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Abstract

Purpose The antineoplastic anthracycline doxorubicin
can induce a dose-dependent cardiomyopathy that limits
the total cumulative dose prescribed to cancer patients. In
both preclinical and clinical studies, pretreatment with dex-
razoxane, an intracellular iron chelator, partially protects
against anthracycline-induced cardiomyopathy. To identify
potential additional cardioprotective treatment strategies,
we investigated early doxorubicin-induced changes in car-
diac gene expression.

Methods Spontaneously hypertensive male rats (n =47)
received weekly intravenous injections of doxorubicin
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(3 mg/kg) or saline 30 min after pretreatment with dex-
razoxane (50 mg/kg) or saline by intraperitoneal injection.
Cardiac samples were analyzed 24 h after the first (n = 20),
second (n = 13), or third (n = 14) intravenous injection on
days 1, 8, or 15 of the study, respectively.

Results  Rats receiving three doses of doxorubicin had mini-
mal myocardial alterations that were attenuated by dexrazox-
ane. Cardiac expression levels of genes associated with the
Nrf2-mediated stress response were increased after a single
dose of doxorubicin, but not affected by cardioprotectant pre-
treatment. In contrast, an early repressive effect of doxorubi-
cin on transcript levels of genes associated with mitochondrial
function was attenuated by dexrazoxane pretreatment.
Dexrazoxane had little effect on gene expression by itself.
Conclusions Genomic analysis provided further evidence
that mitochondria are the primary target of doxorubicin-
induced oxidative damage that leads to cardiomyopathy
and the primary site of cardioprotective action by dexrazox-
ane. Additional strategies that prevent the formation of oxy-
gen radicals by doxorubicin in mitochondria may provide
increased cardioprotection.

Keywords Doxorubicin - Anthracycline - Cardiotoxicity -
Microarray - Dexrazoxane - Cardioprotection

Introduction

The therapeutic use of doxorubicin (DOX), a member of
the anthracycline class of chemotherapeutic drugs that
inhibit DNA topoisomerases, is associated with a late-onset
cardiomyopathy. The cumulative dose and dosing schedule
greatly influence the incidence of latent cardiac toxicity
induced by DOX [1]. Each dose of DOX is thought to cause
subclinical myocardial damage that can cumulatively lead
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to clinical manifestations of cardiotoxicity during or after
treatment is completed. Children that receive anthracycline
therapy may experience reduced cardiac reserve and subse-
quent congestive heart failure 15-20 years after termination
of treatment [1].

Experimental evidence suggests that the pathogenesis of
DOX-induced cardiotoxicity involves the production of
reactive oxygen species that are promoted by iron [2].
Purine nucleotide flavoproteins catalyze the metabolism of
DOX into a quinone intermediate that undergoes one-elec-
tron redox cycling, reducing O, to superoxide anion and
H,0,. Low-molecular-weight iron can decompose H,O,
into highly toxic hydroxyl radicals. In addition, doxorubi-
cin can form reactive oxygen species non-enzymatically
through anthracycline—iron complexes. The earliest ultra-
structural damage induced by DOX is seen in mitochondria
and the sarcoplasmic reticulum, which contain enzymes
(NADH dehydrogenases and P450 (cytochrome) oxidore-
ductases) that can reduce DOX to the semiquinone [3].

The heart is thought to be more sensitive to doxorubicin
toxicity as a result of the large number of mitochondria, an
increased amount of NADH dehydrogenase associated with
complex I in these mitochondria, the affinity of doxorubicin
for the inner mitochondrial membrane phospholipid cardio-
lipin, and a lower peroxide detoxification capacity than that
of the liver [4]. Dexrazoxane (DZR) attenuates DOX-
induced injury, both experimentally and clinically, without
affecting the chemotherapeutic efficacy of DOX [5]. DZR is
hydrolyzed intracellularly to an open ring form (ADR-925)
that is a strong chelator of iron and can remove iron from
complexes with anthracyclines in vitro [5]. Combination
therapy with DZR, at the recommended DZR:DOX ratios
of 10:1 or 20:1, allows higher cumulative doses of DOX to
be administered to patients. An intraperitoneal injection of
DZR 30 min before intravenous injection of DOX reduces
DOX cardiotoxicity in rats, mice, and dogs [6]. This treat-
ment regimen attenuates damage but does not completely
protect the heart.

The role of iron and reactive oxygen in doxorubicin-
induced cardiotoxicity is still under debate [7]. The cardio-
protective activity of dexrazoxane supports the involve-
ment of iron but the parent drug is also a catalytic inhibitor
of topoisomerase II and is more effective than other iron
chelators and cytosolic free radical scavengers such as
N-acetyl cysteine and vitamin E in attenuating doxorubicin-
induced cardiomyopathy in the clinic [reviewed in 1]. Dex-
razoxane has been shown to selectively block DNA damage
induced by doxorubicin through the beta form of topoiso-
merase II expressed in differentiated tissues like heart but
not through the alpha form of topoisomerase II present in
cancer and other proliferating cells [8]. An analog of DZR
that chelates iron but lacks topoisomerase II inhibitory
activity is not protective against doxorubicin-induced

@ Springer

cardiomyopathy in rodents [9]. These and other studies
suggest that the mechanism of cardioprotection by dex-
razoxane may involve more than iron chelation.

