finally, TCDD-induced expression
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required the AHR as evidenced by the inability of maternal TCDD exposure to increase
CYP1A1 or AHRR mRNA in hearts of AHR−/− fetuses, compared to the induction observed
in fetal AHR+/+ littermate controls (Fig. 1C and 1D).

Next, we examined the mRNA expression of genes involved in ECM regulation. Both
MMP9 and MMP13 were significantly induced ~5 fold following maternal exposure to 6.0
µg TCDD/kg, although TCDD was more potent in inducing MMP13 mRNA with a
significant increase also observed at a maternal dose of 3.0 µg TCDD/kg (Fig. 2A and 2B).
Additionally, fetal cardiac mRNA expression of prepro-endothelin-1 (ET-1), a vasoactive
peptide known to stimulate ECM turnover in the heart, was significantly induced 3.7- and
5.5-fold subsequent to maternal exposure to 3.0 and 6.0 µg TCDD/kg, respectively (Fig.
2C). As was observed for CYP1A1 and AHRR induction, MMP9, MMP13, and preproET-1
mRNA induction by maternal TCDD exposure required the AHR, since none of these genes
were induced in the hearts of AHR−/− fetuses (data not shown). Lastly, mRNA expression of
two genes involved in ECM regulation and remodeling, MMP2 and procollagen 1
(proCOL1), was not detected in either the control or TCDD-exposed fetal heart.

Finally, we assessed the fetal cardiac mRNA expression of three molecular markers of
cardiac hypertrophy; ANP, β-myosin heavy chain (β-MHC), and osteopontin (OPN).
Strikingly, maternal TCDD exposure exhibited the greatest potency in the induction of two
of these three genes. Fetuses displayed significant increases of ~3 fold in both cardiac ANP
and β-MHC mRNA expression following exposure to a maternal dose of 1.5 µg/kg TCDD,
while increasing doses of TCDD did not increase mRNA expression further (Fig. 2D and
2E). Fetal cardiac OPN mRNA expression was increased at a maternal dose of 1.5 µg/kg
TCDD, although the increase was not significant, while maternal doses of 3.0 and 6.0 µg/kg
TCDD did significantly induce OPN expression by ~4-fold (Fig. 2F). As observed for AHR-
regulated genes and ECM modulators, induction of fetal cardiac hypertrophy marker genes
required the AHR (data not shown).

Adult cardiac gene expression
To determine if changes in fetal cardiac mRNA expression persisted in adulthood, pregnant
dams exposed to corn oil control or 6.0 µg/kg TCDD on GD 14.5 were allowed to deliver
and male offspring were analyzed for cardiac gene expression changes at ~3 mo of age.
Cardiac mRNA expression of AHR-regulated genes, CYP1A1 and AHRR, remained
significantly up regulated in offspring from TCDD-exposed litters, albeit at much lower
levels than observed fetally. Adult cardiac CYP1A1 and AHRR mRNA expression was
significantly increased by 2- and 3-fold, respectively from TCDD-exposed litters, compared
to control litters (Fig. 3A and 3B). To determine how this degree of induction compared to
the adult liver, we analyzed hepatic CYP1A1 and AHRR mRNA expression in the same
mice. We found that adult hepatic CYP1A1 and AHRR mRNA expression was significantly
induced ~3-fold for both genes in offspring of TCDD-exposed litters (Fig. 3C and 3D).

The MMPs, which were significantly induced in the fetal heart, also remained significantly
elevated in the adult heart (Table 2). MMP9 and MMP13 mRNA were up regulated 3.4- and
2.6-fold, respectively, compared to control. MMP2, a gene commonly up regulated in
parallel fashion with other MMPs, was not detected in the fetal heart, but was expressed in
adult heart samples and was significantly induced 1.5-fold in offspring from TCDD-exposed
dams. Similarly, proCOL1 mRNA was also undetected in the fetal heart, but was
measurable in adult hearts and was significantly induced 2.2-fold in offspring from TCDD-
exposed dams. It is notable that the only cardiac mRNA that was induced in the fetal heart
but not in the adult offspring was preproET-1. As previously described, fetal mRNA
expression of cardiac hypertrophy markers, ANP, β-MHC, and OPN, was significantly
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induced subsequent to TCDD in utero exposure. Likewise, these significant alterations
persisted in adulthood.

