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Abstract

Several front-line chemotherapeutics cause mitochondria-derived, oxidative stress-mediated cardiotoxicity. Iron chelators
and other antioxidants have not completely succeeded in mitigating this effect. One hindrance to the development of
cardioprotectants is the lack of physiologically-relevant animal models to simultaneously study antitumor activity and
cardioprotection. Therefore, we optimized a syngeneic rat model and examined the mechanisms by which oxidative stress
affects outcome. Immune-competent spontaneously hypertensive rats (SHRs) were implanted with passaged, SHR-derived,
breast tumor cell line, SST-2. Tumor growth and cytokine responses (IL-1A, MCP-1, TNF-a) were observed for two weeks
post-implantation. To demonstrate the utility of the SHR/SST-2 model for monitoring both anticancer efficacy and
cardiotoxicity, we tested cardiotoxic doxorubicin alone and in combination with an established cardioprotectant,
dexrazoxane, or a nitroxide conjugated to a triphenylphosphonium cation, Mito-Tempol (4) [Mito-T (4)]. As predicted, tumor
reduction and cardiomyopathy were demonstrated by doxorubicin. We confirmed mitochondrial accumulation of Mito-T (4)
in tumor and cardiac tissue. Dexrazoxane and Mito-T (4) ameliorated doxorubicin-induced cardiomyopathy without altering
the antitumor activity. Both agents increased the pro-survival autophagy marker LC3-II and decreased the apoptosis marker
caspase-3 in the heart, independently and in combination with doxorubicin. Histopathology and transmission electron
microscopy demonstrated apoptosis, autophagy, and necrosis corresponding to cytotoxicity in the tumor and
cardioprotection in the heart. Changes in serum levels of 8-oxo-dG-modified DNA and total protein carbonylation
corresponded to cardioprotective activity. Finally, 2D-electrophoresis/mass spectrometry identified specific serum proteins
oxidized under cardiotoxic conditions. Our results demonstrate the utility of the SHR/SST-2 model and the potential of
mitochondrially-directed agents to mitigate oxidative stress-induced cardiotoxicity. Our findings also emphasize the novel
role of specific protein oxidation markers and autophagic mechanisms for cardioprotection.
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Introduction

Many of the most commonly used anticancer agents induce

cardiac toxicity as a dose-limiting side effect [1]. Anticancer

therapies that are known to cause cardiac side effects originate

from a wide array of drug classes, from anthracyclines such as the

topoisomerase II poison doxorubicin to protein-based drugs such

as interleukin-2 and trastuzumab [2,3]. Because there is no well-

defined predictor of whether an anticancer agent will induce

cardiac toxicity while reducing tumor burden, often these

deleterious side effects are only discovered late in the drug

development process or after years of use in the clinic [4].

Doxorubicin increases reactive oxygen species (ROS) levels in the

mitochondria through selective sequestering, redox cycling, and an

iron-mediated mechanism. ROS-induced protein carbonylation is

one of the most physiologically-relevant oxidative modifications of

proteins because it marks affected proteins for proteosomal

degradation [5]. The protein damage caused by oxidative stress

is directly correlated with the increased number of carbonyl

groups in proteins [6]. Since cardiac cells have lower levels of

antioxidant defenses including superoxide dismutase (SOD) and

catalase, the heart is extremely sensitive to ROS [7]. Dexrazoxane

is an iron chelator that prevents oxidative stress and helps to

mitigate the cardiotoxic effects of doxorubicin [8]. Dexrazoxane

does not appear to affect the anticancer ability of doxorubicin in

the clinic [9].

One limitation in our ability to evaluate cardioprotective

anticancer agents is the lack of physiologically-relevant and

immune-proficient animal models that can simultaneously address

anticancer efficacy and monitor changes in adverse cardiac effects.

Typically, animal studies have relied on two different systems for

independently assaying anti-tumor and cardioprotective potential.

For example, the xenografted nude mouse is typically used to

determine antitumor activity while the spontaneously hypertensive

rat (SHR) is the common model for cardiotoxicity studies [10].

The SHR model has demonstrated good correlation between

cardiomyopathy induced by anthracyclines and increases in serum

levels of cardiac troponin-T, a standard biomarker of cardiotox-

icity [11,12]. While the Fisher and Wistar rat models have been

applied to the study of tumor reduction and cardiotoxicity

previously, the SHR model is uniquely suited for cardiac studies

because of the low inter-individual variation, uniform polygenic

disposition, and well-characterized biochemical responses to

anthracycline toxicity [11,13–15]. The SHR is also considered

advantageous because the highly reproducible cardiac lesions and

organ damage that develop in this animal in response to

anthracyclines are similar in both degree and type to humans

[14,15]. Finally, SHRs are suitably sized to obtain enough serum

to allow low-abundance biomarker analysis [16]. However, the

SHR model had not been fully developed for its ability to study

both tumor reduction and cardiotoxicity. As such, the SHR model

was instrumental in supporting the use of dexrazoxane as a

cardioprotectant in humans [17].

Because it is critical to understand the interplay between cardiac

health, the immune system, and tumor response in order to

develop cardioprotectants, we optimized the immune-competent

SHR model to assess both the cardiac safety and anticancer

efficacy of drugs. The immune system, particularly in the tumor

microenvironment, plays a crucial role in modulating tumor

progression and response to therapy [18]. The syngeneic breast

tumor cell line SST-2 has been previously used for studying

anticancer immune responses and metastasis but not applied to

the study of cardiotoxicity mechanisms or the development

of cardioprotective and chemotherapeutic strategies [19–22].

