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Abstract

Aims: Doxorubicin (DOX), a widely used anticancer agent, can cause an unpredictable cardiac toxicity which remains a
major limitation in cancer chemotherapy. There is a need for noninvasive, sensitive and specific biomarkers which will allow
identifying patients at risk for DOX-induced cardiotoxicity to prevent permanent cardiac damage. The aim of this study was
to investigate whether the expression of specific genes in the peripheral blood can be used as surrogate marker(s) for DOX-
induced cardiotoxicity.

Methods/Results: Rats were treated with a single dose of DOX similar to one single dose that is often administered in
humans. The cardiac and peripheral blood mononuclear cells (PBMCs) genome-wide expression profiling were examined
using lllumina microarrays. The results showed 4,409 differentially regulated genes (DRG) in the hearts and 4,120 DRG in
PBMC. Of these 2411 genes were similarly DRG (SDRG) in both the heart and PBMC. Pathway analysis of the three datasets of
DRG using Gene Ontology (GO) enrichment analysis and Ingenuity Pathways Analysis (IPA) showed that most of the genes
in these datasets fell into pathways related to oxidative stress response and protein ubiquination. IPA search for potential
eligible biomarkers for cardiovascular disease within the SDRG list revealed 188 molecules.

Conclusions: We report the first in-depth comparison of DOX-induced global gene expression profiles of hearts and PBMCs.
The high similarity between the gene expression profiles of the heart and PBMC induced by DOX indicates that the PBMC
transcriptome may serve as a surrogate marker of DOX-induced cardiotoxicity. Future directions of this research will include
analysis of PBMC expression profiles of cancer patients treated with DOX-based chemotherapy to identify the cardiotoxicity
risk, predict DOX-treatment response and ultimately to allow individualized anti-cancer therapy.
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Introduction DOX-associated cardiac toxicity results from a cumulative dose-
related effect [10],[11]. The most commonly used DOX dose
schedule is 60 to 75 mg/m” in each intravenous injection
administered at 21 to 28-day intervals and each administration
constitutes additive or sequential irreversible cardiac damage
[12].To date however, no biomarker for early pre-symptomatic
detection of DOX cardiotoxicity has been validated [13].
Currently, the clinical methods used for detection of pre-
symptomatic DOX-induced cardiotoxicity [assessment of left
ventricular volume (LVV) and ejection fraction (LVEF) using
echocardiography and radionuclide angiography| show low
diagnostic sensitivity and low predictive power, and identify the

Doxorubicin (DOX, Adriamycin) is the key component of many
cytotoxic regimens for treatment of different adult and childhood
cancers [1]. DOX cardiotoxicity remains a major limitation in
cancer chemotherapy [2]. The cardiac events occurring in cancer
patients treated with DOX-based regimens have been estimated to
be between 4% and 45% [3], [4], [5] and the frequency of
subclinical cardiotoxicity in children treated with DOX was
estimated to be up to 57% [6]. DOX-induced cardiotoxicity can
develop during the therapy or in the months after its completion
(carly or acute cardiotoxicity) or it can manifest itself several years
after the treatment (late onset chronic) cardiotoxicity) [7],[8],[9].
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existing cardiomyopathy rather than prevent it [14],[15]. Invasive
techniques such as endomyocardial biopsy cannot be performed
routinely [16]. Blood cardiac biomarkers such as cardiac troponins
[17] and cardiac natriuretic peptides [18] have been evaluated in
animal models and in clinical studies [19] but their diagnostic and
prognostic values in humans have not been validated [20].

Several reports indicate that there is a considerable variation in
an individual’s susceptibility to the cardiotoxic effects of DOX
[21]. A retrospective analysis of three clinical trials indicates that
DOX cardiomyopathy can occur at low doses, suggesting the
presence of increased phenotypic sensitivity in some individuals
[22]. For example, DOX doses >1000 mg/m? were tolerated by
some patients, whereas others developed DOX-induced cardio-
toxicity after <200 mg/m?* [23]. The presence of such widely
varying sensitivity suggests that early identification of patients who
may be at risk for DOX-induced cardiac damage might help
clinicians to reduce the incidences of cardiotoxicity and the
associated morbidity [24].

Because of their ease of accessibility, the expression profiles in
“surrogate” tissues, such as peripheral blood mononuclear cells
(PBMCs), are of interest for determining whether their gene
expression patterns may predict clinical outcomes in various
diseases. A number of studies have demonstrated that transcrip-
tomic changes in peripheral blood can serve as biomarkers of
exposure to xenobiotics or as biomarkers of pathological changes
occurring in other tissues [25], [26] and [27]. The continuous
interactions between blood cells and the entire body, combined
with the fast turnover rate of blood cells, gives rise to the possibility
that subtle changes occurring in association with injury or disease
within the cells and tissues of the body may trigger specific changes
in gene expression of blood cells. A high correlation between the
gene expression profiles of other tissues and the corresponding
PBMC has been reported [28].

