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Aims

Methods
and results

Doxorubicin (DOX) is a highly effective chemotherapeutic agent; however, cumulative dose-dependent cardiotoxi-
city is a significant side effect of this therapy. Because DOX is a polyaromatic hydrocarbon, we hypothesized that it
will be metabolized by the activation of the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor
that is involved in the metabolism of numerous xenobiotic agents. These studies were performed to determine
whether DOX activates AhR and whether this activation modulates the toxicity of DOX in cardiomyocytes.

Treatment with DOX induced AhR migration to the nucleus, increased AhR binding with its co-factor, aryl hydro-
carbon receptor nuclear translocator-1 (ARNT1), and increased the expression of AhR-regulated phase | (CYP1A1)
and phase Il (GSTA1) drug-metabolizing enzymes in both cardiomyocytes and in the intact heart. Knockdown of AhR
in H9C2 cells abolished DOX-induced increases in CYP1A1 and GSTA1 expression. Similar results were obtained by
treating adult rat ventricular myocytes with the AhR antagonist, CH-223191. Taken together, these findings indicate
that DOX-induced upregulation of CYP1A1 and GSTA1 expression is AhR dependent. AhR null mice treated with
10 mg/kg DOX did not show any activation of CYP1A1 or GSTA1 expression. Moreover, lack of AhR in vivo resulted
in a significant decrease in left ventricular function compared with wild-type animals, and increased p53 activation and
apoptosis in the heart after treatment with DOX.

These findings indicate that AhR plays an important role in DOX metabolism by the heart and further demonstrate
that AhR is cardioprotective against DOX-induced cardiotoxicity.

Aryl hydrocarbon receptor e Doxorubicin cardiotoxicity e Reactive oxygen species e Apoptosis
Cardioprotection

1. Introduction

The anthracycline chemotherapeutic agent, doxorubicin (DOX), has
been shown to be effective in treating malignancies by interfering
with DNA replication and causing DNA cross-linking. The efficacy
of DOX is related to its cumulative dose. Unfortunately, use of
DOX is limited by cardiotoxic effects, which are also dose
dependent."™® The reactive oxygen species (ROS) produced by
DOX metabolism in cardiomyocytes cause cell death through the
activation of apoptotic pathways.*~® Specifically, DOX treatment of
cardiomyocytes causes p53,”~° caspase 3 and caspase 9 activation”°
and opening of the mitochondrial permeability transition pore with
subsequent release of cytochrome c.'"~"> While ROS generation

and the activation of apoptotic pathways in the heart in response to
DOX have been well characterized, little is known about other
aspects of the cellular response to DOX that may modulate its tox-
icity in cardiomyocytes.

Given the polycyclic aromatic structure of DOX, which is shared
with  other  xenobiotic  agents

8-tetrachlorodibenzodioxin, TCDD, Supplementary material online,

including  dioxin  (2,3,7,

Figure S1), we hypothesized that DOX may activate the aryl hydro-
carbon receptor (AhR). AhR is a basic helix-loop-helix (bHLH) tran-
scription factor that resides in the cytoplasm in association with
Hsp90, AhR interacting protein (XAP2) and p23. In response to
TCDD, AhR dissociates from p23 and translocates to the nucleus
through a mechanism that is dependent on a nuclear localization
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signalin the amino terminal region of the protein.’* Once in the nucleus,
AhR dissociates from Hsp90, and heterodimerizes with the AhR
nuclear translocator (ARNT). The AhR/ARNT complex then binds to
xenobiotic response elements (XRE) in genes involved in xenobiotic
metabolism, cytochrome P450 isoforms (CYP1A1, CYP1A2,
CYP1B1), NAD(P)H-quinone oxidoreductase, aldehyde dehydrogen-
ase 3, UDP glucuronosyltransferase, and glutathione transferase
(GSTA1)."® In the case of TCDD, activation of AhR is responsible for
its toxic effects,'®"” although the activation of AhR by other drugs
results in the metabolism of those drugs to inactive compounds.

To test the hypothesis that cardiac AhR is activated by DOX, we
examined whether DOX treatment of cardiomyocytes results in
AhR  translocation to the nucleus with subsequent increased
expression of AhR responsive genes. Next, we examined whether
loss of AhR expression alters DOX-induced cardiotoxicity in vivo.