Because the SHR/SST-2 model has a competent immune system

and displays successful tumor uptake, we hypothesized that it

would allow physiologically-relevant monitoring of cardiac toxicity

in addition to antitumor activity. We further hypothesized that

cytotoxic mechanisms in the heart and tumor are likely a

combination of apoptosis, autophagy, and necrosis. As autophagy

is a known survival mechanism, we tested whether tissues exhibit

levels of autophagy or apoptosis that are reflective of the

cytoprotective or cytotoxic outcome [23,24]. In order to validate

our animal model, we used doxorubicin as a positive control due

to its well-known anticancer and cardiotoxic effects.

Dexrazoxane is currently used in combination with doxorubicin

for cardioprotection [25]. However, there is a need for better

cardioprotectants because dexrazoxane does not eliminate the

potential for cardiomyopathy by anthracyclines and newer

anticancer agents that cause cardiotoxicity, such as trastuzumab,

interleukin-2, and tyrosine kinase inhibitors, which are not known

to elicit cardiotoxicity through iron-mediated oxidative stress [26–

28]. In addition to testing dexrazoxane and the autophagic

response in the SHR/SST-2 model, the novel therapeutic

mitochondrialy-targeted Tempol (Mito-T) was also investigated.

Tempol is a well-known SOD mimetic that has been examined

previously as an antioxidant and radio-protectant [29]. Tempol

has also been shown to alleviate oxidative stress and cardiac

toxicity induced by doxorubicin in rats [30]. Mito-T (4) consists of

the tempol moiety bound to a triphenylphosphonium cation that

serves to drive the molecule into the mitochondria. Mito-T (4) also

has the advantage of being capable of rapid uptake and recycling

by the mitochondrial respiratory chain [31]. Thus, Mito-T (4)

might be especially efficacious in mitochondria-rich organs such as

the heart, which are considered the source of damaging excess

ROS by doxorubicin [32].

Results of our study indicate that the dual-purpose SHR/SST-2

experimental system is able to accurately reflect both the

antitumor activity and cardiotoxicity of therapeutics. In addition

to novel findings of cardioprotection by Mito-T (4), we identify the

mechanisms by which autophagy and protein oxidation might

impact cardiac cell survival.

Materials and Methods

Chemicals
The compounds dexrazoxane and doxorubicin were purchased

from Pharmacia Laboratories (Columbus, OH). Mito-T (4) was

synthesized as described below.

Synthesis of Mito-T (4)
Mito-T (4) synthesis involves three steps as shown in the scheme

provided in Figure S1. In the first step, 1.72 g of Tempol was

refluxed in benzene (100 ml) with 0.5 g of sodium hydride (60%

suspension in paraffin oil) under a nitrogen atmosphere for 24 h.

In the second step, the reaction mixture was cooled in an ice bath

and 6 g of 1,4-dibromobutane was added to the mixture and

further refluxed for 24 h. The reaction mixture was again cooled

and 10 ml of water was added carefully to neutralize the excess

sodium hydride. After adding 50 ml of ether, the mixture was

shaken in a separatory funnel with 50 ml water. The organic layer

was collected and solvent removed to obtain a red oil. This oil was

purified on a column of silica gel 60 and first eluted with hexane to

remove the excess of dibromobutane. The desired product

bromobutylether of Tempol was eluted with a mixture of ether

and hexane (1:1) as a slow moving orange band. The homoge-

neous fractions were collected and solvent removed to get the pure

product as a red oil (2.0 g). In the third step, the bromobutylether
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of Tempol (2 g) and triphenylphosphine (2 g) were taken in a flask

and 10 ml of dioxane was added and heated under a nitrogen

atmosphere for 48 h in an oil bath kept at 90uC. The solvent was

removed by blowing nitrogen gas and stirred with 50 ml of dry

ether to get a precipitate of Mito-T (4) as a semisolid. The ether

was decanted off and the residue was dissolved in 5 ml of

dichloromethane to obtain a red solution. This solution was added

drop-wise to ether (50 ml) while stirring and the precipitated

product was separated by decantation. This process of precipita-

tion from ether was repeated for a total of four times to obtain a

pure Mito-T (4) (3.0 g) as a brown hygroscopic powder. The purity

of the product was ascertained by performing HPLC and LC/MS

(mass = 489.282, Figure S1).

Cell culture
Rat breast cancer cells (SST-2) were obtained from Dr. Nozomu

Koyangi (Eisai Co., Ltd. Clinical Research Center, Tokyo, Japan)

and maintained in RPMI medium containing 5% heat-inactivated

fetal bovine serum (FBS), 2 mM L-Glutamine, 1 mM sodium

pyruvate, and 50 mM b-mercaptoethanol at 37uC in 5% CO2

[33,34]. The SST-2 cell line was last authenticated in August 2011

by RADIL at the University of Missouri (now IDEXX RADIL,

Columbia, MO). The mycoplasma- and viral contaminant-free

status was also confirmed at the same time by RADIL.

Animals
Female SHRs (10 weeks of age) were obtained from Harlan

Laboratories, Inc. (Indianapolis, IN) and were housed individually

in an environmentally controlled room (18–21uC, 40–70% relative

humidity, 12-h light/dark cycle). The study commenced after a 7-

day acclimation period. Rats were fed Certified Purina Rodent

Chow #5002 (Ralston Purina Co., St. Louis, MO) and water ad

libitum. The experimental protocol was approved by the Institu-

tional Animal Care and Use Committee, Center for Drug

Evaluation and Research, FDA, and conducted in an AAALAC-

accredited facility. All procedures for animal care and housing

were in compliance with the Guide for the Care and Use of

Laboratory Animals, 1996 (Institute of Laboratory Animal

Resources).

Animal study design
SHRs were subcutaneously implanted with exponentially-

growing SST-2 cells in the right mammary fat pad. The following

day, nine groups of 10 SHR each were treated with saline,

doxorubicin (10 mg/kg), Mito-T (4) (5 mg/kg or 25 mg/kg) or

dexrazoxane (50 mg/kg), alone or in combination with doxoru-

bicin, or received no treatment. Doxorubicin was administered

intravenously (IV) via the lateral tail vein. Dexrazoxane and Mito-

T (4) were given by intraperitoneal injection (IP) either alone or in

combination. The animals were observed for 14 days following

treatment during which they were weighed at days 7, 10, and 14.