The present study aimed to compare the gene expression
profiles of hearts and PBMCs of rats treated with a single dose of
DOX similar to the single dose administrated to humans with the
ultimate goal to identify biomarkers for early prediction of DOX
cardiotoxicity in “surrogate” more easily obtainable tissues such as
the peripheral blood.

Materials and Methods

Animals and treatment

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Animal Care and Use Committee at
the Central Arkansas Veterans Healthcare System (CAVHS)
(Protocol # 9-11-3), where the animals were housed, treated and
sacrificed. A total of 17 female Sprague-Dawley rats were used
(Harlan Sprague-Dawley, Inc.Indianapolis, IN). The rats were
maintained in standard cages (two animals per cage) in the Animal
Care Facility of CAVHS (Little Rock, AR, USA). We have used
female rats in this study, as it has been reported that androgens
play a protective role against the development of DOX-induced
cardiotoxicity [29].The rats were subjected to a 12-hour dark/light
cycle and food (Harlan Teklad, Madison, WI), and water were
provided ad libitum. The rats were randomized into 2 groups:
experimental group (n=9) and control group (n=38). The rats in
the experimental group were injected intraperitoneally (1.p.) with a
single dose of 12 mg/kg DOX, as DOX hydrochloride (Sigma
Chemical Co., St. Louis, MO, USA) diluted in saline. This dose of
DOX, depending on the body weight of the rat is approximately
similar to 65-75 mg/m? for humans [30]. The rats were injected
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intraperitoneally (i.p.) with a 2 mg/kg DOX-saline solution with
the volume calculated for the individual rat’s body weight. The i.p.
route of administration of DOX in small animals is the standard
route of DOX administration [31]. In the clinical practice DOX
concentrate for infusion is usually 2 mg/ml doxorubicin hydro-
chloride in saline (0.9% Sodium Chloride), “given via the tubing of
a freely running intravenous infusion” [32]. The control rats were
mjected 1.p. with 0.1 ml saline so that they were exposed to the
same stress. All rats were sacrificed under deep isoflurane
anesthesia 48 hours after DOX administration.

Sample collection, biochemical assays

At sacrifice whole blood (2.5-3 ml) was collected via heart
puncture into KoEDTA-containing tubes. Samples from the left
ventricle (V) of the heart were collected, snap-frozen in liquid
nitrogen, and stored at —80°C until used. PBMCs were separated
from the whole blood diluted 1:2 with PBS by gradient
centrifugation using Ficoll Paque Plus (GE Healthcare Biosciences,
Upsala, Sweden).

The fluorescent properties of DOX were used to verify the
equal concentrations of DOX in the blood and heart samples [33].
The fluorescent levels were expressed as pg/mg protein or pg/ml
blood. Protein content of the tissue samples was measured using
the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA).

Complete leukocyte counts and differentials were obtained
using an automated hemocytometer (Hemavet 950FS Veterinary
System, Drew Scientific Group; Oxford, CT) according to the
manufacturer’s instructions.

Blood chemistry values were determined in 5 control rats and 6
rats treated with DOX using VetScan VS2 analyzer (Abaxis, Inc.,
Union City, CA). The Comprehensive Diagnostic Profile reagent
rotor was selected for quantitative determination of 14 parameters,
including alanine aminotransferase (ALT), albumin (ALB), alka-
line phosphatase (ALP), amylase (AMY) total calcium (CA++),
creatinine (CRE), globulin (GLOB), glucose (GLU), phosphorus
(PHOS), potassium (K+), sodium (NA+), total bilirubin (TBIL),
total protein (TP), and urea nitrogen (BUN).

Statistical analyses of the biochemical assays results were
performed using ANOVA (StatView II) and the results were
expressed as mean ¥ standard error (SE). P<<0.05 was considered
to indicate a statistically significant difference.