To further investigate the protective effect of DZR, we
analyzed early myocardial changes using microarray tech-
nology after administering DOX alone or in combination
with DZR. The studies were performed in spontaneously
hypertensive rats (SHR), which have a greater sensitivity to
DOX cardiotoxicity and that display myocardial alterations
similar to those that are induced in patients after chronic
cancer chemotherapy [10]. In the SHR model, cardiac alter-
ations characterized by myofibrillar loss and cytoplasmic
vacuolization are consistently observed after treatment with
cumulative doses of 6 mg/kg or more of DOX [10]. In the
present study, cardiac gene expression was analyzed 24 h
after 1, 2, or 3 injections of DOX given 1 week apart (for a
total dose of 3, 6, or 9 mg/kg) and before profound changes
in heart histopathology or marked elevations in serum tro-
ponins appeared. Ontological analysis of gene expression
identified early targets of DOX and their association with
cardioprotection by DZR.

Materials and methods

All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of the Center for
Drug Evaluation and Research, US Food and Drug Admin-
istration, in accordance with the Guide for Care and Use
of Laboratory Animals (Institute of Laboratory Animal
Resources, 1996). Forty-seven male SHR (Charles River
Breeding Laboratories, Wilmington, MA, USA), 10 weeks
old, were housed in individual cages and had free access to
rodent chow and water. When the rats reached 12 weeks of
age, they were divided into four groups of 11-14 animals
each (Table 1). Three to five rats from each group were
treated once, twice, or three times with DOX and/or DZR at
weekly intervals. DOX (3 mg/kg) or saline (0.1 mL/100 g
bw) were injected intravenously (iv) into a tail vein 30 min
following intraperitoneal (ip) administration of DZR
(50 mg/kg) or saline, creating four treatment groups at each
time point:

Group 1  Saline (ip) and DOX (iv)
Group 2 DZR (ip) and DOX (iv)
Group 3 DZR (ip) and saline (iv)
Group 4  Saline (ip) and saline (iv)

The animals were anesthetized with isoflurane and eutha-
nized by exsanguination 24 h after the first, second, or third
intravenous injection on days 1, 8, or 15 of the study,
respectively. Doxorubicin and dexrazoxane (ICRF-187)
were obtained from Pfizer, Inc. (Kalamazoo, MI, USA).
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Table 1 Lesion scores and serum levels of cholesterol, triglycerides and ¢TnT in spontaneously hypertensive rats given 3 mg/kg doxorubicin with

or without 50 mg/kg dexrazoxane weekly for up to 15 days

Day of Group Rats (n) Initial ip IV injection Cholesterol Triglycerides cTnT Lesion
study injection 30 min later (mg/dL¥) (mg/dL) (ng/mL) score®
1 1 5 Saline DOX 51 (3) 20 (8)° ND 0(0)
2 5 DZR DOX 51.(4) 22 (4)° - 0(0)
3 5 DZR Saline 57 (6) 42 (16) - 0(0)
4 5 Saline Saline 55(4) 42 (12) - 0 (0)
8 1 3 Saline DOX 60 (1) 29 (2) <0.01 0(0)
2 3 DZR DOX 63 (2) 14 (2) <0.01 0(0)
3 3 DZR Saline 47 (6) 34 (5) <0.01 0 (0)
4 4 Saline Saline 54 (4) 36 (7) 0.06 (0.06) 0(0)
15 1 3 Saline DOX 233 (56)° 288 (145)° 0.11 (0.04)° 1(0)
2 3 DZR DOX 60 (7) 57 (18) 0.01 (0.02) 0(0)
3 3 DZR Saline 47 (5) 68 (12) <0.01 0 (0)
4 5 Saline Saline 46 (3) 62 (18) 0.02 (0.04) 0 ()
ND no data

4 Mean (standard deviation)
b Significantly different from Group 4 controls, P < 0.05

Cardiac troponin T assay

Terminal blood samples were collected for biochemical and
hematological analysis (Analytics, Inc., Gaithersburg, MD,
USA). To measure serum levels of cardiac troponin T
(cTnT), whole blood samples were centrifuged, and the
serum was frozen at —80°C until assayed. Serum concen-
trations of cTnT were measured by immunoassay (Elecsys
STAT; Roche Diagnostics, Indianapolis, IN, USA) per-
formed at Boston Children’s Hospital, Boston, MA, USA.