After two weeks SHRs were euthanized under isoflurane

anesthesia. The heart was weighed and heart and tumor tissues

were frozen or fixed in 10% formalin solution for electron

microscopy. Two deaths were recorded in the 25 mg/kg Mito-T

(4) and doxorubicin combination treatment group.

Clinical chemistry and hematology analysis
At necropsy, blood samples were collected from the inferior

vena cava into blood collection tubes and centrifuged to obtain

serum samples. Clinical chemistry determinations were performed

using the VetScan Analyzer (Abaxis, Inc., Union City, CA). An

aliquot of whole blood was also collected in order to assess various

hematological parameters (Abaxis, Inc.).

Histopathological studies
Portions of the hearts were embedded in glycol methacrylate

plastic resin, sectioned (1 mm) and stained with toluidine blue.

Other portions of the heart were embedded in paraffin, cut into

5 mm sections, and stained with hematoxylin and eosin. Histolog-

ically, cardiac sections were scored (0 to 3) for cardiomyopathy

(cardiomyocyte cytoplasmic vacuolization and myofibrillar loss) by

a board-certified veterinary pathologist using a previously reported

scoring system [12,35]. A ranked score approach of the ordinal

data obtained from the lesion scores was used. For the histology

scoring, a non-parametric test (Mann-Whitney U test) was applied.

Using the raw data from each animal group (n = 5), the significant

groups are ranked 1–4 when compared to saline. The two groups

ranked 5–6 are not significantly different from the saline control

(p,0.05).

Analysis of Mito-T (4) in mitochondrial fractions from cells
and tissues

Sample preparation. Tissue samples (heart or tumor) were

placed in bead homogenizer tubes (100–200 mg of wet tissue per

tube) with 3 ceramic beads (2.8 mm) and 0.5 ml of homogeniza-

tion medium (220 mM mannitol, 70 mM sucrose, 10 mM

HEPES, and 2 mM EDTA at pH 7.4). Samples were homoge-

nized with Bead Ruptor 24 homogenizer (Omni International,

Kennesaw, GA) and transferred to 1.5 mL centrifuge tubes. Cells

were lysed in the same homogenization medium by drawing cell

suspension 20 times through an 28G1/2’’ insulin syringe. Tissue

homogenates and cell lysates were centrifuged for 10 min at 600 g

and 4uC to remove cell/tissue debris and nuclear fraction.

Supernatants were collected and centrifuged again for 10 min at

15,000 g and 4uC to isolate mitochondria. The supernatant was

removed and mitochondrial pellet was resuspended in 200 ml of

the homogenization medium and sonicated for 1 min. The

mitochondrial homogenate was taken for protein assay and the

remainder was used for extraction of Mito-T (4) in a 2:1

dichloromethane-methanol mixture. The extraction was repeated,

organic layers combined, and the solvent was removed with

SpeedVac (Thermo Fisher Scientific Inc., Waltham, MA).

Immediately before LC-MS analysis the dry residue was dissolved

in 100 ml of a 1:1 water-methanol mixture spiked with n-

butyltriphenylphosphonium bromide as an internal standard.

The solution was vortexed for 10 min and centrifuged for

30 min at 20,000 g and 4uC. The supernatant was transferred

into HPLC vials and analyzed by HPLC-MS/MS.

LC-MS/MS analysis. Mito-T (4) was analyzed using the

Nexera UHPLC system equipped with a UV-Vis absorption

detector and LC-8030 triple quadrupole mass detectors (Shi-

madzu, Columbia, MD). Samples were injected into the Kinetex

Phenyl-Hexyl column (Phenomenex, Torrence,CA), which was

pre-equilibrated with a 9:1 water-acetonitrile mixture containing

0.1% formic acid. Analytes were eluted by an increase in the

fraction of acetonitrile from 10 to 60% over 4 min. Mito-T (4) was

detected by monitoring an MRM transition 489.0 R 474.2 and

eluted at 2.82 min and n-butyltriphenylphosphonium was detect-

ed using a transition 319.10 R 183.0 (retention time of 2.56 min).

Immunocytochemical analysis
Tissues were touch-printed onto slides, fixed with 4% parafor-

maldehyde, and permeabilized with 70% ethanol as described

previously [36]. Slides were stained with the rabbit anti-c-H2AX
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PLOS ONE | www.plosone.org 3 August 2013 | Volume 8 | Issue 8 | e70575



(1:500) (Novus, Littleton, CO) and Alexa-Fluor 488 anti-rabbit

secondary antibody (Molecular Probes, Eugene, OR). Cells were

visualized with green, DAPI, or phase contrast filters using a 406
objective on a Zeiss LSM510 laser scanning confocal microscope

(Carl Zeiss Microimaging, Thornwood, NY). Image analysis was

performed using the Adobe Photoshop suite (Adobe Systems Inc,

San Jose, CA). Active caspase-3 staining of paraffin-embedded

tissue sections was performed by Immunostain (Derwood, MD).

Protein extraction from rat tissue
Approximately 100 mg of tissue was excised from each frozen

rat heart. The tissues were washed with PBS containing protease

inhibitors, phosphatase inhibitors, and 1 mM diethylene triami-

nepentaacetic acid (DTPA). The samples were then homogenized

in RIPA buffer (25 mM TrisCl, pH7.6, 150 mM NaCl, 1% NP-

40, 1% sodium deoxycholate and 0.1% SDS) containing protease

inhibitors, phosphatase inhibitors, and 1 mM DTPA. Superna-

tants were collected and SDS was added to a final concentration of

3%. Protein quantification was performed using a BCA protein

assay kit (Thermo Scientific, Rockford, IL).