RNA extraction, microarray and data analysis

RNA was extracted from the PBMC and heart samples from
identical rats and numbered accordingly so that samples from the
same rat could be identified (AllPrep DNA/RNA/protein mini kit,
Qiagen, Valencia, CA) and only samples with a RIN score>7
were used for expression analysis. The RNA integrity number
(RIN score) was assessed on a Bioanalyzer (Agilent, Palo Alto, CA,
USA) prior to labeling. For each individual sample, 10 ng of total
RNA was amplified using Ovation PicoSL WTA system V2
(NuGen Technol., San Carlos, CA). A total of 34 separate samples
(17 heart samples and 17 PBMC samples) were used. This allowed
us to evaluate sample to sample variability in the gene expression
both within and across each group. Each individual heart RNA
sample and PBMC RNA sample was amplified to have sufficient
quantities of RNA to proceed with both the arrays and QPCR.
The Ovation Pico WTA System is a whole transcriptome RNA
Amplification System based on Ribo-SPIA® technology, initiating
at both the 3" end and randomly throughout the entire
transcriptome. Total RNA (500 pg) from each of the 34 samples
was used to generate amplified cDNA. The amplified cDNA was
cleaned with the MinElute Reaction Cleanup Kit and labeled
using Encore Biotin IL Module (Nugen Technol, San Carlos,
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CA.). The labeled cDNAs (3 ug) were hybridized to Illumina
RatRef-12 Expression BeadChips. Each array is comprised of
22,523 probes selected primarily from the NCBI RefSeq database
(Illumina, San Diego, CA). Recently published papers [34], [35]
did not report duplicated or triplicated arrays. However, we run
duplicated samples from 7 randomly selected rats (4 DOX-treated
and 3 controls), i.e 14 samples, including 7 heart- and 7 PBMC
samples from matching rats in order to verify our results.
Following hybridization all forty-eight arrays were washed, labeled
with Cy3 streptavidin, washed again to remove unincorporated
Cy3 and quickly dried. The arrays were scanned on the Illumina
iScan Reader and the data were imported into Illumina
GenomeStudio software to assess quality metrics of each sample
and Illumina internal controls (sample independent and sample
dependent) which are included on each array. The raw data
without any background subtraction or analysis were exported to
an excel table for analysis using Statistical Analysis System (SAS).

Intensity data from microarrays were analyzed as follows: 1) raw
probe intensities were log2 transformed, 2) low intensities
(background —level intensities) were filtered out, 3) data from each
array were then normalized by a median subtraction, 4)
comparisons (control vs. DOX-treated) were performed using a
moderated Student’s t-test per probe (shrinkage-style test statistic),
and 5) significance was evaluated by the false discovery rate [36].
More specifically, probes were classified as expressed or not
expressed (background —level intensities) based on their average
log-intensity over arrays [37] and [38]. Within each array, the
median of the log2-transformed intensities computed from the set
of ‘not expressed’ probes was subtracted from the log2 intensities
to normalize the data. The moderated Student’s t-test is discussed
by Wright and Simon [39]. For the expressed probes, p-values
from the moderated t-test were further adjusted using the null
distribution of the ‘not expressed genes’ (motivated by [40],
explained further in [37]). Statistical significance was set at false
discovery rate <0.05 (FDR, an estimate of the false-positive
proportion of the expressed genes that are claimed to be
differentially regulated) [41]. Only statistically significant genes
with greater than 2-fold change (FC) in expression between groups
were retained.

Gene ontology (GO) enrichment analysis

The gene symbols, which Illumina had assigned to the array
probes, were matched with gene ontology (GO) terms using gene
annotations for the rat (www.geneontology.org, downloaded on 2/
19/2012). GO terms enrichment analysis of the genes that were
significantly expressed in both tissues was performed in terms of
biological process, molecular function and cellular component. For
the 2,400 GO terms with more than 4 expressed genes on the
array, we computed an overall probability that the associated set of
expressed genes were unaffected by DOX treatment [42], [43]. A
false discovery rate was computed for the 2400 analyses within
each tissue to provide an adjustment for multiple testing [44]. All
computations were programmed using Matlab (www.mathworks.
com); in particular the bioinformatics toolbox and the statistics
toolbox were used.

Pathway Analysis

The Ingenuity Pathways Analysis (IPA, Ingenuity® Systems,
http://www.ingenuity.com) software was used to identify the
significantly enriched canonical pathways and to build, and
analyze the significantly enriched molecular interaction networks
from the lists of DRG. The canonical pathways were identified
based on the IPA library of canonical pathways that were most
significant to the data set. Genes from the data set that were
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associated with a canonical pathway in IPA were then considered
for the analysis. The significance of the association between the
data set and the canonical pathway was measured in two ways: 1) a
ratio of the number of genes from the data set that map to the
pathway divided by the total number of genes that map to the
canonical pathway is displayed. 2) Fisher’s exact test was used to
calculate a P-value determining the probability that the association
between the genes in the dataset and the canonical pathway may
be explained by chance alone. Networks were ranked by a score:
the higher the score, the lower the probability of finding the
observed data set of genes in a given network by chance. The score
takes into account the number of dataset genes and the size of the
network and is the negative log of the P-value. The Functional
Analysis of a network identified the biological functions and/or
diseases that were most significant to the genes in the network, as
well as the potential toxicity and safety of compounds, associated
with a given dataset.