Histopathology

At necropsy, the entire heart was removed. A portion of the
left ventricle was fixed in phosphate-buffered 10% forma-
lin. The remaining portion (both ventricles and atria) was
snap frozen for microarray analysis. For pathologic evalua-
tion, formalin-fixed heart tissue was embedded in glycol
methacrylate resin which was sectioned at a thickness of
1 um and stained with alkaline toluidine blue. The fre-
quency and severity of DOX-induced myocyte alterations
visible by light microscopy were assessed semi-quantita-
tively by a pathologist (J.Z.) blinded to treatment groups.
Myocyte damage was scored on a scale of 0-3 indicating
the degree of myofibrillar loss and cytoplasmic vacuoliza-
tion, according to the method of Billingham [10, 11].
Non-cardiac tissues (kidney, spleen, liver, lung, and small
intestine) were also excised and fixed in phosphate-buffered
10% formalin. Blocks of tissue from these organs were
embedded in paraffin, stained with hematoxylin—eosin, and
evaluated by light microscopy.

Microarray assays and analysis

Frozen heart tissue was thawed in RNALater (Ambion,
Austin, TX, USA), randomly diced, and weighed. The tis-
sue was homogenized using a VirTis Tempest rotor—stator
homogenizer and total RNA was isolated using the Qiagen
Maxi protocol for heart tissue (Valencia, CA, USA). The
average yield was about 0.5-1 pg of total RNA per mg
heart tissue. RNA was precipitated with LiCl,, washed with
70% ethanol, and rehydrated in DEPC-treated H,O. The
RNA was treated with DNase (DNA-Free protocol,
Ambion). RNA quality was checked on an Agilent 2100
bioanalyzer.

The cDNA was synthesized from 5 pg of total RNA per
sample and used as a template for biotin-labeled cRNA
synthesis. cRNA (20 ng) was fragmented and hybridized to
Affymetrix RGU34A arrays (Santa Clara, CA, USA). Sig-
nal levels were estimated for each time-matched group
using the probe logarithmic intensity error (PLIER) algorithm
and the default settings in ArrayAssist Lite (Stratagene, La
Jolla, CA, USA). All hybridizations had 3'/5" GAPDH
ratios less than 1. One hybridization that was an outlier for
noise and percent present call (it was outside the upper and
lower adjacent values in a box plot analysis) was removed
from further analysis (one Group 2 sample from day 1).
The Affymetrix microarray data for this study are available
in the EBI ArrayExpress data repository (Accession No.
E-MEXP-2071).

An unsupervised method for pattern identification, EPIG
(Extracting microarray gene expression Patterns and Identi-
fying co-expressed Genes) [12], was applied using default
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criteria (log, ratio magnitude > 0.5, SNR >3, r-value >
0.8) to identify groups of genes that are statistically differ-
ent from controls and whose responses to drug treatments
are correlated at each of the three time points. Similar
results were obtained using an ANOVA method (the ran-
dom-variance F test in BRB-ArrayTools version 3.5.0
developed by Dr. Richard Simon and Amy Peng Lam,
using an alpha of 0.001). At day 1, 133 significantly
changed probe sets were identified using EPIG and 126 by
ANOVA, with 66% overlap (of the EPIG gene list with the
ANOVA gene list). At day 8, 52 significantly changed
probe sets were identified using EPIG and 43 by ANOVA
with 91% overlap, and at day 15, 267 significantly changed
probe sets were identified using EPIG and 457 by ANOVA
with 93% overlap.

The EPIG method identified 6 profiles in the day 1 treat-
ment group, 3 in the day 8 group, and 16 in the day 15
group. Using the log,-transformed signal ratios relative to
the average control (Group 4) value, the similarity between
treatment groups within a profile was evaluated with hierar-
chical clustering distance, using the Euclidian distance of
unweighted pair-group method averages or ¢ test compari-
sons (alpha = 0.05), which produced similar results (data
not shown). Profiles were considered DOX-selective if
Group 1 (Sal/DOX) samples, but not Group 3 (DZR/Sal)
samples, differed significantly from Group 4 (Sal/Sal) sam-
ples. Profiles were considered DZR-selective if Group 2
(DZR/DOX) and Group 3 (DZR/Sal) samples differed sig-
nificantly from Group 1 and Group 4 samples, but not from
each other. The effect of DZR treatment on doxorubicin-
selective profiles was evaluated based on the hierarchical
clustering of Groups 2 with Groups 1 or 3. Profiles with
similar DOX or DZR selectivity at the same time point
were grouped into the same cluster for functional classifica-
tion. Pathway analysis on clusters of significantly changed
genes was performed using Ingenuity Pathway Analysis
(Ingenuity  Systems, http://www.ingenuity.com) and
DAVID [13, 14]. Enrichment of functional annotations
among clusters of genes regulated by DOX or by DZR was
evaluated using DAVID, with the RGU34A gene list as
background, for annotations with a significance threshold
less than 0.05. Functional annotation clustering was
restricted to Gene Ontology (GO) category level 4 and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way classifiers.