2. Methods

An expanded Methods section is available in the Supplementary online
material, Materials and Methods.

2.1 Animals

Eight-week-old AhR™'~ mice (provided by Frank Gonzalez, PhD,
National Cancer Institute, Bethesda, MD, USA) and C57Bl/6 control
mice (Jackson Labs, Bar harbor, ME, USA), weighing 20-23 g, were
housed under controlled conditions (12 h light—dark cycle, 22°C, 60%
humidity). They were fed a standard rodent chow ad libitum and had
free access to water. All studies were approved by the Institutional
Animal Care and Use Committee of Yale University and conform to
the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996).

2.2 Antibodies

Antibodies against the following proteins were used in this study: actin
(Santa Cruz Biotechnology, I-19, catalog #sc1616), AhR (Santa Cruz Bio-
technology, H-211, catalog #sc5579, and N-19, catalog #sc8088), ARNT1
(Cell Signaling Technology, catalog #3718), B-tubulin (Santa Cruz Bio-
technology, H-235, catalog #sc9104), CYP1A1 (Santa Cruz Biotechnol-
ogy, G-18, catalog #sc9828), GSTA1 (Abcam, catalog #ab53940),
HSP90 (Cell Signaling Technology, catalog #4877), phosphoserine
46-p53 (Abcam, catalog #ab76242), and TATA-binding protein (TBP,
Abcam, catalog #ab62125).

2.3 Isolated adult rat ventricular myocytes

Primary adult rat cardiomyocytes were isolated using a collagenase per-
fusion method with stepwise increases in the Ca’" concentration.
Briefly, adult male Sprague Dawley rats, 150—-220 g (Charles River Lab-
oratory, Raleigh, NC, USA) were anaesthetized with pentobarbital
(100 mg/kg) and heparinized, the heart was quickly removed and immedi-
ately perfused at 37°C with the following media: medium A (6 mM KC|,
1mM NaH,PO4 1.4 mM MgSO4 128 mM NaCl, 10 mM NaHEPES,
55 mM glucose, 2 mM pyruvate, 5min), medium B [Medium A plus
0.7% bovine serum albumin (BSA) fraction V, 1.1 mg/mL collagenase,
15 mM 2,4-butanedione monoxime, 15 min]. Calcium chloride (10 mM)
was added serially over a 10-min period to a final concentration of
100 wM. The heart was placed in a culture dish containing 25 mL of
medium B and 25 mL of medium C (Medium A plus 100 uM CaCl,, 2%
BSA fraction V), carefully torn open and transferred to a 250 mL flask
at 37°C. Heart tissue was shaken for 20 min in 95% O,/5% CO,. The
calcium concentration was increased stepwise up to a final concentration
of 1 mM. The heart tissue was filtered through a nylon net (mesh size:
200 x 200 wm) and centrifuged. The pellet containing cardiomyocytes

was resuspended in resting medium [Medium 199, 100 [U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal bovine serum (FBS)] and plated
on 100 mm tissue culture plates (5 x 10° cells/plate) precoated with
mouse laminin (1.42 pg/cm?). After 2—3 h, the resting medium was care-
fully replaced with similar medium containing 1% FBS overnight. Cells
were then used to determine the effects of 2.5 uM DOX on the
expression of AhR-responsive genes as well as the effect of the AhR
antagonist, CH-223191, on the response to DOX.

2.4 DOX and AhR antagonist treatments

Mice were injected with a single intraperitoneal dose of DOX (10 mg/kg)
or saline (control group) and sacrificed after 4, 24 h, or 2 weeks. Mice
were anaesthetized with pentobarbital (100 mg/kg) and hearts were
removed and freeze clamped for subsequent analyses. In addition, a
subset of mice underwent echocardiographic assessment of left ventricu-
lar function as described below.