Real time QPCR

QPCR was used for evaluation and confirmation of the gene
expression data. cDNAs amplified using Nugen Ovation Pico
WTA system were used. All specific primers (Tagman Gene
Expression Assays), including the internal control (eukaryotic 18S
rRNA) were purchased from Applied Biosystems (Foster City,
CA). Prior to ordering the primers, all probes from the Illumina
array were blasted on the NCBI website to verify that they
correctly matched the gene defined. QPCR was performed using
the ABI 7900HT standard amplification protocol with each
specific target using Tagman Universal Fast PCR master mix
(Applied Biosystems, Foster City, CA) in a 10 pl PCR reaction
(0.5 ul primer/0.5 ul HyO/5 ul master mix), according to the
manufacturer’s protocol. The individual samples were assayed in
triplicate on a 96 well plate. Data were analyzed using the 2-
deltadelta CT method [45], which is used to compare the changes
in gene expression. Delta delta CT is the difference in threshold
cycles for the target and control samples. The Ct values (the cycle
number at which detectable signal is achieved) of both the control
and the samples of interest are normalized to an appropriate
endogenous housekeeping gene, which in our studies was 18S. The
formula used was:

[delta][delta]Ct = [delta] Ct, DOX-treated — [delta]Ct, control,

where [delta]Ct,DOX-treated 1s the Ct value for any DOX-
treated sample normalized to the endogenous housekeeping gene;
and [delta]Ct control is the Ct value for the calibrator also
normalized to the endogenous housekeeping gene.

Results

Biochemical parameters

DOX concentrations in the blood and hearts were measured in
order to verify the equal treatment conditions for all rats in the
experimental group. The results from the analysis of DOX
concentration showed that 48 hours after DOX administration the
average concentration of DOX in the hearts was 0.342+0.22 pg/
mg protein in the experimental groups versus 0.014+0.003 in the
controls, p=0.051 and in the blood 0.591%+0.041 pg/ml in the
experimental groups versus 0.431%0.071 pg/ml in the controls,
p<<0.01 (Fig. 1).

Red blood cell counts, hematocrit, and hemoglobin concentra-
tions were not affected significantly (not shown). The analysis of
the blood cell count showed the presence of lymphocytopenia and
thrombocytopenia in the rats treated with DOX (Fig. 2). The
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Figure 1. DOX concentration in hearts (A) and blood (B) of rats 48 hours following administration of 12 mg/kg DOX. P<0.01.

doi:10.1371/journal.pone.0048398.9001

results from the blood chemistry analysis (Table 1) showed that 6
of the 14 parameters examined were affected by DOX adminis-
tration, including ALB, ALT, TBIL, CRE, K+ and Globin.

Gene Expression Arrays

The amplified RNA isolated from each sample was used for
both gene expression analysis and QPCR. Illumina beadchip gene
expression technology was used to identify and compare the early
changes in cardiac and PBMC gene expression induced by DOX
in rats. The gene expression of LV of the heart and PBMC in
individual rats were assayed 48 h after ip. administration of
12 mg/kg DOX.

The INlumina Rat Ref-12 BeadChip assays contain 22,523
probes. The log2-transformed intensities were averaged for the 34
samples, including heart samples from 17 rats and PBMC samples
from the same 17 rats. All samples, independent and Illumina
dependent beadchip controls were very good. The duplicated
arrays gave identical results. Probes not associated with a known
gene were not analyzed further. Some genes had multiple probes
and only the probes with the largest average expression were
retained. With these deletions, there were transcript assays for
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Table 1. Blood chemistry values of 5 control rats and 6 rats
treated with DOX.

Controls

(n=5) DOX-treated rats (n=6

Average 1 2 3 4 5 6
ALB (g/dL) 3.7-47 0 3.1 29 0 0 0
ALT (U/L) 61-74 149 137 157 204 225 178
TBIL (mg/dL) 0.2-0.4 high  high  high high high  high
CRE (mg/dL)  0.2-0.5 high  high  high high high  high
K+ (mM) 7.2-9 high  high  high high high  high
Globin (g/dL) 1.6-2.5 0 1.4 1.4 0 0 0

doi:10.1371/journal.pone.0048398.t001
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Figure 2. Lymphocytopenia (A) and thrombocytopenia (B) in rats 48 hours after administration of 12 mg/kg DOX. P<0.05.

doi:10.1371/journal.pone.0048398.9g002
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21,567 genes. Gene transcripts with average log2-intensities
greater than 7.2 (9,145) were considered to be expressed. The
effect of DOX treatment was tested using a moderated t-test and
the resulting p-values were adjusted to the empirical distribution of
the p-values from the genes that were not expressed. The resulting
p-value plots of the comparison of DOX treatment versus controls
indicated that about 80% of the expressed genes were affected
(Figure 3A: mp=0.1837 in the heart and Figure 3B: ny =0.2278 in
the PBMC [46] and [47].