Western blotting
Total protein (30 mg) was loaded and resolved in a Novex 4–

12% Bis-Tris gel in MES SDS running buffer (Life Technologies,

Grand Island, NY). Protein was transferred to an Immobilon-P

PVDF membrane (Millipore, Billerica, MA) and probed with

either anti-LC3-II (Novus Biologicals, Littleton, CO) or anti-

GAPDH (Imgenex, San Diego, CA) as a loading control.

Caspase-3 fluorometric assay
A fluorometric immunosorbent enzyme assay kit was used to

detect activity of caspase-3 as described by the manufacturer

(Roche Applied Science, Indianapolis, IN). Briefly, whole cell

lysates were used for capturing caspase-3 on an anti-caspase-3

coated microplate well. The captured protein was then incubated

with caspase substrate Ac-DEVD-fmk. The increased fluorescence

corresponded to free AFC dye, indicating enzymatic activity.

Transmission electron microscopy
Animal tissue samples were fixed with 4% formaldehyde and

2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2 (Tousimis,

Rockville, MD) and trimmed to about 1.0–2.5 mm3 thickness.

Tissue blocks were postfixed in 1% osmium tetroxide for 1 h and

en bloc stained in 0.5% uranyl acetate for 1 h. The samples were

then dehydrated in a graded series of 35, 50, 70, and 100%

ethanol and exchanged for propylene oxide. The tissue samples

were then infiltrated with 1:1 propylene oxide and epoxy resin

overnight, allowing for evaporation of propylene oxide, and finally

embedded in 100% epoxy resin the next day. Polymerization of

resin was cured for 3 d at 55uC. Thin sections of 70–90 nm were

cut on an Leica UC6 ultramicrotome (Leica Microsystems, Buffalo

Grove, IL), stained with uranyl acetate and lead citrate, lightly

carbon coated, and imaged in a Hitachi 7650 transmission

electron microscope (Hitachi High-Tech, Schaumburg, IL)

operating at 80 kV. Images were taken with an AMT digital

camera (Advanced Microscopy Techniques, Woburn, MA).

8-hydroxy-29-deoxyguanosine (8-oxo-dG) ELISA
The concentration of 8-oxo-dG in serum samples was measured

using an in vitro enzyme-linked immunosorbent assay (ELISA) kit

method (Trevigen, Gaithersburg, MD). The serum samples were

thawed and diluted five fold. An equal volume of monoclonal

antibody and sample or standard (50 mL) was added in a 96-well

microplate precoated with 8-oxo-dG. The plate was incubated at

room temperature for 1 h and washed. HRP-conjugated second-

ary anti-mouse antibody (100 mL) was then added to each well and

incubated for 1 h at room temperature. Upon removing the

antibody, 100 mL of tetramethylbenzidine substrate was added to

each well and incubated for 15 min at room temperature, before

the reaction was stopped with the addition of 100 mL of an acid

stop solution. Absorbance was measured with a spectrophotometer

at 450 nm and the concentration of 8-oxo-dG in each sample was

calculated by comparison to the standard curve.

Determination of total protein carbonylation
Serum protein carbonylation was determined by using a

modified procedure based on DNPH-derivatization as previously

published [6,37]. Approximately 5 mg of total serum protein for

each treatment sample was treated with 6% SDS in a 15 mL

volume. An equal volume of 20 mM 2,4-dinitrophenyl hydrazine

(DNPH) in 10% TFA was added and incubated at room

temperature for 10 min. The reaction was neutralized with

14.5 mL of 2 M Tris in 30% glycerol and 7% 2-mercaptoethanol,

and ran on two identical gels. One gel was used for coomassie

staining for total protein quantification and another gel was used

for Western blot analysis to determine the total protein carbon-

ylation. After overnight transfer at 30 V, the membrane was

blocked for one hour with blocking buffer (LI-COR, Lincoln, NE).

The membrane was treated with goat anti-DNP primary antibody

(Bethyl Laboratories Inc., Montgomery, TX) followed by donkey

anti-goat IRDye 800CW secondary antibody (LI-COR, Lincoln,

NE). DNP-derivatized carbonylated proteins were detected using

the Odyssey infrared imaging system (LI-COR, Lincoln, NE).

Quantitation of total protein and carbonylated protein was

performed by densitometric analysis of the entire lane for gel

staining and Western blot using Odyssey software. Densitometric

values for protein carbonylation were normalized to total protein

for the corresponding sample to calculate the relative protein

carbonylation.

Detection of carbonylated protein using 2D-gel
electrophoresis

2D-gel electrophoresis for each serum sample was performed

using the previously published protocol with minor modifications

as described [38]. Serum samples were denatured in 6% SDS and

treated with 20 mM DNPH in 10% TFA to a final concentration

of 10 mM DNPH and incubated for 10 min at room temperature.

Proteins were precipitated with trichloroacetic acid (TCA) to a

final concentration of 20% for 15 min on ice. Upon centrifuga-

tion, precipitated proteins were washed with ethanol/ethyl acetate

mixture (1:1 v/v) three times. After the final washing, precipitates

were incubated with pre-chilled 90% acetone for 30 min on ice.

The acetone was then removed after centrifugation, the precip-

itates were allowed to air dry, and dissolved in rehydration buffer

composed of 7 M urea, 2 M thiourea, 2% CHAPS, 0.5%

ampholytes pH 3–10, and 0.002% (w/v) bromophenol blue.

Between 30–35 mg of sample was applied to a 7 cm IPG strip.