Hepatic TCDD concentration in adult offspring
To evaluate the degree to which adult offspring from TCDD-exposed dams were still
exposed to TCDD, we measured hepatic TCDD concentrations in 3 mo old offspring of
control and TCDD-exposed dams. We found that the offspring from TCDD-exposed dams
exhibited detectable TCDD concentrations in the liver (range = 5.35 – 8 pg/g; 6.8 ± 1.9 pg/g,
N=4) versus very low levels in the offspring from control dams (range = 0 – 0.25 pg/g; 0.2 ±
0.2 pg/g, N=4) with a limit of detection of 0.06 pg/g. The percent lipid in the liver samples
did not differ between the control and TCDD offspring (control, 6.4 ± 0.3%; TCDD, 6.8 ±
0.2%; p > 0.3).

Assessment of body and organ weights
Three month old adult offspring of TCDD-exposed dams failed to exhibit any significant
changes in body weight or organ weights of liver, kidney, or intact heart (Table 3).
However, when the heart was dissected into right ventricle and left ventricle plus septum,
the left ventricle portion tended to be larger and exhibited a significant increase in weight,
when expressed relative to body weight.

Assessment of renal histology and function
Since it is well established that in utero and/or lactational TCDD exposure induces
hydronephrosis, we assessed renal histology in 3 mo old adult offspring of control and
TCDD-exposed dams. Developmental TCDD exposure resulted in a 90% litter incidence of
hydronephrosis, while there was no evidence of these renal lesions in any adult offspring
from control dams (Table 4). However, the severity of the hydronephrosis, based on a
graded scale of 0–4 (Bryant et al. 2001), was mild. Additionally, Masson’s trichrome
staining of kidney sections revealed the presence of fibrosis immediately surrounding the
renal lesions in TCDD offspring (Fig. 4).

We assessed kidney function by measuring plasma creatinine, blood urea nitrogen, and total
plasma volume. Since the kidney filters most of the creatinine and urea from the blood, the
concentrations in the blood are excellent indicators of renal filtering capability. The kidney
also is an important regulator of total plasma volume and a reduction in volume may reflect
an increased excretion of water. We found that plasma creatinine levels were undetectable
and blood urea nitrogen was normal (data not shown), suggesting that renal filtration
function was normal. However, plasma volume, quantified using a dye dilution method, was
significantly reduced in offspring of TCDD-exposed dams, compared to controls (controls,
41.0 ± 3.2 µl/g body weight; TCDD, 32.1 ± 1.8 µl/g body weight; p<0.05), suggesting
increased renal diuresis.

DISCUSSION
While the developing cardiovascular system in mammals has not been considered a major
target of TCDD-induced teratogenicity previously, emerging evidence suggests that TCDD
induces significant changes in mouse fetal cardiac gene expression which are associated
with subtle changes in cardiac morphology (Lin et al. 2001; Thackaberry et al. 2005b) Our
study extends these observations by showing that induction of fetal cardiac genes related to
AHR activation, ECM remodeling, and cardiac hypertrophy are AHR mediated, are
sustained into adulthood, and are associated with cardiac hypertrophy in adulthood.
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A striking finding of our study was that nearly all TCDD-induced increases in fetal cardiac
mRNA expression were sustained into adulthood, albeit at lower levels of induction. There
are a number of possible explanations for this sustained induction, which are not mutually
exclusive. It is possible that the residual TCDD body burden in adulthood is sufficient to
continue AHR activation. This seems plausible for those genes known to be directly
regulated by AHR, including CYP1A1 and AHRR. However, the presence of extremely low
levels of residual TCDD (~ 7 pg/g) detected in the liver of adult offspring would not be
expected to be sufficient to induce CYP1A1 (DeVito et al. 2000; DeVito et al. 1997;
Diliberto et al. 2001). Further, based on tissue distribution studies in adult mice (Diliberto et
al. 2001), considerably less TCDD would be expected to be present in the heart and thus the
relative induction of CYP1A1 and AHRR mRNA would be expected to be different. This
comparison, however, is complicated by the relative expression levels of AHR, induction of
CYP1A2, and the percent lipid in the tissues. Nonetheless, the sustained induction of
CYP1A1 and AHRR at similar levels in the adult offspring heart and liver, suggest that
mechanisms other than the TCDD residue may be important in their sustained expression.