For H9C2 embryonic rat cardiac myoblast cells (ATCC, Manassas, VA,
USA) and adult rat ventricular myocyte (ARVM), DOX was added at a con-
centration of 2.5 uM and incubated for 4, 6, or 24 h. CH-223191 was dis-
solved in dimethy! sulfoxide according to the manufacture’s instruction and
single experiment aliquots were prepared and frozen at —20°. The AhR
antagonist was added to the ARVM at a concentration of 10 uM. After
the experiment, cells were harvested on ice using Cellytic-M solution,
and the lysate was passed at least five times through a 25-gauge needle
and centrifuged at 800 g for 15 min to pellet the nuclei-containing fraction.
To isolate DNA or RNA, cells were trypsinized and harvested, and nucleic
acids were isolated according to Qiagen protocols.

2.5 Echocardiographic assessment of left
ventricular function

Mice injected with saline or DOX were lightly anaesthetized by inhalation
of 1-2% isoflurane and underwent echocardiographic assessment using a
40 MHz probe and a Vevo 770 Utrasound system. Two-dimensionally
guided M-mode images of the left ventricle were acquired along the
long and short axes to assess left ventricular fractional shortening.

2.6 siRNA knockdown of AhR in H9C2 cells

To determine the effect of loss of AhR on the response to DOX, H9C2
cells were transfected with scrambled or AhR siRNA using FuGene and
based on the manufacturer’s instructions and then treated with 2.5 uM
DOX. The level of expression of the AhR-responsive genes, CYP1AT1,
and GSTA1, on the mRNA level and on the protein level by quantitative
PCR and immunoblot analysis, respectively.

2.7 Electrophoretic mobility shift assay

A LightShift Chemiluminescent electrophoretic mobility shift assay
(EMSA) Kit was used to perform EMSA based on a 100 bp fragment of
the CYP1A1 promoter containing an XRE-binding site'® that was ampli-
fied by PCR from rat genomic DNA (for primer structures see Sup-
plementary material online, Table S7). The labelled DNA fragment was
incubated with nuclear extract isolated from control H9C2 cells and
cells incubated with 2.5 uM DOX for 4 h. Detection was performed
using the Chemiluminescent Nucleic Acid Detection Module kit according
to the manufacturer’s protocol.

2.8 Oxidative status and cell viability

Lucigenin-derived chemiluminescence (LDCL) was used to determine
ROS generation using homogenates from myocytes incubated either
with saline or 2.5 uM DOX. Cell viability following treatment with
2.5 puM DOX was determined using a cytotoxicity detection kit based
on the measurement of lactate dehydrogenase (LDH) activity released
from the cytosol of damaged cells into the supernatant.
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2.9 Image processing and statistical analyses

Immunoblot and DNA laddering data were analysed using Image] soft-
ware. Data are expressed as the mean + SD. Statistical comparisons
between two groups were done using an unpaired Student’s t-test. For
comparisons of more than two groups, analysis of variance was per-
formed. Post hoc comparisons were performed using Tukey’s multiple
comparison analysis. All statistical analyses were performed using Prism
4.0 (GraphPad Software).

3. Results

3.1 DOX treatment activates AhR

To determine whether DOX activates AhR, the translocation of AhR
from the cytoplasm to the nucleus of H9C2 cells in response to DOX
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was assessed in vitro and in vivo. Significant nuclear AhR localization
was observed following 4 h of incubation with 2.5 or 5 uM DOX,
similar to the effect seen with the known AhR activator, TCDD (Sup-
plementary material online, Figure S2). Based on these results, a DOX
concentration of 2.5 wM was used for all the following in vitro exper-
iments. Of note, this value is similar to the plasma DOX concen-
tration in patients receiving chemotherapy.'® After 4 h of incubation
with DOX, the nuclear AhR content increased in H9C2 cells
(Figure 1A). After 24 h, the nuclear content of AhR returned to base-
line values. Similar changes were observed in ARVM treated with
DOX (Figure 1B). Translocation of AhR was also seen in response
to DOX treatment in vivo. Specifically, hearts from wild-type mice
had a significantly higher nuclear AhR content 4 h after receiving a
single 10 mg/kg injection of DOX compared with saline injection