Strips were rehydrated overnight at room temperature. DTT

(50 mM) was added to the rehydration buffer just before

rehydrating the strips. The rehydrated IPG strips containing

samples were then isoelectrically focused on an IPGphor (General

Electric, Pittsburgh, PA). After isoelectric focusing, IPG strips were

equilibrated with equilibration buffer I (2% SDS, 50 mM Tris-

HCl pH 8.8, 6M urea, 30% (v/v) glycerol, 0.002% bromophenol

blue, and 1% DTT) followed by equilibration buffer II (2% SDS,

50 mM Tris-HCl pH 8.8, 6M urea, 30%(v/v) glycerol, 0.002%

bromophenol blue, and 2.5% iodoacetamide). Two-dimensional
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gel electrophoresis was performed on the strips to separate the

proteins according to molecular mass. Gel staining and Western

blot were performed using the procedure mentioned in total

protein carbonylation. Densitometric intensity of the major

carbonylated protein spots in the 2D-Western blots were divided

by the corresponding protein spots in the coomassie blue staining

gel to determine the carbonylation of corresponding proteins for

each of the drug treatments.

Protein identification
Five major proteins that showed significant differences in their

contents and carbonylation in serum with drug treatment were

selected for mass spectrometric analysis. Gel spots were excised

from the gel and digested with sequencing grade modified trypsin

(Promega Corporation, Madison, WI). Trypsin digested peptides

were subjected to LC-MS/MS analysis using the Q-TOF LC/MS

(Agilent Technologies, Santa Clara, CA). Peptide search and

protein identification was performed using the Spectrum Mill MS

Proteomic Workbench (Agilent Technologies, Santa Clara, CA).

Statistics
Differences in cardiac lesion scores between groups were

determined using the Kruskall-Wallis test (nonparametric analysis

of variance). Differences in the tumor growth inhibition, c-H2AX

nuclear foci formation, hematology indices, active caspase-3, and

serum levels of clinical chemistry analytes were compared using

Student’s t-test. The hematology indices and serum chemistry

analytes were compared between groups using Bonferroni’s

multiple comparisons test. A value of p#0.05 was considered

statistically significant.

Figure 1. Optimization of the syngeneic SHR/SST-2 model. A, Study design for the optimization and application of the syngeneic SHR/SST-2
model. SHRs were subcutaneously implanted with exponentially-growing SST-2 breast cancer cells in their right mammary fat pads. Doxorubicin and
dexrazoxane were used as control chemotherapeutic and chemoprotective agents, respectively. Mito-T (4) was tested as a chemoprotective agent. In
addition to overall tumor reduction and cardiac lesions, protein oxidation, DNA oxidation, autophagy, apoptosis, and necrosis were measured as
mechanistic endpoints. B, Tumors were measured at days 1, 7, 10, and 14. Results are expressed as tumor volume. C, Serum from control and tumor-
bearing SHRs was compared for levels of inflammatory cytokines, IL-1A, IL-4, IL-6, MCP-1, and TNF-a. Cardiac troponin T (cTnT) was compared as an
indicator of cardiac toxicity. Mean values from 30 animals per group are shown.
doi:10.1371/journal.pone.0070575.g001
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Results

Validation of the SHR/SST-2 animal model
The right mammary fat pad of each SHR was injected with

approximately 56105 SST-2 cells. Our experimental design is

shown in Figure 1A. The resultant SST-2-bearing SHRs (60

females), referred to from here on as SHR/SST-2, showed rapid

tumor uptake through day 14. Figure 1B shows the rate of tumor

growth in the SHR/SST-2 animal model in the absence of any

drug treatment. In addition to tumor growth, various hematolog-

ical indices were examined to confirm an immune response to the

tumor. Table S1 shows the hematological parameters that were

assessed. An expected increase in monocytes was observed in the

presence of tumor growth. Serum cytokine levels (Figure 1C) and

other serum chemistry markers (Table S2B) were compared

between control and tumor-bearing animals as indicators of

general homeostasis following tumor implantation. Two cytokines,

IL-1A and MCP-1, were increased in response to tumor

implantation at day 14 (Figure 1C) which is in agreement with a

tumor promoting role for IL-1A [39]. An increase in MCP-1 levels

in response to tumor presence has also been previously reported

[40]. The increase in IL-1A correlates with increased levels of

monocytes that were observed in tumor-bearing rats. In addition

to these hematological, immunological, and serum chemistry

analyses, visual assessment of the tumor showed no obvious signs

of necrosis at day 14 or tumor rejection, and several markers

(serum chemistry, hematology indices, and weights) demonstrated

that tumor uptake was normal. Table S1A shows the average

initial and final body weights as well as heart weight at necropsy on

day 14. The presence of the tumor alone appeared to have no

significant impact on the heart weight of the animals. A slight

increase in average heart size can be explained by the

corresponding increase in the average animal weight over 2 weeks.

Taken together these data indicate that the SHR model had

adequate and successful uptake of the SST-2 tumor.

Anti-tumor effects in the SHR/SST-2 animal model
Tumors were excised from 60 SHRs and were sub-cultured

prior to further implantation in new SHRs for the drug studies.

These new SHRs were then treated with the anthracycline

chemotherapeutic, doxorubicin. Doxorubicin has classically been

used to treat breast cancer, but its well-known cardiotoxicity is

usually dose-limiting [7]. Other compounds utilized in our

experiment include the iron chelator dexrazoxane and the recently

developed redox-active nitroxide tempol conjugated to a triphe-

nylphosphonium cation (TPP+), Mito-T (4). Mito-T (4) was tested

in our experiment because evidence indicates that mitochondrial

oxidative stress is a primary mechanism through which doxoru-

bicin exerts its cardiotoxic effects [41]. To test if Mito-T (4) can

accumulate in mitochondria, we analyzed mitochondrial fractions

from SST-2 cancer cells in vitro, as well as from tumor and heart

tissue in vivo, at different time points (up to 48 h) after

administration of the compound (Figure 2). In all cases Mito-T

(4) was detected in mitochondrial fractions and its content

decreased significantly after 24 h in cultured cells and after 48 h

in tissue samples in vivo. We observed a higher accumulation of

Mito-T (4) in cardiac samples than in cancerous samples. The

presented data confirm the ability of Mito-T (4) to accumulate in

cardiac and cancerous mitochondria in vitro as well as in vivo.