Another possible explanation for the sustained induction of these genes in the adult heart
includes changes in epigenetic regulation. Studies in human keratinocytes and mouse
preimplantation embryos show that TCDD alters the methylation status of genes, and as a
result, gene transcription is altered (Ray and Swanson 2004; Wu et al. 2004). Further,
neonatal and adult offspring subjected to undernutrition in utero display altered mRNA and
protein expression of components of the renin-angiotensin system, and these alterations are
linked to abnormal methylation status of the genes (Bogdarina et al. 2007). Thus,
developmental exposure of the mouse to TCDD may induce irregular methylation patterns
in some of these genes, permanently altering their expression.

Finally, changes in cardiac morphology and function induced by developmental TCDD
exposure may lead to compensatory physiological changes. Fetal TCDD exposure
significantly decreases fetal heart weight and heart-to-body weight ratio (Thackaberry et al.
2005b). However, the reduced heart size does not persist, but rather the heart hypertrophies
as the offspring age (Lin et al. 2001; Thackaberry et al. 2005b). Thus, the cardiac
hypertrophy observed in our study and those of others in TCDD-exposed offspring may
represent a compensatory response to changes induced developmentally, and these
compensatory responses induce a battery of changes in gene expression. Consistent with this
idea is the sustained induction of cardiac hypertrophy marker genes, ANP, β-MHC, and
OPN, into adulthood. These genes normally are expressed during fetal heart development
and down regulate postnatally. However, during the pathogenesis of cardiac hypertrophy
and dysfunction, these fetal genes are re-expressed (Carrero et al. 2000; Morkin 2000;
Okamoto 2007). Thus, the persistent expression of fetal cardiac hypertrophy markers in
offspring of TCDD-exposed dams may represent gene expression changes associated with
the very early development of cardiac disease.

As expected, in utero TCDD exposure significantly induces mRNA expression of two
known AHR-regulated genes, CYP1A1 and AHRR, in GD 17.5 fetal hearts, and this
induction is dependent on the AHR. Notably, however, TCDD-induced increases in mRNA
expression of all ECM modulators and cardiac hypertrophy marker genes in the fetal heart
require the AHR. Although the transcriptional regulation of CYP1A1 and AHRR is
controlled by the AHR binding to dioxin response elements (DRE) in their promoters
(Lusska et al. 1991; Mimura et al. 1999), our results do not imply that the changes in mRNA
expression of these other targets result from direct transcriptional regulation via DREs. It is
more likely that up regulation of many of these fetal heart genes result from secondary
changes induced downstream of AHR-mediated effects. For example, preproET-1 is up
regulated in fetal hearts exposed to TCDD, and overexpression of ET-1 can induce ECM
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proteins in the heart (Schwarz et al. 2002) and accelerate the transcription of OPN (Okamoto
2007). Nonetheless, future studies investigating the time course of TCDD-induced changes
in fetal cardiac gene expression are needed to reveal those changes that may be primary
responses versus those that are secondary.