Reverse transcription quantitative PCR assay

The cDNA was synthesized from total RNA using Super-
script III (Invitrogen, Carlsbad, CA, USA). Quantitative
PCR was conducted using 100 ng cDNA and Power SYBR
Master Mix (Applied Biosystems) on an ABI Prism 9700HT
system (Foster City, CA, USA). ACts were normalized to
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ribosomal protein L7 (RL7) mRNA levels and calibrated to
the average ACt for the Group 2 controls. The forward
(For) and reverse (Rev) primer sequences (5'-3") for the
following gene transcripts were:

Atp2a2 (For) TGCCTTCCAACATCCATCAA,
TGTTTAGGAAGCGGTTACTCCAGT

(Rev)

Jph2  (For) GTAGAGGAGGTCCCCAACACC, (Rev)
GGCCGATGTTCAGCAGGAT

Postn  (For) ACAAGCCAACAAAAGGGTTCA, (Rev)
ACGGCCTTCTCTTGATCGC

Slc2ad4  (For) CCAGTATGTTGCGGATGCTATG,
(Rev) ACGGCAAATAGAAGGAAGACGTA

Sgstml  (For) GTACCCACATCTCCCACCAGAG,

(Rev) GAGAGTGACTCAATCAGCCGG
Statistical methods

Differences in myocardial lesion scores between the treat-
ment groups were assessed with the Mann—Whitney test
for nonparametric data. The data met the assumptions of
the test. The Tukey—Kramer multiple comparisons test
was used to assess differences between the groups in
serum chemistry and cTnT values using the InStat
(GraphPad Software, San Diego, CA, USA) statistical
software package, with alpha set at 0.05. Statistical sig-
nificance of the log transformed qRT-PCR data was ana-
lyzed using a one-way ANOVA with Tukey’s post test in
GraphPad Prism 3.0.

Results
Doxorubicin-induced toxicity

No significant change in body weight was seen in animals
24 h after a single 3 mg/kg dose of DOX. Animals in treat-
ment groups receiving two doses of DOX gained weight.
The mean (SD) increase in body weight ranged from 10
(10) g in Group 2 (DZR/DOX) to 26.7 (11.5) g in Group 3
(DZR/Sal). Weight gain for rats receiving three doses was
significantly retarded in Groups 1 and 2 at day 15 compared
to Groups 3 and 4 (P < 0.05). Mean (SD) weight gain at day
15 for Groups 1 through 4 was 7.7 (6.4) g, 9.7 (9.0) g, 38.3
(6.1) g, and 41.8 (10.3) g, respectively. No mortality was
observed in any of the treatment groups.

At all 3 time points, white blood cell counts were signifi-
cantly lower in the DOX-treated groups than in the saline
controls (Table 2). Red blood cell counts, hematocrit, and
hemoglobin concentrations were significantly lower in
Groups 1 and 2 than in Group 4 controls at day 15. In con-
trast, at day 8, red blood cell counts were significantly
higher in Group 1 than in Group 4 (Sal/Sal) controls, and
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Table 2 Changes in selected Dayof study ~ Group  WBC®(x10uL)  RBC (x109ul)  Hgb (/100mL)  HCT (%)
hematology values in spontane-
ously hypertensive rats given 1 1 3.15 (0.72)° 8.18 (0.12) 13.45 (0.24) 39.5 (0.6)
3 mg/kg doxorubicin with or b
without dexrazoxane weekly for 2 2.70(0.43) 8.10(0.38) 13.30 (0.52) 39.0(1.9)
up to 15 days 3 3.95 (0.75)° 8.31 (0.54) 13.58 (0.92) 39.0 (2.7)
4 7.16 (1.21) 8.51 (0.20) 13.98 (0.37) 40.3 (1.1)
8 1 2.67 (0.38)" 7.01 (0.20)° 13.70 (0.60) 40.7 (1.4)
2 2.03 (0.42)° 6.31 (0.31) 12.50 (0.70) 36.8 (2.1)°
3 3.00 (0.56)" 6.41 (0.04) 13.30 (0.10) 37.6 (0.3)°
% Mean (SD) values. WBC white 4 5.33(0.24 5.5 (0.24) 14.30 (0.10) 41.0(1.1)
blood cells, RBCred blood cells, 15 1 3.03 (0.49)° 6.32(0.14)° 12.60 (0.20)° 37.7(0.7)
Hgb hemoglobin, and HCT 2 2.40 (0.23)° 5.88 (0.16)° 12.10 (0.20)° 34.7 (0.9)°
hematoerit 3 4.17 (0.68) 6.48 (0.64) 13.10 (1.30) 38.8 3.7)
Significantly different from 4 5.57 (1.56) 7.4 (0.56) 15.0 (1.20) 44.1 (3.5)

Group 4 controls, P < 0.05

the hematocrit was significantly lower than controls only in
Groups 2 and 3.