Both dexrazoxane and Mito-T (4) were tested in the SHR/SST-

2 system either alone or in combination with doxorubicin. We

hypothesized that ROS and DNA damage induced by doxorubi-

cin can result in cells activating survival pathways like autophagy

and/or cell death pathways such as apoptosis and necrosis; hence

we examined both cell survival and cell death pathways in both the

tumor and heart.

Table S2 shows the results of heart and body weight analyses

(Table S2A) as well as hematology (Table S2B) and serum

chemistry (Table S2C) data from the animals exposed to the

Figure 2. Accumulation of Mito-T (4) in mitochondria of heart
and tumor cells and tissue. A, SST-2 cells were incubated with
10 mM Mito-T (4) for the indicated period of time and collected. Mito-T
(4) was detected in isolated mitochondrial fractions by LC-MS/MS as
described in the Materials and Methods section. B, SHR rats were
implanted with SST-2 cells. Upon tumor growth of 1 cm3 over
approximately 6 days, animals were treated with 25 mg/kg Mito-T (4).
Necropsy was performed at 5, 24, and 48 h following administration of
Mito-T (4) and tissue was harvested and frozen. Tumor tissue was
homogenized and mitochondrial fraction assayed for Mito-T (4) content
by LC-MS-MS. C, Same as panel B, but mitochondria from heart tissue
were analyzed. All LC traces represent the MRM transition 489.0 R
474.2 and were scaled to the same protein level. The numbers with the
scale bars indicate differences in signal intensities between the panels
and relative to the signals from SST-2 cells (panel A).
doi:10.1371/journal.pone.0070575.g002
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indicated drug with superscripted annotations noting significance

as compared to a saline control. Doxorubicin in combination with

Mito-T (4) induced a significant reduction in body weight in

comparison to saline, doxorubicin, or Mito-T (4) alone. Weight

loss has been previously observed in response to the parent

compound of Mito-T (4), tempol, as well as with doxorubicin

[12,42]. No significant differences in the ratio of heart to body

weight were observed with the drug treatments (Table S2A). In

regards to hematology and serum chemistry, doxorubicin induced

an anticipated decrease in albumin as well as increases in blood

urea nitrogen and lipid levels (Table S2C). This was accompanied

by increased immune response observed by increased levels of

monocytes and granulocytes (Table S2B). These markers have

been demonstrated previously to be broad indicators of renal and

cardiac stress [43]. Low dose Mito-T (4) appears to have been able

to reduce some of the acute toxicity indices of doxorubicin,

specifically the lowered glucose in the serum, and altered

lymphocyte and granulocyte levels in the blood. Dexrazoxane

exhibited rescue of serum albumin, alanine l-transferase, total

bilirubin, glucose, and lipid levels. The lower dose of Mito-T (4)

was better able to normalize the hematological indices than the

higher dose. Overall, dexrazoxane appeared to mitigate the

hematology and serum chemistry markers of overt toxicity to a

greater extent than Mito-T (4).

Figure 3A shows the antitumor activity of dexrazoxane and

Mito-T (4), either alone or in combination with doxorubicin. As

expected, the front-line agent against breast cancer, doxorubicin,

reduced tumor size significantly over the 2-week experimental

period. Dexrazoxane alone reduced the average tumor size,

though not significantly, and it did not interfere with doxorubicin-

induced tumor reduction when tested in combination. Mito-T (4)

alone caused significant tumor reduction and appeared to increase

the anti-tumor effect of doxorubicin at both dose levels (5 mg/kg

and 25 mg/kg). The inset images of Figure 3A show representative

excised tumors from animals treated with saline or doxorubicin.

The induction of DNA damage in tumor tissue was assessed

using the c-H2AX assay to measure the average number of DNA

double-strand breaks (DSBs), expressed as the average c-H2AX

foci intensity per nucleus in Figure 3B [44]. Doxorubicin induced

significant DNA damage in the tumor tissue by day 14.

Dexrazoxane alone also increased the levels of c-H2AX in tumor

cells, while Mito-T (4) alone appeared to induce levels of DNA

DSBs in the tumor comparable to that of doxorubicin. The inset

images in Figure 3B show representative c-H2AX staining in

saline versus doxorubicin treated tumor tissues. The combination

of doxorubicin with dexrazoxane had lower levels of c-H2AX than

the combination with Mito-T (4), although both agents were able

to sustain tumor size reduction as seen in Figure 3A. The presence

of increased DNA DSBs as shown by c-H2AX staining has been

shown to be linked to increased oxidative stress [45]. The presence

of single-strand DNA breaks (SSBs) has also been linked to

increased oxidative stress in cells. Data from an alkaline comet

assay, which assesses both DSBs and SSBs, also were in agreement

with the c-H2AX findings (comet data not shown).

Figure 3C shows the fold increase in active caspase-3 that was

seen in the tumors of animals treated with the various drugs.

Doxorubicin-treated tumor lysates displayed an increased caspase-

3 activity compared to saline-treated tumor samples. Mito-T (4)

alone appeared to induce similar levels of caspase-3 as dexrazox-

ane, both at levels slightly above saline. The combination of either

dexrazoxane or Mito-T (4) with doxorubicin did not diminish the

apoptotic activity of doxorubicin. Thus, Mito-T (4) and dexrazox-

ane were able to sustain the DNA damage, apoptosis, and tumor

reduction of doxorubicin in tumor cells.

In order to provide a qualitative assessment of cellular response

mechanisms as well as mitochondrial health in response to

doxorubicin in our new animal model, transmission electron

microscopy (TEM) analysis was performed on tumor tissues.