The statistical test of DOX treatment resulted in 4,409 (48.2%)
of the expressed genes being identified as significant (FDR<<0.05
and fold change >2) in the heart tissue; 382 up-regulated and
4,027 down-regulated. In Figure 4A (volcano plot) the log, fold
change (DOX vs control) for the 9,145 expressed genes in the
heart is plotted against —log;, FDR. The statistical test of DOX
treatment resulted in 4,120 (45.1%) of the expressed genes being
identified as statistically significant (FDR<0.05) in the PBMC
tissue; 31 up-regulated and 4,089 down-regulated. Figure 4B gives
the volcano plot for the 9,145 expressed probes in the PBMC.
Figure 5 plots the estimated log2 fold change for the 2,411 SDRG
(26.4% of the expressed genes), 12 upregulated and 2,399
downregulated that were identified as significant in both tissues.
The lists of DOX-induced DRG are presented in Table S1.

All array results may be found at the Gene Expression Omnibus
Web site (http://www.nchi.nlm.nih.gov/geo/) under accession

number GSE37260.

Gene ontology (GO) enrichment analysis

The GO enrichment analysis, which describes genes in terms of
their associated biological processes, molecular function and
cellular component, found more than 1000 significant GO terms
for SRDG at FDR<0.05 (Table S2). The biological processes
related to enriched GO categories (n=1,110) included positive
regulation of the following pathways: cell migration; heart, kidney
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and mammary gland development; angiogenesis; ion transport;
skeletal system and muscle organ development; calcium homeo-
stasis and metabolism; regulation of MAPK-, BMP, SMAD-, Wnt-
, and Rho protein signaling; wound healing; glycogen biosynthesis;
blood vessel morphogenesis; lipid metabolism; regulation of
mitotic cell cycle; protein ubiquitination; immune response and
multiple others, all highly significant, indicating that DOX
cardiotoxicity and DOX cytotoxicity are both multifactorial
processes. The most significantly enriched GO terms related to
the molecular functions (n = 368) included receptor binding; zinc,
calcium, E-box and metal ions binding; DNA and RNA binding,
ion transport and activity, ATPase activity and others highly
significantly affected. Some of the most significantly affected
cellular components (n = 225) were cytoplasm, basolateral plasma
membrane, nucleus, synapse, nucleolus, intracellular, cell junction,
synaptic vesicle membrane and extracellular region, sarcoplasmic
reticulum and desmosome.

Pathways Analysis

IPA was used to identify the biological mechanisms, pathways
and functions most relevant to the 2,411 SDRG. The analysis of
the SDRG by IPA was composed of 25 networks (Table S3) with
the two most significant networks identified as “Cardiovascular
system development and function; cellular growth and prolifera-
tion; post-translational modification” (score 43, focus molecules
35), and “Cell death; cardiovascular system development and
function; embryonic development™ (score 38, focus molecule 33).
Figure 6 represents an image of the merged networks overlaid for
cardiac disorders. The key molecules IKBKB (NFKBIKB, IKKB)
[48],[49] and [50] and MAPK3 [51] and [52] were reported to
play an important role in cardiac disorders, such as heart failure,
heart dilation, hypertrophy and apoptosis. SDRG were also
subjected to canonical pathways analysis via IPA software (Fig. 7).
The most significantly represented canonical pathways in SDRG
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Figure 3. P-value plot for the null hypothesis of no difference in gene expression between heart tissues from DOX treated rats
versus heart tissues from control rats (A) and PBMC tissues from DOX treated rats versus PBMC tissues from control rats (B).

doi:10.1371/journal.pone.0048398.g003
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Figure 5. Estimated log2 fold change for the 2,411 SDRG
(26.4% of those expressed) that were identified as significant
in both heart and PBMC tissues. DOX treatment down-regulated
most gene expression with down-regulation stronger in PBMC.
doi:10.1371/journal.pone.0048398.g005
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were the nuclear factor erythroid 2-related factor (NRF2)-
mediated oxidative stress response (59/192 molecules), protein
ubiquitination (70/274 molecules) and PI3K/AKT signaling (36/
140 molecules). NRF2 and protein ubiquination were also the
most significant pathways in DOX-treated hearts vs controls, as
well as the treated PBMCs vs controls datasets.