One unexpected result of our studies is that induction of fetal cardiac AHRR mRNA is the
most sensitive indicator of in utero TCDD exposure, exhibiting an 8 fold increase at the
lowest dose of TCDD, in comparison to CYP1A1 mRNA which increases 6 fold at this
same dose. In adult mice, the heart expresses some of the highest levels of AHRR mRNA,
compared to other tissues, but AHRR is un-inducible by acute exposure to benzo(a)pyrene,
compared to a nearly 10 fold induction of cardiac CYP1A1 mRNA by the same exposure
(Bernshausen et al. 2006). This is in complete contrast to the relative inducibility of AHRR
and CYP1A1 mRNA by TCDD in the mouse liver, where induction of CYP1A1 mRNA is
20 times higher than that for AHRR (Tijet et al. 2006). Our results highlight the tissue-
dependent differences in the relative sensitivity of genes in the AHR gene battery to TCDD
induction and suggest that these differences may contribute to mechanistic differences in
TCDD-induced toxicity among different tissues.

Our results are consistent with the growing body of evidence that TCDD toxicity is
associated with significant changes in genes that regulate the ECM turnover and remodeling.
AHR activation in melanoma and prostate cancer cell lines increases expression and activity
of MMP2, MMP9, and MMP1, the human equivalent of murine MMP13 (Haque et al. 2005;
Villano et al. 2006). TCDD increases expression of pro-MMP3 and 7 in endometrial
cocultures of human endometrial stromal and epithelial cells (Igarashi et al. 2005).
Developmental TCDD exposure significantly alters the intensity and spatial expression of
ECM proteins in the kidney (Abbott et al. 1987b). Further, AHR activation alters the mRNA
expression of MMPs as well as various collagen isoforms during zebrafish fin regeneration,
a process that heavily relies on precise ECM regulation (Andreasen et al. 2007), and TCDD-
exposed marmosets exhibit alterations in collagen, fibronectin, and laminin in the thymus
(Nottebrock et al. 2006). The degree to which altered expression of ECM regulators in the
heart contributes to cardiac hypertrophy and dysfunction in offspring of TCDD-exposed
dams remains to be determined; however, ECM remodeling plays a critical role in the
pathogenesis of these processes (D'Armiento 2002; Ju and Dixon 1996).

It is well established that in utero and/or lactational TCDD exposure induces hydronephrosis
(Abbott et al. 1987a), and this lesion persists to at least ~2 mo of age (Couture-Haws et al.
1991). Our results extend this observation to show that TCDD-induced hydronephrosis
persists further into adulthood. Although the mild severity of hydronephrosis is not
associated with major changes in renal filtration, as evidenced by normal blood urea
nitrogen and plasma creatinine, it is associated with reduced plasma volume. The
physiological impact of mild hydronephrosis is not well studied, but bilateral ureteral
obstruction could lead to a decrease in plasma volume, since hydronephrosis can reduce the
ability to concentrate urine resulting in increased urine volume and reduced plasma volume
(Kim et al. 2001). Furthermore, we cannot rule out the possibility that TCDD-induced
changes in renal morphology and function contribute to the observed changes in cardiac
hypertrophy; however, a reduction in plasma volume would not be consistent with the
etiology of cardiac hypertrophy. More specifically, the significant increase in left ventricle
plus septum weight likely reflects compensatory changes associated with systemic vascular
dysfunction, such as pressure or volume overload. Thus, we have conducted additional
studies to investigate cardiac function and blood pressure regulation in adult offspring of
control and TCDD-exposed dams to further reveal the physiological mechanisms associated
with this cardiac hypertrophy and these will be reported in a follow-up paper.
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In conclusion, our results demonstrate that developmental TCDD exposure in the mouse
results in non-overtly teratogenic effects on the developing heart, including significant
changes in gene expression that persist into adulthood and which are associated with
changes in cardiac morphology. These results suggest that, in contrast to piscine and avian
species where developmental TCDD exposure induces cardio-teratogenic effects associated
with mortality, effects of developmental TCDD exposure on the mouse heart could lead to
cardiovascular dysfunction in adulthood. Our future studies will assess the potential for
increased susceptibility to cardiovascular dysfunction in offspring following developmental
TCDD exposure.
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Figure 1.
Cardiac mRNA expression of AHR-regulated genes in AHR+/+ and AHR−/− fetuses
following maternal TCDD exposure. Cardiac mRNA expression of (A) CYP1A1 and (B)
AHRR, in AHR+/+ fetuses on GD 17.5, following maternal exposure on GD 14.5 to corn oil
or 1.5–6.0 µg TCDD/kg body weight. Fetal cardiac mRNA expression of (C) CYP1A1 and
(D) AHRR in AHR+/+ and AHR−/− littermates on GD 17.5, following maternal exposure to
6.0 µg TCDD/kg body weight. Data represent mean ± SEM of mRNA expression,
normalized to PGK-1 mRNA, and expressed relative to control; *p < 0.05; ***p<0.001. 0.0
µg/kg TCDD (Control, N=12); 1.5 µg/kg TCDD (N=9); 3.0 µg/kg TCDD (N=10); 6.0 µg/kg
TCDD (N=8); AHR+/+ and AHR−/− (N=6).
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Figure 2.
Cardiac mRNA expression of ECM and cardiac hypertrophy marker genes in AHR+/+