Figure 3D shows tumor tissue in control versus doxorubicin

treated animals at both high and low magnification. The top row

contains high (left) and low (right) magnification images of a

control tumor cell (left) with an apparently normal nucleus (N) and

several mitochondria (M). The second row features high (left) and

low (right) magnification images of a tumor cell from a

doxorubicin treated animal in which the cell is evidently

autophagic. Vacuoles shown in the images illustrate that the cell

is undergoing typical autophagosome-mediated recycling. The

bottom row of Figure 3D shows low magnification TEM

demonstrating apoptosis (left) and necrosis (right) in doxorubicin-

treated tissue. Figure 3E also shows mitochondrial swelling in

doxorubicin-treated tumor tissue compared to saline control.

Arrows indicate mitochondria that are clearly swollen in the drug-

treated cells, confirming mitochondrial distress. A quantitative

comparison of the distribution of mitochondrial cross-sectional

area also indicated mitochondrial swelling to be statistically

significant in treated tumor cells (Figure S2). Thus, we are able

to confirm DNA damage, mitochondrial damage, apoptosis,

autophagy, and necrosis in tumor tissue exposed to doxorubicin.

We also demonstrate that both dexrazoxane and Mito-T (4)

enhance the antitumor effects of doxorubicin.

Cardiotoxicity and autophagy in the animal model
Cardiotoxicity in our animal model was assessed by histopath-

ological evaluation of cardiac sections with both hematoxylin and

eosin (Figure 4A) and toluidine blue staining (Figure 4B). Cardiac

sections were scored for the presence of lesions. The average score

and rank by average score are shown in Figure 4C. As expected,

doxorubicin induced the highest number of lesions, which were

mitigated by the addition of the known cardioprotectant

dexrazoxane. Notably, Mito-T (4) also appeared capable of

mitigating the cardiotoxicity of doxorubicin. Thus, in addition to

enhancing doxorubicin-mediated antitumor activity, Mito-T (4)

appeared to exhibit a cardioprotective effect in response to the

cardiotoxicity of doxorubicin.

One hypothesis for cellular protection during oxidative stress is

that increased autophagy might serve to protect tissues from other

forms of cell death such as apoptosis and necrosis and may help to

preserve tissue integrity. We therefore looked at the overall levels

of autophagy in the cardiac tissues of drug-treated animals.

Figure 5A shows representative Western blotting of the common

autophagy marker LC3-II from two representative heart tissue

lysates per treatment condition. The average LC3-II protein level

relative to a GAPDH loading control in cardiac tissues of test

animals is shown in Figure 5B. These data demonstrate that

doxorubicin causes a decrease in pro-survival autophagy in the

heart compared to the saline control. However, the combinations

of doxorubicin with dexrazoxane, or to a lesser extent Mito-T (4),

show higher levels of autophagy when compared to doxorubicin

alone.

While Western blotting showed that doxorubicin appeared to

reduce the level of autophagy in the heart, it appeared to increase

the level of apoptosis. Figure 5C shows active caspase-3 levels as

indicated by the intensity of HRP-tagged secondary antibody. The

data show an increase in apoptosis in response to doxorubicin

treatment that is not mirrored in the other drug-treated tissues. We

note that Mito-T (4) alone showed increased caspase-3 at the

25 mg/kg dose as a single agent, while the combination with

doxorubicin was lower than doxorubicin alone. These results may
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Figure 3. Tumor growth and response to chemotherapeutic and chemoprotective agents in SHR/SST-2 animals. A, SHRs were
implanted with SST-2 cells and 24 h later were administered either doxorubicin (10 mg/kg), dexrazoxane (50 mg/kg), Mito-T (4) (5 or 25 mg/kg), a
combination of doxorubicin and dexrazoxane, or a combination of doxorubicin and Mito-T (4). Each treatment group consisted of 10 animals. The
mean tumor volumes (mm3) measured 14 days after drug treatment are shown for each treatment group. The two inset images show representative
excised tumors from saline and doxorubicin-treated SHR/SST-2 animals. B, DNA damage by doxorubicin and chemoprotective agents was measured
in tumor cells by confocal microscopic detection of c-H2AX foci. Average foci intensity was measured in at least 100 cells per drug treatment
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observed from at least 10 representative fields. The data are represented as fold increase over no treatment tumor cells (Control). C, Active caspase-3
levels were assessed as a marker of apoptosis induction. Average fold increase is shown over saline control tumor tissue samples. * = statistically
significant compared to saline and ** = statistically significant compared to doxorubicin (A–C). D, Transmission electron microscopy analysis of tumor
samples from rats exposed to doxorubicin showing the formation of autophagic vacuoles (Autophagy panel), or nuclear condensation and
membrane blebbing (Apoptosis panel), and membrane breakdown (Necrosis panel). Saline treated (Tumor/Control panels) are shown as controls.
Representative low- and high-magnification images for the control and autophagic samples are shown for clarity. Mitochondria (labeled M), nucleus
(N), and fat bodies (FB) are labeled within the images. E, Swollen mitochondria following doxorubicin treatment (right) are indicated with yellow
arrows in comparison to mitochondria from saline-treated animals (left) indicated with white arrows. Scale bars and magnification are indicated on
each panel. Quantification of the mitochondrial cross-section areas is provided in Figure S2.
doi:10.1371/journal.pone.0070575.g003

Figure 4. Cardiotoxicity and cardioprotection in SHR/SST-2 animals. A–B, Representative photomicrographs of cardiac histological sections
are shown following either hematoxylin and eosin staining (panel A) or toluidine blue staining (panel B). C, Numerical cardiomyopathy scores
(maximum severity score = 3) are shown following analysis of each treatment group (n = 5). Please refer to the methods and results sections for
descriptions of the scoring method and treatment-induced cardiomyopathy, respectively.
doi:10.1371/journal.pone.0070575.g004
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indicate a shift in the balance of autophagy and apoptosis that

would result in cardiotoxicity in doxorubicin-treated animals.