It has been reported that NRF2-mediated oxidative stress
response canonical pathway (Fig. 8A) plays an important role in
the defense against oxidative stress, cardiovascular disease,
inflammation and cancer [53], [54] and [55]. The main function
of NRF2 1s to activate the antioxidant response and induce
transcription of a wide array of cytoprotective genes in response to
oxidative stress [36], [57], such as glutamate cysteine ligase (GCL),
heme oxygenase-1 (HMOX-1), glutathione S-transferase (GST),
NADP)H quinine oxidoreductase-1(NQO1), heme oxygenase
(HO) and multidrug resistance-associated proteins (MRPs) that
are able to combat the harmful effects of oxidative stress, thus
restoring intracellular homeostasis. High levels of NRF2 protect
cancer cells from the effects of various chemotherapeutic drugs,
whereas knockdown of NRF2, transiently or stably, increases the
sensitivity of cancer cells to chemotherapeutic-induced cell death
[58] In the present study DOX significantly down-regulated the
expression of NRF2 (—2.085), GST (—1.923), GCL (—1.776) and
HO (—2.849) in the hearts and down-regulated GCLC, GSTMI,
GSTM2, GSTM5, GSTKI1KI1, NFE2L2, CBR1, all of which
could be related both to the cardiotoxicity and anti-cancer
efficiency of DOX.

Under non-stressful conditions, NRF2 is constantly ubiquiti-
nated and degraded in proteasomes via the ubiquitin proteasome
pathway by the CUL3-KEAP1 ubiquitin E3 ligase complex [59].
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translational modification” (score 43, focus molecules 35), and “Cell death; cardiovascular system development and function; embryonic
development” (score 38, focus molecule 33) were merged and overlaid for cardiovascular disorders.

doi:10.1371/journal.pone.0048398.g006

Protein Ubiquitiination Pathway (Fig. 8B) plays a major role in the
degradation of short-lived or regulatory proteins involved in a
variety of cellular processes including cell cycle, cell proliferation,
apoptosis, DNA repair, transcription regulation, cell surface
receptor and ion channel regulation, and antigen presentation
[60], [61] and [62]. It has been reported that DOX enhances
ubiquitin-proteasome system (UPS)-mediated proteolysis in the
heart, suggesting that altered function of the UPS may also be an
important mechanism for acute cardiotoxicity of DOX [63]. In
the present study, DOX treatment differentially regulated 116
molecules in the hearts and 119 molecules in PBMC: associated
with this pathway.

The PISK/AKT pathway signaling plays a central role in
apoptosis, inflammation, and cytoskeletal reorganization [64] and
[65]. It has been suggested that PISK-AKT signaling pathway is
critically involved in DOX-induced cardiac hypertrophy [66]. In
the present study, DOX treatment differentially regulated several
genes in the PISK-AKT pathway which were associated with
apoptosis of ventricular myocytes, hypertrophy of ventricular
myocytes, systolic dysfunction of the left ventricle and acute
myocardial infarction (Fig. 8C).

PLOS ONE | www.plosone.org

Functional analyses comparison of datasets. The func-
tional analysis and the comparison among the three datasets
revealed changes in the biological states across the datasets and
helped us to understand cardiomyoctes’ and PBMCs’ cellular
response to DOX in terms of biological processes, clinical
pathological end-points, diseases and pathways. Figure 9 shows
the comparison of the top 12 bio-functions (Fig. 9A) and top 12
tox-functions (Fig. 9B) of the three datasets. The most significantly
affected top bio-function in the SDRG dataset, as well as in the
other two datasets was associated with cell death/apoptosis (Table
S4). The top significantly affected tox-functions of the three
datasets were also associated with cell death/necrosis of the heart,
liver and kidneys (Table S5). These results are in agreement with
the data presented in recent reviews on DOX-induced cardiotox-
icity, which indicate that DOX cardiotoxicity is multifactorial
[67], [68] and that cardiomyocyte death by apoptosis and necrosis
1s a primary mechanism of DOX-induced cardiomyopathy [69].

Biomarkers of cardiovascular diseases

A search in the IPA database for potential biomarkers of
cardiovascular disorders and diseases, including cardiomyopathy,
heart failure, ischemia, coronary artery disease, hypertension and

November 2012 | Volume 7 | Issue 11 | e48398
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Figure 7. Global Canonical Pathway analysis and comparison of the most significantly enriched canonical pathways that were
significantly differentially regulated in the heart vs cont, PBMC vs cont and SDRG datasets. Data sets were analyzed by the IPA software
(Ingenuity® Systems, http://www.ingenuity.com). The significance is expressed as a P-value, which was calculated using the right-tailed Fisher's Exact