(Figure 1C).
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Figure 1 Nuclear translocation of aryl hydrocarbon receptor (AhR) in response to doxorubicin (DOX). (A) Cytosolic and nuclear content of AhR
in H9C2 cells under control, C, conditions or after treatment with 2.5 uM DOX for 4, 6, or 24 h (n = 4 for all groups). Actin and TATA-binding
protein (TBP) were used as markers for cytosolic and nuclear enrichment, respectively. (B) Cytosolic and nuclear content of AhR in adult rat ven-
tricular myocytes (ARVM, n = 4 for all groups) following treatment with 2.5 uM DOX. AhR band intensity for the nuclear fractions is normalized for
the TBP expression is quantified in the graphs below the representative immunoblots. (C) Nuclear content of AhR in hearts from mice treated with
either saline or 10 mg/kg of DOX demonstrating a two-fold increase in the nuclear content of AhR (n = 4 for both groups). *P < 0.05 compared with

control/saline treatment.
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Activation of AhR causes it to translocate into the nucleus where it
dimerizes with ARNT1 and activates transcription of AhR-responsive
genes. To determine whether DOX-mediated AhR activation is
accompanied by association with nuclear ARNT1, AhR-containing
protein complexes were immunoprecipitated from the nuclear frac-
tion of ARVM treated with DOX. Following 4 h of treatment with
DOX, there was increased ARNT1 binding with AhR in the nucleus
that decreased by 24 h (Figure 2A). Complementary experiments
were performed in which ARNT-containing protein complexes
were immunoprecipitated from the nuclear fraction and confirmed
increased association between AhR and ARNT with DOX treatment
(Figure 2A).

To show that DOX-induced activation of AhR results in AhR
binding to XRE, EMSA were performed using a CYP1A1 promoter
fragment containing an XRE-binding site. Incubation of the labelled
CYP1A1 promoter fragment with nuclear extracts from cardiomyo-
cytes under control conditions resulted in formation of at least two
complexes (Figure 2B). The specificity of binding to this fragment
was demonstrated by competition with unlabelled probe. There
was a significant increase in the amount of both complexes detected
in nuclear extracts after DOX or TCDD treatment. To demonstrate
that AhR is involved in these complexes, two AhR antibodies directed
against different epitopes within AhR were added to the incubations.
The addition of these antibodies significantly decreased formation of
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both complexes (Figure 2B), suggesting that DOX treatment enhances
AhR binding to the CYP1A1 promoter.

To further demonstrate that DOX induces AhR activation, the
transcriptional activation of two representative AhR responsive
genes, CYP1A1 (phase | drug metabolism), and GSTA1 (phase 2
drug metabolism) was determined. Expression of both CYP1A1 and
GSTA1 increased six to eight-fold following DOX treatment in
H9C2 cells as well as ARVM (Figure 3A). Of note, the expression of
CYP1A1 RNA returned to basal levels in ARVM by 24 h of DOX
treatment, which may be due to differences between immortalized
rat atrial H9C2 myocytes and primary adult ventricular cardiomyo-
cytes. CYP1A1 and GSTA1 protein levels also increased in both cell
types in response to DOX treatment (Figure 3B). CYP1A1 and
GSTA1 protein expression increased similarly in the hearts of mice
4 h after injection of 10 mg/kg of DOX (Figure 3C).

To determine whether AhR is directly involved in downstream
target gene activation following DOX treatment, AhR expression
was knocked down in H9C2 cells using AhR siRNA. AhR protein
levels in cells expressing AhR siRNA were 37% lower than in cells
expressing scrambled siRNA (Figure 4A), with decreased expression
observed in both the nuclear and cytoplasmic fractions (Figure 4B).
This was associated with attenuated accumulation of AhR in the
nucleus in response to DOX (Figure 4B). Knockdown of AhR resulted
in a decrease in the expression of CYP1A1 and GSTA1 under basal
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Figure 2 Doxorubicin increases AhR association with aryl hydrocarbon receptor nuclear translocator (ARNT) in the nucleus and increases associ-
ation of AhR with AhR-responsive elements. (A) ARNT association with AhR immunoprecipitated from nuclear protein from myocytes treated with
2.5 uM DOX (n = 4 for all groups). AhR association with ARNT immunoprecipitated from nuclear protein similarly demonstrated increased associ-
ation between the two proteins following DOX treatment. (B) Alterations in the electrophoretic mobility patterns for DNA fragments containing the
xenobiotic response elements (XRE) consensus sequence by the addition of nuclear protein from H9C2 cells treated with DOX or 50 nM TCDD, a
known activator of AhR. (C) Changes in the electrophoretic mobility pattern for the XRE when nuclear extracts from cells treated with DOX were
preincubated with two distinct anti-AhR antibodies (H211 and N19, Santa Cruz). NP, nuclear protein; *P < 0.05 compared with control treatment.
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Figure 3 Doxorubicin treatment induces increased expression of AhR-regulated phase | (CYP1A1) and phase Il (GSTA1) drug-metabolizing
enzymes. (A) Quantitative PCR analysis of CYP1A1 and GSTA1 total RNA expression in H9C2 and ARVM cells treated with 2.5 uM DOX for 4,
6, or 24h (n=4 for all groups). (B) Representative immunoblots for CYP1A1 and GSTA1 from H9C2 and ARVM cells treated with 2.5 uM
DOX (n=4 for all groups). (C) CYP1A1 and GSTA1 expression in the heart of mice 4 h after injection of 10 mg/kg of DOX (n =4 for all