fetuses following maternal TCDD exposure. Cardiac mRNA expression of (A) MMP9, (B)
MMP13, (C) preproET-1, (D) ANP, (E) β-MHC, and (F) OPN in AHR+/+ fetuses on GD
17.5, following maternal exposure on GD 14.5 to corn oil or 1.5–6.0 µg TCDD/kg body
weight. Data represent mean ± SEM of mRNA expression, normalized to PGK-1 mRNA,
and expressed relative to control; *p < 0.05. 0.0 µg/kg TCDD (Control, N=4); 1.5 µg/kg
TCDD (N=4); 3.0 µg/kg TCDD (N=4); 6.0 µg/kg TCDD (N=3).
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Figure 3.
Cardiac and hepatic mRNA expression of AHR-regulated genes in adult male offspring
exposed to TCDD in utero and via lactation. Cardiac (A) CYP1A1 and (B) AHRR, and
hepatic (C) CYP1A1 and (D) AHRR mRNA expression in 3 mo old adult male offspring
following maternal exposure to corn oil or 6.0 µg TCDD/kg body weight on GD 14.5. Data
represent mean ± SEM of mRNA expression, normalized to PGK-1 mRNA, and expressed
relative to control; *p < 0.05; ***p<0.001. Cardiac mRNA expression: 0.0 µg/kg TCDD
(Control, N=4); 6.0 µg/kg TCDD (N=5). Hepatic mRNA expression: 0.0 µg/kg TCDD
(Control, N=5); 6.0 µg/kg TCDD (N=3).

Aragon et al. Page 14

Toxicol Sci. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Representative renal sections of adult male offspring exposed to TCDD in utero and via
lactation. Masson’s trichrome staining of right kidney from 3 mo old adult male offspring
following maternal exposure to (A,C) corn oil control or (B,D) 6.0 µg TCDD/kg body
weight. Micrographs in panels (C) and (D) are 20x magnification of the boxed areas shown
in (A) and (B), respectively. The presence of mild hydronephrosis is apparent by the open
spaces in the offspring exposed to TCDD (panel B, arrows) and fibrosis is noted by light
blue staining adjacent to the hydronephrotic lesion in the offspring exposed to TCDD (panel
D, arrow heads).
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Table 1

Mouse-specific primer sequences used for quantitative PCR analysis.

mRNA Target Forward primer (5’ to 3’) Reverse Primer (5’ to 3’)

Aryl hydrocarbon receptor repressor (AHRR) GTTGGATCCTGTAGGGAGCA AGTCCAGAGGCTCACGCTTA