Renal lesions were noted exclusively in rats treated with
three doses of DOX (Group 1). Lesions included minimal
degeneration of the proximal tubule epithelial cells (cyto-
plasmic vacuoles and hyaline droplet formation) and
glomerular vacuolization (overall mean lesion severity
score = 1). Serum cholesterol and triglyceride levels were
significantly elevated over baseline in Group 1 at day 15,
but not at earlier time points or in Group 2 (Table 1). These
histopathologic and clinical chemistry results are consistent
with those of earlier studies showing that DZR protects
against DOX-induced nephrotic syndrome [15].

Previous studies have shown that DOX-induced myocar-
dial lesions are characterized by cytoplasmic vacuolization
and myofibrillar loss [11, 15]. In this study, minimal car-
diomyocyte damage was observed in groups receiving 3
weekly injections of DOX (Fig. Ic, d). Lesions in all 3
Group 1 animals at 15 days consisted primarily of cytoplas-
mic vacuolization (lesion score of 1). Similar lesions or
other myocardial alterations were not observed in animals
pretreated with DZR before DOX administration (Fig. le,
f) or in animals treated with saline (Fig. 1a, b). At day 15,
serum levels of cTnT were slightly elevated in Group 1,
but not in Groups 2 or 3 (Table 1).

Early global changes in gene expression associated
with doxorubicin

Microarray technology was used to identify early changes
in cardiac gene expression induced by DOX and DZR treat-
ments. Whole-heart samples from individual animals in
each treatment group at days 1, 8, and 15 were assayed on
Affymetrix RGU34A arrays. The data were analyzed using
an unsupervised, profile-based method developed for
extracting patterns among co-regulated genes (EPIG) [12].
Genes in profiles that responded similarly to either DOX or

DZR treatment were clustered together and analyzed for
enrichment in annotations for biological processes or sig-
naling pathways.

Twenty-four hours after a single dose of doxorubicin,
133 probe sets differed significantly between treatment
groups and vehicle controls. The 108 probe sets (for 105
genes) that were in profiles of responses specific to DOX
treatment were grouped into 3 clusters (Fig. 2a). Cluster I
contains a single EPIG profile of 17 genes up-regulated by
DOX. Seven genes in this cluster are regulated by nuclear
factor erythroid-derived 2-like 2 (NFE2L2, also known as
Nrf2) through antioxidant response element (ARE) sites in
their promoters or were identified as Nrf2-regulated in
studies using knock-out mice [16, 17] (Table 3). This clus-
ter is also enriched for genes involved in xenobiotic
metabolism or associated with mitochondria (Table 3).
The mitochondrial genes up-regulated by DOX at day 1
are known to be induced in response to stress through Nrf2
(Hmox1 and Maoa) or HIF-1 pathways (HmoxI and Hk2)
[18] and were significantly changed only at the earliest
time point.

Clusters II and III contain 88 genes down-regulated by
DOX treatment at day 1. About one-third of these gene
changes persisted at day 15 with continued weekly dosing
(Fig. 2a). Clusters II and III are enriched for genes associ-
ated with mitochondria, ion transport (e.g., SERCA2
(Atp2a2)), lipid metabolism, muscle contraction, and anti-
gen processing (Table 3).

At day 8, 28 probe sets representing 24 genes were
selectively up-regulated by DOX (data not shown). Most of
these genes were also changed significantly at earlier or
later time points and were also significantly associated with
the Nrf2-regulated response to antioxidants and with other
injury responses (e.g., cathepsin L, thioredoxin reductase
1). Fewer significantly regulated genes were observed at
this time point, as a result of the variability within groups
and the low number of animals per group.
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Fig. 1 Histopathologic chang-
es in the heart after 3 weekly
injections. Representative cross-
sections (a, ¢, ) and longitudinal
sections (b, d, f) of myocardium
from a Group 4 saline-treated
control (a, b), a Group 1 doxoru-
bicin-treated animal pretreated
with saline (¢, d), and a Group 2
doxorubicin-treated animal pre-
treated with dexrazoxane (e, f)
(x400). Small vacuoles are ob-
served in the myocardium of
Group 1 rats, while no remark-
able alterations were seen in
Group 2 rats compared with
Group 4 saline-treated rats on
study day 15

Histopathology indices and the number of significantly
changed genes in the heart were both higher at day 15 than
at earlier time points. Minimal levels of myocyte vacuola-
tion were detected in Group 1 but not Group 2 at day 15.
EPIG profiles of genes were identified in heart samples that
were specifically up-regulated by DOX (a total of 42 genes
in Clusters I and IV) and specifically down-regulated by
DOX (110 genes total in Clusters II, III, V, and VI)
(Fig. 2a, b).