groups). *P < 0.05 compared with control or saline treatment.

conditions. Furthermore, the inhibition of AhR expression and trans-
location blocked DOX-induced upregulation of CYP1A1 and GSTA1
RNA (Supplementary material online, Figure S3) and protein
expression (Figure 4C). Similarly, treatment of ARVM with
CH-223191 abolished DOX-induced nuclear translocation of AhR
(Figure 5A). Interestingly, treatment with CH-223191 increased the
basal expression of CYP1A1 and GSTAT1, an effect that has been pre-
viously described in glioblastoma cells®® and may be due to ligand-
dependent effects of CH-223191.2" However, despite the increase
in the basal expression of CYP1A1 and GSTA1, addition of
CH-223191 inhibited the increase in the expression of both
CYP1A1 and GSTAT1 in response to DOX treatment (Figure 5B).
Loss of AhR in vivo altered basal and DOX-induced changes in the
expression of AhR-responsive genes. Specifically, in AhR™'~ mice,
CYP1A1 could not be detected on either the RNA or protein level

under control conditions (Supplementary material online, Figure
S4A), which was in keeping with the effects of AhR knockdown in
H9C2 cells with AhR siRNA. Furthermore, in contrast to wild-type
animals, treatment with 10 mg/kg of DOX did not increase the
expression of CYP1A1 to a detectable level (data not shown).
While GSTA1 expression was detectable in AhR null hearts, there
was no change in the level of expression of GSTA1 following treat-
ment with DOX (Supplementary material online, Figure $S4B).

3.2 Effects of loss of AhR on the cardiac
response to DOX

We determined whether AhR modulates the cardiotoxicity caused by
DOX. Knockdown of AhR with AhR siRNA increased LDH release in
H9C2 cells following DOX treatment (Figure 6A). H9C2 and ARVM
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Figure 4 Knockdown of AhR in H9C2 cells decreases AhR expression and inhibits the upregulation of CYP1A1 and GSTAT1 in response to DOX.
(A) Effects of scrambled (Scr) and anti-AhR siRNA on whole cell expression of AhR. (B) Effect of scrambled (Scr) and anti-AhR siRNA on the
expression of AhR both in the cytosol and nucleus and the response to 4 or 24 h of treatment with 2.5 uM DOX (n=4 for all groups).
(€) Changes in CYP1A1 and GSTA1 expression in H9C2 cells following knockdown of AhR expression and treatment with 2.5 uM DOX for 4

or 24 h (n =4 for all groups). *P < 0.05 compared with scrambled siRNA.

were then pretreated with vehicle or CH-223191 and then exposed
to 2.5 puM DOX. Under basal conditions, there was greater release
of LDH from the ARVM compared with H9C2 cells that is most
likely related to the relative fragility of isolated primary ventricular
myocyte cultures. Pretreatment with CH-223191 decreased cell viabi-
lity after 24 h of incubation with DOX (Figure 6A). There was no
difference in cell survival between CH-223191- and vehicle-treated
cells incubated without DOX. These findings suggest that AhR is
important in protecting against DOX-induced cardiotoxicity.