Test. Threshold: P<<0.05. The full size figure is available as Figure S1.
doi:10.1371/journal.pone.0048398.9g007

cardiac hypertrophy within the SDRG dataset produced 188
molecules (Table S6). Figure 10 shows the top bio-function (A) and
top tox-function (B) of the biomarker genes filtered from the
SDRG gene dataset. Most of the genes within this dataset were
reported to affect cardiovascular diseases. Based on the published
data, the IPA predicted bio-functions include decreased transcrip-
tion and expression of RNA; increased hyperplasia, inflammation,
connective tissue growth and lipids; and decreased quantity of
myeloid cells. IPA predicts a stimulation of cardiovascular disorder
development due to the significant down-regulation of the
following genes: MDM2 [70], RAF1 [71], HDAGC5 [72],
NAMPT, [73], PDPK1 [74], MAPK14 [75], JUND [56], TFAM
[66], NT5E and DUSPI1 [76], SODI [77], SOD2 [78], TXN2
[61], MIF [79], PRNP [80], CTNNALI [81], FHL2 [82], PPP3CA
[83], CBR1 [84] and IGF2R [85]. The two up-regulated genes in
this dataset, SI00A8 and S100A9 have also been associated with
cardiovascular diseases. Increased levels of ST00A8 (calgranulin A
or migration inhibitory factor-related protein 8; MRP-8) and its
binding partner S100A9 (calgranulin B, or MRP-14), members of
the S100 calcium-binding family of proteins were reported in

PLOS ONE | www.plosone.org

cardiovascular diseases [86], inflammatory and autoimmune states

[87], [88].

QPCR analysis of selected genes

Using QPCR, a comparison between the gene expression
regulation of the heart and PBMC was performed in order to
confirm the similarities in gene expression detected with gene
expression arrays. Several genes were selected for QPCR from the
list of SDRG and were amplified. The results presented on
Figure 11 confirmed the data from the microarrays.

Discussion

DOX-based chemotherapy has greatly increased the number of
long-term cancer survivals but has also lead to an increasing
number of patients experiencing DOX-induced cardiotoxicity.
Identification of biomarkers of individual patient sensitivity to the
cardiotoxic effects of DOX could improve the safety of chemo-
therapy.

The present study aimed to determine the feasibility of using the
peripheral-blood transcriptome as a potential “surrogate” bio-

November 2012 | Volume 7 | Issue 11 | e48398
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Figure 8. Graphical representation of NRF2-mediated oxidative stress response pathway (A), protein ubiquitination pathway (B)
and PI3K/AKT canonical pathways (C), (IPA), overlaid for cardiovascular disease. Green-notes indicate down-regulated gene.

doi:10.1371/journal.pone.0048398.9g008

marker of pre-symptomatic detection of DOX-induced cardiotox-
icity. We have used a rat model of DOX-induced cardiotoxicity,
which resembles the physiological and histological findings in
patients [89], [90], [91]. We have analyzed >22,000 transcripts in
the hearts and PBMCs of rats 48 hours after a single dose (12 mg/
kg) of DOX, similar to the single dose of DOX (often one of
several doses over time) used in the treatment of human cancer
(65-75 mg/m?) [30]. A large number of DRG (45%48% of the
expressed genes being identified as significant, FDR<C0.03, fold
change >2) were identified in both heart and PBMC. The analysis
of heart and PBMC DRG showed their association with multiple
pathways, the 5 most significantly affected in the heart being
mitochondrial dysfunction, protein ubiquination, NRF2-oxidative
stress response, oxidative phosphorylation and EIF2 signaling; and
in PBMC they were protein ubiquination, CD28 signaling in T
helper cells, T cell receptor signaling, NRI2-mediated oxidative
stress response and purine metabolism. The 2,411 SDRG, which
were 26.4% of the expressed genes were associated with NRF2-
mediated oxidative stress response, protein ubiquination, PI3K/
AKT signaling, production of nitric oxide and purine metabolism.
Opverall, the comparison of the three datasets, heart DRG, PBMC
DRG and SDRG showed that oxidative stress-related pathways
were key pathways affected by DOX. These results are in
agreement with studies showing that a critical mechanism of DOX
cardiotoxicity is the free radical-induced oxidative stress and
reactive oxygen species (ROS) [92], [93] and [94]. The oxidative
damage of tissues that have abundant antioxidant enzymes are
usually protected from oxidative damages. The heart however,
contains low levels of those enzymes which renders it vulnerable to
free radical damage or cardiotoxicity [95]. It has been reported
that the level of DOX-induced oxidative stress was found to be up
to 10 times greater in the heart than in the liver, kidney or spleen
[96] and [97]. Recent reviews [66] and [98] state that DOX-
induced cardiomyopathy is likely a result of the summation and
mutual feedback of diverse processes such as oxidative stress
involving ROS and iron, inhibition of nucleic acid and protein
synthesis; release of vasoactive amines; changes in adrenergic
function and adenylate cyclase; abnormalities in Ca®* handling;
activation of innate immunity, activation of the ubiquitin-
proteasome system, downregulation of pro-survival gene (NRG1
and ErB4) expression, and impaired cardiac repair due to
inhibition of bone marrow, cardiac progenitor cell, and/or
endothelial cell function. It is generally accepted that the
mechanisms of antitumor action of DOX are distinct from the
mechanisms of its cardiotoxicity. The mechanisms of antitumor

A

activity are thought to be due to the DNA damage and inhibition
of cell replication of highly proliferative tumors that include
intercalation into DNA, and interference with DNA unwinding or
DNA strand separation via inhibition of topoisomerase II, all of
which result in apoptosis [99] and [100]. Since adult cardiomy-
ocytes are terminally differentiated with minimally replicative
capacity they should be resistant to the antimitotic mechanisms of
DOX [101].