Genes in Cluster IV, upregulated after day 15, were
enriched for annotations associated with cellular regula-
tion of apoptosis, the inflammatory process, muscle con-
traction, cellular ion homeostasis, and carbohydrate
metabolism (Table 4). Cluster IV includes several genes
that are important in myocardial matrix remodeling after
injury to the heart, such as matrix metallopeptidase 2
(MMP?2), its endogenous inhibitor TIMPI [19], and the
cysteine protease, cathepsin L (Ctsl) [20]. Transcript lev-
els of Ctsl were significantly up-regulated by DOX at all
three time points.

@ Springer

Genes down-regulated by doxorubicin treatment at day
15 were enriched for mitochondrial proteins (28 genes rep-
resented by 37 probe sets) (Tables 3, 4), including two key
regulators of ATP transfer in mitochondria, adenylate
kinase 1 and creatine kinase. Clusters V and VI, limited to
genes down-regulated at day 15 of the study, were also
enriched in genes in the KEGG pathway for glycolysis—glu-
coneogenesis and associated with ion homeostasis. The lat-
ter group includes the ryanodine receptor (Ryr2), a
calcium-release channel in the sarcoplasmic reticulum that
is downregulated in response to DOX treatment [21].

One of the patterns extracted at day 15 but not at earlier
time points contained genes that were down-regulated in
response to DZR treatment but not affected by DOX alone.
This cluster of 58 probe sets was enriched in genes for neu-
roactive receptors (gamma-aminobutyric acid (GABA)
receptor subunits (Gabra3, Gabra4), leptin receptor (Lepr),
and thyroid stimulating hormone receptor (7'shb)) and
includes genes for myosin, ankyrin 3, and several other
cytoskeletal proteins (Msn, Ank3, Myh3, DIgh2, Mtapla).
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Fig. 2 Early gene changes in the heart after a single or repeated dose
of doxorubicin. EPIG profiles of significantly changed genes were
clustered based on direction of change by doxorubicin and effect of
dexrazoxane. a Clusters I-III of 108 probe sets significantly changed
by doxorubicin treatment on study day 1. Cluster I was up-regulated by
doxorubicin and not significantly attenuated by dexrazoxane. Clusters
II and III were down-regulated by doxorubicin: III was attenuated by
DZR and II was not. The 44 probe sets that continued to show regula-
tion by doxorubicin at day 15 are also shown. b Clusters IV-VI of 137

The mechanism responsible for these observed changes is
unclear, but evidence that latent iron deficiency can cause
decreases in GABA and other neurotransmitters [22] sug-
gests an indirect effect of iron chelation.

Effect of dexrazoxane on early gene changes
associated with doxorubicin

In this study, DZR reduced the incidence of cardiac dam-
age induced by DOX that presented as myocardial lesions
and elevations in serum levels of cTnT at day 15. We
examined the effect of DZR on the changes in gene
expression induced by DOX before there was a measur-
able effect on cardiotoxicity (at day 1) and at later time
points. For genes in groups based on EPIG profile similar-
ity or functional classification, transcript levels were eval-
uated for their responsiveness to DZR pretreatment based
on hierarchical clustering distance between samples in
Groups 1, 2, and 3.

Genes up-regulated by DOX at day 1 (Cluster I), which
includes many Nrf2-regulated oxidative stress genes, were
not significantly altered by DZR pretreatment (Fig. 2a).
Cluster I genes that remained up-regulated by DOX at day
15 also continued to be largely unaffected by cardioprotec-
tant (Fig. 2a). EPIG profiles of genes down-regulated by
DOX treatment at day 1 were grouped into two clusters
with different responses to DZR. Cluster II genes, which
showed only partial or no response to DZR, were enriched
in the overlapping ontological categories of ion transport
and muscle contraction, and in lipid metabolism. These
genes tended to persist in responsiveness to DOX treatment

genes in 7 EPIG profiles that were significantly changed on study day
15 but not study day 1. Cluster IV was up-regulated by doxorubicin and
attenuated by dexrazoxane. Clusters V and VII were down-regulated
by doxorubicin; Cluster V was attenuated by dexrazoxane while Clus-
ter VII was not. The heatmap, using a log, scale of —1 to 1 represented
as green to red, displays the log, ratios for statistically significant
probe sets, calculated relative to the Group 4 average, for individual
samples within each of the three non-control treatment groups at day 1
and day 15

at day 15. DZR pretreatment attenuated the repression by
DOX of transcript levels of genes in Cluster III, which was
enriched for genes associated with mitochondria and the
KEGG pathway of antigen processing and presentation.
Most of the gene changes in Cluster III were transient and
did not persist at day 15 of the study.

The up-regulation of genes in Cluster IV by DOX at day
15 but not at day 1, which include genes involved in apop-
tosis, was largely prevented by DZR pretreatment. Genes
down-regulated by DOX at day 15 in Clusters V and VI
differed in their response to DZR pretreatment. Cluster V,
which contains 23 genes that were down-regulated by DOX
but are more similar to control levels in groups pretreated
with dexrazoxane, is enriched for genes involved in glycol-
ysis-gluconeogenesis. Cluster VI, which contains 60 genes
that are generally down-regulated by DOX to a similar
extent with or without cardioprotectant pretreatment, is
enriched for genes involved in ion homeostasis. Mitochon-
drial genes in both clusters demonstrated, as a group, less
repression by DOX in samples from animals that also
received DZR pretreatment.