To determine whether AhR is important to in vivo cardiac
responses to DOX, wild-type and AhR™/~ mice were injected with
either 10 mg/kg of DOX or saline. This dose of DOX has previously

been shown to have no effect on left ventricular systolic function in
wild-type mice, but causes a decrease in fractional shortening in trans-
genic mice strains that are susceptible to cardiac injury.”” Treatment
of AhR™'™ mice with DOX increased the production of ROS in
the heart compared with saline treatment (Figure 6B). At baseline,
wild-type and AhR™/~ mice had similar echocardiographic measure-
ments (Supplementary material online, Table S2). As expected, this
dose DOX treatment had no effect on fractional shortening in wild-
type mice. In contrast, ANR '~ mice had a significant decrease in frac-
tional shortening 2 weeks after treatment with DOX (Figure 6C).
These data indicate that loss of AhR enhances the sensitivity of the
heart to DOX toxicity.
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sulfoxide group.

The left ventricular dysfunction observed in AhR '~ mice 2 weeks
after treatment with DOX was associated with increased phosphoryl-
ation of p53 at serine 46, a known signalling event in DOX-induced
cardiomyocyte apoptosis (Figure 6D).”~>**** Treatment of AhR ™/~
mice with DOX also resulted in caspase 3 cleavage to the activated
form (Supplementary material online, Figure S5). Furthermore, there
was increased DNA fragmentation in DOX-treated AhR ™/~ hearts
(Figure 6E). Taken together, these findings indicate that loss of AhR
is associated with enhanced cardiac myocyte apoptosis following
DOX treatment.

4. Discussion

This is the first study to demonstrate that DOX activates AhR, result-
ing in nuclear translocation of AhR, dimerization with ARNT1 and
increased expression of AhR-regulated genes. Furthermore, we
demonstrate that decreasing AhR activity increases the cardiotoxicity
of DOX. This toxicity is related to free radical formation caused by
DOX metabolism. Specifically, reduction in DOX by NADH dehydro-
genase in mitochondrial respiratory complex | forms a semiquinone
radical that reacts with molecular oxygen to form superoxide
radical.®® Subsequently, redox cycling produces hydrogen peroxide
and the hydroxyl radical.? In addition, formation of DOX—iron com-

plexes catalyse a Fenton reaction resulting in ROS generation.?”*®

Prior studies have demonstrated that interventions that decrease
ROS production attenuate the detrimental effects of DOX in the
heart.”’ 3" In the present study, we found that AhR™'~ hearts had
increased production of ROS following treatment with DOX.

Based on the polycyclic aromatic structure of DOX, which is found
in other known activators of AhR, we hypothesized that DOX can
activate AhR. AhR is a bHLH transcription factor involved in the
metabolism of xenobiotic agents. While the ability of other
members of the bHLH family to modulate transcriptional activity is
regulated by their degree of expression or degradation (e.g.
HIF-1a), AhR is the only bHLH transcriptional factor that is activated
by a ligand.** AhR is activated by a variety of ligands, including chemi-
cal agents (TCDD, benzo-a-pyrene, omeprazole, and thiabendazole),
naturally occurring dietary substances (indole-3-carbinole and curcu-
min) and endogenous ligands (bilirubin and biliverdin) that have
varying affinities to the receptor and are generally characterized by
the presence of two or more aromatic rings.*>** DOX appears to
be a much less potent activator of AhR than TCDD, although
maximal translocation of AhR occurred at concentrations of DOX
similar to the serum concentrations found in patients receiving
chemotherapy.'

The activation of AhR results in the upregulation of expression of
both phase | (eg. CYP1A1, CYP1A2, and CYP1B1) and phase I
(e.g. GSTAT and NQO1) drug-metabolizing genes. The former gene
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Figure 6 Loss of AhR function increases DOX toxicity in vitro and in vivo. (A) Effects of AhR knockdown in H9C2 cells and AhR inhibition by
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products are involved in substrate oxidation and generally increase
ROS production while the latter are responsible for metabolite con-
jugation and generally exhibit antioxidant properties. Furthermore,
the relative degree of AhR-mediated induction of phase | vs. phase
Il drug-metabolizing genes varies in different tissues.*