The analysis of the SDRG dataset in the present study using
IPA software identified a set of 188 genes potentially indicative of
cardiovascular disease. Most of these genes were reported to affect
cardiovascular diseases via decreased transcription and expression
of RNA; increased hyperplasia, inflammation and growth of
connective tissue cells; increased quantity of lipids and decreased
quantity of myeloid cells. Vanburen et al [102] identified a blood
cell gene expression signature consisting of 197 “mortality genes”
associated with chronic heart failure (CHF) in 71 patients. Several
of the genes reported in their study were in fact similarly
differentially downregulated in our present study, including
CALMI1 (calmodulin 1), PRKCA (Protein kinase C, alpha),
PRKCB (Protein kinase C, beta) and PRKCH (Protein kinase
Q). A study by Blanco et al. [84] found that single polymorphism
in the CBR3 gene was associated with a dose-dependent risk of
anthracycline-related cardiomyopathy in childhood cancer survi-
vors. A recent review on S100A8 and S100A9 involvement in
cardiovascular biology and disease indicate that increased plasma
levels of ST00A8/A9 predict cardiovascular events in humans, and
deletion of these proteins partly protects mice from atherosclerosis
[103]. Increased plasma levels of SIO0A9 was a predictor for
future nonfatal myocardial infarction among healthy women [104]
and S100A8/A9 heterocomplex was found to be an early marker
for detection of acute coronary syndrome [105]. Studies in mice
indicate that S100A8/9 might contribute to cardiovascular
dysfunction resulting from sepsis [106] and atherosclerosis [107].
Using a cDNA array with 13,000 features representing more than
5,000 genes cloned from skeletal and cardiac muscle Yi et al. [108]
determined the cardiac gene expression profiles of 2 mouse models
of DOX-induced cardiomyopathy: an acute model in which the
mice were treated with a single injection of 15 mg/kg DOX and a
chronic model, in which the mice received 3 mg/kg DOX weekly
for 12 weeks. The acute model showed a greater number of
dysregulated genes (90 genes) than did the chronic model (23
genes) and most of the transcripts rapidly reverted to baseline with
a time course similar to the half-life clearance of the drug. Most of
the regulated genes in both models fall into similar functional
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Figure 9. Global functional analysis and comparison of the three datasets. The significance value associated with a function in Global
Analysis is a measure of probability that genes from the dataset under investigation participate in that function. (A) Bio-function analysis and

comparison; (B) Tox-function analysis and comparison.
doi:10.1371/journal.pone.0048398.9g009
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categories: 1) metabolism and oxidative stress response proteins; 2)
signal transduction proteins; 3) apoptotic factors; and 4) cardiac
muscle structural proteins. Berthiaume and Wallace [109]
determined the transcription profile of late DOX-induced
cardiotoxicity in rats and showed that a major element of
persistent DOX  cardiotoxicity is the modulated expression of
mitochondria-related transcripts. The present study has provided a
global i viwo expression profiling and pathway analysis of early
DOX-induced gene perturbation in the hearts and PBMC
induced by DOX. It has generated comprehensive information
on the biological mechanisms that are related to DOX cardio-
toxicity and confirmed the data accumulated by multiple studies
that DOX' cardiotoxicity is multifactorial with oxidative stress
playing a predominant role. We have identified a large number of
SDRG associated with multiple pathways and a group 188 SDRG
potentially indicative of cardiovascular disease.

Conclusion

In conclusion, this study provides important information about
the feasibility of using the PBMC as a surrogate marker for DOX-
induced cardiotoxicity. We have identified a PBMC transcriptome
signature induced by a single dose of DOX similar to the single
dose administered in humans, indicating that blood cell gene-
expression profiling may serve as a biomarker for early detection
of DOX-induced cardiotoxicity. The data obtained lay a
foundation for future clinical studies to analyze the gene
expression of cancer patients treated with DOX-based chemo-
therapy. Significantly, the analysis of the differential gene
expression in PBMC might reveal indicators of subtle injury to
the heart induced by the initial, low dose of DOX which does not
result in clinically sufficient toxicity as defined by the methods
currently used in oncologic practices.
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