Quantitative changes in representative gene markers
of doxorubicin-induced cardiac injury

To verify the transcriptional responses to DOX and DZR
treatments identified in the heart using microarray technol-
ogy, qRT-PCR assays were performed for several genes
that are representative of different types of cellular
responses to DOX-induced cardiac injury. The five selected
targets were: (1) sequestosomel (Sgstml), an Nrf2-regulated

@ Springer
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Table S Relative expression levels of selected gene transcripts assayed by qRT-PCR in treatment groups used to investigate heart gene expression

profiles associated with doxorubicin cardiotoxicity in the rat

Day of study Group Sqstm1?* Slc2a4 Atp2a2 Jph2 Postn

1 1 0.77 (0.06)° —1.48 (0.27)° —0.53 (0.07)° —0.69 (0.22)° 0.22 (0.21)
2 0.80 (0.24)° —1.24 (0.50)° —0.26 (0.10) —0.29 (0.17) 0.57 (0.25)°
3 0.09 (0.23) —0.01 (0.18) —0.11 (0.20) —0.10 (0.15) —0.06 (0.22)
4 —0.003 (0.11) —0.03 (0.29) —0.02 (0.25) —0.03 (0.32) 0.00 (0.28)

8 1 1.68 (0.19)° —1.56 (0.18)" ND ND ND
2 1.58 (0.13)° —1.22 (0.31)° ND ND ND
3 0.47 (0.08) 0.47 (0.08) ND ND ND
4 0(0.17) 0(0.17) ND ND ND

15 1 0.98 (0.07)° —1.55 (0.08)° ND —0.71 (0.09)° 1.01 (0.32)°
2 0.85 (0.04)° —1.11 (0.43)° ND —0.44 (0.07) 0.33 (0.44)
3 0.14 (0.15) 0.34 (0.29) ND 0.16 (0.11) —0.11 (0.07)
4 —0.01 (0.18) —0.03 (0.30) ND —0.01 (0.14) —0.004 (0.13)

ND not determined because no statistically significant difference in signal level between Groups 1 and 4 in the microarray data

# Mean log, ratios (SD) normalized to each sample’s RL7 ACt and relative to the average test gene control ACt for each treatment group

b Statistically different from Groups 3 and 4 (P < 0.01)

antioxidant response gene that is significantly induced at
days 1, 8, and 15 and is in Cluster I; (2) Glut4 (Sic2a4), a
glucose transporter that is representative of the adult-to-
fetal isoform switch in energy use induced by cardiac stress
[23] and is included in Cluster II; (3) SERCA2 (Atp2a2),
the sarcolemmal calcium transporter that is down-regulated
in cardiac hypertrophy and heart failure [24] and is also in
Cluster II; (4) junctophilin2 (Jph2), a sarcolemma—sarco-
plasmic reticulum junction protein that is down-regulated
under conditions of cardiac hypertrophy [25] and found in
Cluster III; and (5) periostin (Postn), a myocardial repair
protein in Cluster IV.

Atdays 1, 8, and 15, Sgstm1 and Slc2a4 mRNA levels in
Groups 1 and 2 differed significantly (up-regulated and
down-regulated, respectively) from the levels in Groups 3
and 4, indicating DOX-selectivity and lack of marked atten-
uation by DZR pretreatment (Table 5). Gene expression
levels for both of the sarcolemmal proteins assayed showed
reduced response to DOX after DZR pretreatment. Jph2
mRNA levels were statistically significantly decreased at
day 1 and after repeated dosing with doxorubicin. Dex-
razoxane pretreatment reduced the effect of DOX on Jph2
expression at both days 1 and 15. The small but statistically
significant decrease in Afp2a2 mRNA levels only observed
after a single DOX injection was also suppressed by DZR
pretreatment.

Cardiac Postn transcripts levels were increased by doxo-
rubicin and attenuated by DZR pretreatment. Periostin is an
adhesion protein that is secreted by myocardial fibroblasts
in response to cardiac injury [26]. At day 15, Postn mRNA
levels increased twofold in Group 1 samples but not in

@ Springer

Group 2 samples, in correlation with observations of myo-
cardial damage by histopathology.

Discussion

Doxorubicin induces a delayed cardiomyopathy that can be
reduced in severity by pre-treatment with DZR [1]. In the
present study, which was limited to 2 weeks, DOX induced
minimal cardiac and renal toxicity that was prevented by
contemporaneous administration of DZR. In other studies
of SHR where DOX was given at lower doses over a longer
time, DZR was also markedly cardioprotective [15]. How-
ever, in these studies, the cardiomyopathy was more severe
and DZR protection was not complete (a mean lesion score
of 2.6 was reduced to 1.0). Analysis of early changes in
gene expression in the heart after DOX and DZR co-admin-
istration was performed to help investigate cellular targets
of DOX that are modulated by DZR and may be involved in
the formation of cardiac lesions. We observed immediate
and persistent changes in gene expression 24 h after the ini-
tial dose of DOX and prior to histopathologic changes in
myocardial tissue that consisted primarily of the up-regula-
tion of genes associated with the cellular response to oxida-
tive stress and the down-regulation of genes encoding
mitochondrial proteins.