The effect of AhR-mediated upregulation of phase | and phase I
drug-metabolizing enzymes in response to xenobiotic agents can
either result in the inactivation of those compounds or the conversion
into carcinogenic or teratogenic compounds. Loss of AhR in mice
blocks the toxic effects of TCDD." Furthermore, treatment with
CH-223191 prevents TCDD-induced liver toxicity.*® In contrast,
expression of a constitutively active form of AhR causes histological
lesions in the liver, kidney, lung, heart, and thymus that are character-
istically seen with TCDD exposure.®” In addition to the translocation
of AhR to the nucleus, binding to ARNT1 is required for gene induc-
tion and the ensuing target organ toxicities."” The metabolism of
TCDD and benzo[ad]pyrene produces derivatives that covalently
bind to DNA and proteins and increase the risk of cancer.’® In con-
trast to the detrimental effects of the metabolism of these agents by
AhR, the present study demonstrates that AhR plays a cardioprotec-
tive role against DOX-induced toxicity, which was associated with
reduced oxidative stress. Interestingly, another AhR ligand, curcumin,
has been shown to attenuate the cardiotoxic effects of DOX,* which
supports a cardioprotective function for AhR.

While the primary role of AhR activation is to increase the
expression of genes involved in xenobiotic metabolism, little is
known about the specific role of AhR in the heart. Acute and
chronic treatment with TCDD causes contractile impairment and
overt cardiomyopathy.***' Interestingly, the left ventricular
expression of AhR increases in response to heart failure,** although
it is not known if this is an adaptive or maladaptive response. Further-
more, several studies have demonstrated that endothelial AhR is acti-
vated in response to hyperglycaemia and changes in shear stress,****
and loss of AhR decreases endothelial vascular endothelial growth
factor expression and impairs angiogenesis.*

With respect to the downstream targets of AhR activation, prior
studies have demonstrated increased cardiac expression of both
phase | and phase Il drug-metabolizing genes in response to TCDD
and other activators of AhR*® While DOX has been shown to
induce numerous cytochrome P450 isotypes in the heart®’ as well
as GSTA1,"® these prior studies did not determine the role of AhR
in the upregulation of these genes. In the present studies, we were
able to demonstrate nuclear translocation of AhR, association of
AhR with ARNT1, AhR binding an XRE-response element, and
increased expression of the XRE-containing genes, CYP1A1 and
GSTA1, in response to DOX. Overexpression of GST decreases oxi-
dative stress and apoptosis in H69 small cell lung cancer cells and
H9C2 cells exposed to DOX.* Furthermore, pharmacological upre-
gulation of GSTA1 expression is associated with decreased cardio-
myocyte death.”® Blocking DOX-mediated AhR activation by
CH-223191 inhibited the increase in CYP1A1 and GSTA1 in vitro. Fur-
thermore, loss of AhR in vivo also inhibited the increase in CYP1A1
and GSTA1 expression induced by DOX. Interestingly, we detected
little to no basal CYP1A1 expression either in H9C2 cells treated
with AhR siRNA or in the hearts of AhR null mice. This has also
been described for mammary glands and liver of AhR null mice.>"*?

The present studies demonstrate a direct effect of DOX on the
upregulation of AhR-regulated genes, which mediates, at least in
part, cardioprotection against DOX toxicity. Other transcriptional

factors, including STAT3, ATF3, and GATA4, have been shown to
impact the toxicity of DOX in cardiomyocytes.”>>*** While the
exact mechanisms responsible for the cardioprotection afforded by
these transcriptional factors is not known, it has been suggested
that decreased apoptosis due to reduced p53 expression may be
responsible.>?

In conclusion, this is the first demonstration that AhR is directly
involved in the response of cardiomyocytes to DOX and specifically
that AhR is cardioprotective against the effects of DOX. Loss of
AhR is associated with increased production of ROS, p53 activation,
and apoptosis in the heart in response to DOX. This is in contrast
to the generally deleterious effects of AhR activation by other xeno-
biotic agents in the cardiovascular system. Given the presence of poly-
morphisms in the AhR gene that have been shown to impact human
diseases,>*® it is important to further our understanding of the role
of AhR in modulating the toxicity of DOX therapy.
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