Atrial natriuretic peptide (ANP) GCCGAACTGATAACTTTAAAAGGG ACCCTCCCCATTCTGTCACT

β-Myosin heavy chain (βMHC) GCCATCATGCACTTTGGAAACA CCATGAGGTAGGCTGATTTGTCA

Cytochrome P4501A1 (CYP1A) TGAGTCAGCAGTATGGGGACG AGGGCCTGCTTGATGGTGTT

Matrix metalloproteinase 2 (MMP2) ACCAGGTGAAGGATGTGAAGC ACCAGGTGAAGGAGAAGGCT

MMP9 GACAGGCACTTCACCGGCTA CCCGACACACAGTAAGC

MMP13 CACCTTCTTCTTGTTGAGCTGGA TCTTCCTCAGACAGGTCATCATCA

Osteopontin (OPN) TCCAATGAAAGCCATGACCAC TCAGATTCATCCGAGTCCACA

Phosphoglycerate kinase 1 (PGK-1) CAAGCTACTGTGGCCTCTGGTA CGGCATATTTCTTGCTGCTCTCA

Preproendothelin-1 (preproET-1) AAGACCATCTGTGTGGTTCTAC CAGCCTTTCTTGGAATGTTTGGAT

Procollagen I (proCol1) CGCTGGCAAGAATGGCGATC TCTCACCCTTDTCACCACGG
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Table 2

Comparison of cardiac mRNA expression of ECM regulators and cardiac hypertrophy markers in fetuses on
GD 17.5 and adult offspring after exposure of pregnant dams to 6.0 µg/kg TCDD on GD 14.5.

mRNA Fetal Cardiac Expression Adult Offspring Cardiac Expression

Fold Changea p value Fold Changeb p value

MMP2 Not detected NA 1.5 ± 0.1 0.042

MMP9 5.3 ± 2.0 0.004 3.4 ± 0.5 0.004

MMP13 5.4 ± 0.5 < 0.001 2.6 ± 0.5 0.027

preproET-1 5.6 ± 0.7 < 0.001 No change NA

proCol1 Not detected NA 2.2 ± 0.1 0.001

ANP 3.0 ± 0.3 < 0.001 1.7 ± 0.3 0.029

β-MHC 2.8 ± 0.05 < 0.001 2.1 ± 0.4 0.031

OPN 4.1 ± 1.4 0.022 2.3 ± 0.2 0.008

a
Expressed relative to control fetuses; Control, N=4 litters; TCDD, N=3 litters.

b
Expressed relative to control adult offspring; Control, N=4 litters; TCDD, N=5 litters.
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Table 3

Body and tissue weights of 3 mo old male offspring after exposure of pregnant dams to corn oil (control) or
6.0 µg/kg TCDD on GD 14.5.

Control TCDD

Body weight(g) 30.70 ± 1.19 28.15 ± 1.15

Liver (g) 1.505 ± 0.059 1.370 ± 0.103

Liver-to-body weight (%) 4.91 ± 0.08 4.96 ± 0.45

Kidney (g) 0.353 ± 0.009 0.337± 0.010

Kidney-to-body weight (%) 1.16 ± 0.05 1.17 ± 0.08

Heart (g) 0.141 ± 0.006 0.137± 0.004

Heart-to-body weight (%) 0.478 ± 0.018 0.510 ± 0.016

Left Ventricle + septum (g) 0.097 ± 0.002 0.103 ± 0.005

Left ventricle + septum-to-body weight (%) 0.329 ± 0.010 0.382 ± 0.017*

Right ventricle (g) 0.025 ± 0.002 0.024 ± 0.001

Right ventricle-to-body weight (%) 0.084 ± 0.004 0.089 ± 0.005

*
p < 0.05, Control; N=7 litters; TCDD, N=5 litters
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Table 4

Hydronephrotic incidence and severity in the right kidney of 3 mo old male offspring after exposure of
pregnant dams corn oil (control) or 6.0 µg/kg TCDD on GD 14.5.

Litters Affected litters Hydronephrotic incidence (%) Hydronephrotic severity

Control 7 0 0 N/A

TCDD 10 9 90* 1.70 ± 0.95

*
p < 0.001 versus control
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