Dexrazoxane treatment attenuated a marked and selec-
tive decrease in the levels of many nuclear genes that
encode proteins with mitochondrial functions that is caused
by doxorubicin treatment. The depressive effect on the
expression of genes that comprise the mitochondrial proteome
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is persistent and can be observed weeks after prolonged
administration of DOX [27]. These results are consistent
with evidence that mitochondria are key subcellular targets
and the primary sites of free radical formation by doxorubi-
cin [28]. The selective effect of DOX on suppression of
mitochondrial gene expression is likely a coordinate and
adaptive response to stress mediated by energy-sensing
molecules in the heart; for example, by AMP-activated pro-
tein kinase, hypoxia-inducible factor 1, Sirtl, or prolifera-
tor-activated receptor gamma coactivator 1 (PGC-1) [29].
PGC-1 is a key regulator of energy metabolism and mito-
chondrial biogenesis in tissues relying on oxidative metab-
olism for ATP production (reviewed by Hood et al. [30]).
The activity of PGC-1, regulated by post-translational mod-
ification, modulates adaptive responses, such as the
increased expression in skeletal muscle of nuclear genes
encoding mitochondrial proteins in response to exercise.

In this study, dexrazoxane had little effect on the induc-
tion of the Nrf2 pathway in the heart by doxorubicin and on
changes shown in other studies to be part of the reprogram-
ming of cardiac gene expression that occurs in reaction to
external stressors (e.g., Slc2a4). Increased expression of
ARE-regulated genes by doxorubicin has been seen in other
rodent studies [31] and quinone-induced oxidative stress
has been shown to increase the expression of Nrf2-regu-
lated genes by disrupting the association of Nrf2 with
KEAP [32]. The inability of dexrazoxane to block the effect
of doxorubicin on ARE-regulated gene induction is surpris-
ing but would be consistent with the limited diffusion of
highly reactive oxygen free radicals from their site of gen-
eration in mitochondria. Stabilization of Nrf2 may be medi-
ated by non-iron catalyzed reactive oxygen species that are
generated in mitochondria or the sarcoplasmic reticulum by
redox cycling of doxorubicin but are less reactive than
hydroxyl radicals. Further studies would be needed to
determine the source and type of cellular stress that signals
this program of response to oxidative damage in the heart
that is a result of doxorubicin treatment.

Cardiomyocyte apoptosis occurs in in vivo models of
acute cardiotoxicity induced by short-term administration
of DOX [33, 34], but its involvement in the progressive car-
diotoxicity induced by long-term DOX treatment is less
certain [35]. At day 15 in the present study, DOX produced
statistically significant increases in several gene transcripts
for proteins that regulate apoptosis, including Nol3
(Table 4). The Nol3 gene product (also known as ARC,
apoptosis repressor with CARD domain) is expressed pre-
dominantly in muscle and brain, and has been shown to be
important in promoting cardiomyocyte survival after bio-
mechanical and ischemic stress in studies using ARC
knockout mice [36].

Dexrazoxane is hydrolyzed to an open ring form that
chelates metal ions and reduces reactive oxygen production

by removing iron from complexes with anthracyclines but
is also a catalytic inhibitor of topoisomerase II [5]. In this
study, dexraxozane treatment alone did not produce a gene
signature in the heart that provided strong evidence of its
cardioprotective mechanism of action. In the absence of
DOX, dexrazoxane treatment was not associated with sig-
nificant changes in cardiac gene expression until day 15,
when repressions in the transcript levels of a set of cardiac
genes that may represent an adaptive response to iron che-
lation were observed.

Conclusions

Genomic analysis of early, DOX-induced cardiotoxic
changes was consistent with a pathogenic mechanism in
which DOX generates short-lived radicals in mitochondria
that are catalyzed by iron and oxidoreductases. The analysis
also identified some additional pathways that might be
modified to improve cardioprotection. Dexrazoxane had lit-
tle effect on DOX’s early and robust activation of the Nrf2
pathway, which is mediated through the cytosolic oxidant
sensor KEAP, and provided partial protection against
changes in genes that are associated with mitochondrial
injury. Dexrazoxane, by reducing production of the more
damaging, iron-catalyzed types of ROS, blocks the minimal
myocardial alterations induced by DOX in the early stages
of treatment. Thus, more complete cardioprotection might
be achieved with strategies that increase or supplement the
action of DZR on reducing the formation of ROS in mito-
chondria.
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