However, the induction of apoptosis together with a reduction in

autophagy may be mitigated by the presence of the antioxidants

dexrazoxane and Mito-T (4).

DNA and protein oxidation in SHR/SST-2 serum
We next examined protein and DNA oxidation as potential

mechanisms though which cardioprotection or chemotherapeutic

outcome may be affected. Serum was chosen for its relative ease of

extraction in case clinically useful biomarkers were identified in

this study. In DNA, guanine is the nucleotide most prone to

oxidative damage. However, during DNA repair, oxidatively

modified 8-hydroxy-29-deoxyguanosine (8-oxo-dG) is removed.

Therefore, the amount of free 8-oxo-dG in the serum can be used

as an indicator of oxidative stress. Figure 6A shows a slight

increase in 8-oxo-dG levels in serum after doxorubicin treatment.

This effect appears to be mitigated with the addition of either

dexrazoxane or Mito-T (4), although the protective effect

appeared to be greater by dexrazoxane (not statistically signifi-

cant). We note that the basal levels of 8-oxo-dG in the saline-

treated animals were high and attribute this to the presence of the

tumor.

ROS-induced carbonylated proteins were DNP-derivatized and

analyzed by Western blotting using anti-DNP antibody (Figure 6B).

Total protein carbonylation in serum of doxorubicin-treated

SHRs was approximately two-fold higher than saline-treated

SHRs. Dexrazoxane and Mito-T (4) alone did not significantly

alter the total protein carbonylation. Consistent with an antiox-

idant cardioprotective mechanism for dexrazoxane, serum from

doxorubicin and dexrazoxane-treated animals showed a significant

decrease in total carbonylation when compared to doxorubicin

alone. Mito-T (4) in combination with doxorubicin showed a slight

but not-statistically significant decrease in carbonylation. To

further dissect the specific proteins that are oxidized and the

potential mechanistic differences between dexrazoxane and Mito-

T (4), the carbonylation of individual proteins were assessed using

2D-gel electrophoresis. Using the 2D-gel profiles, five major

proteins (haptoglobin, alpha-1-inhibitor 3, alpha-1 macroglobulin,

serum albumin, and serotransferrin) were identified as having

significantly changed protein levels and extent of carbonylation

(Figure 6C, 6D). Following doxorubicin treatment, albumin and

serotransferrin protein levels decreased in the serum and displayed

significant increases in their carbonylation (relative to protein

levels) compared to saline treated animals. Alpha-1-macroglobulin

and alpha-1-inhibitor 3 protein levels increased while exhibiting a

decrease in carbonylation levels. Doxorubicin in combination with

Figure 5. Autophagy and apoptosis in cardiac tissue after cardiotoxic and cardioprotective treatment. A, Western blotting of
autophagy-indicative lipidated LC-3 II protein in cardiac tissue samples. Protein extracts analyzed for LC3-II from two representative SHR/SST-2
animals per treatment group are shown. B, The mean LC3-II/GAPDH ratio in each treatment group by Western blotting analysis is shown.
Quantitation was performed by densitometric analysis of the LC3-II bands from panel A. GAPDH protein levels were used as a loading control. C,
Paraffin-embedded cardiac tissue were stained with anti-active caspase-3 antibody. The intensity of HRP-tagged secondary antibody was quantified
as an indication of active caspase-3 using the ScanScope software. Mean intensities are shown in the graph and derived from at least 10 images per
animal (5 animals per group). * = statistically significant compared to saline and ** = statistically significant compared to doxorubicin.
doi:10.1371/journal.pone.0070575.g005
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Mito-T (4) showed similar protein levels for albumin, serotrans-

ferrin, and alpha-1-macroglobulin but haptoglobin and alpha-1-

inhibitor 3 levels were elevated. Doxorubicin-induced carbonyla-

tion was decreased on haptoglobin and albumin in the serum

samples. Dexrazoxane in combination with doxorubicin displayed

reduced protein carbonylation for each of the proteins except

alpha-1-macroglobulin compared to doxorubicin-treated animals.

Mito-T (4) did not comparably reduce the oxidative damage

caused by doxorubicin in these plasma proteins. The slightly

different anti-oxidant properties of mitochondrially targeted Mito-

T (4) in heart tissues (Figure 5) compared to serum (Figure 6)

indicates that SOD mimetic Mito-T (4) may act differently at

cellular and extracellular levels than the iron chelating dexrazox-

ane.

Discussion

In this study, we endeavored to develop an animal model to

simultaneously investigate the antitumor and cardiotoxic activities

of drugs. The need for a model of this sort with a fully functional

immune system has been demonstrated by the trend of cancer

chemotherapies to induce cardiotoxicity in patients, regardless of

Figure 6. Oxidative damage to DNA and proteins in SHR serum. A, DNA oxidative modification as measured by 8-hydroxy-29-deoxyguanosine
levels in SHR serum using an ELISA assay. Average from at least 4 animals per group is shown B, Protein carbonylation of serum was measured as an
indication of protein oxidation. Serum samples (5 mg) from drug treated groups of animals were derivatized with DNP and electrophoresed on two
parallel gels for each experiment. One gel was stained with coomassie blue to determine total protein and the other gel was used for Western
blotting. Carbonylated proteins were detected using anti-DNPH antibody. Total serum protein carbonylation levels shown are relative values
compared to total protein carbonylation of the saline treated samples normalized to 1. Quantitation was performed by densitometric analysis of the
whole lanes for gel staining and Western blot. C, Representative 2D-gels from serum samples from drug treated, tumor bearing SST-2 rats are shown.
Left panels for each sample represent the coomassie gel staining and right panels represent the Western blot analysis using anti-DNP antibody. Spots
labeled 1–5 were the major serum proteins that exhibited significant changes in carbonylation and concentration comparing saline and doxorubicin.
The top four panels show the complete gel data for saline and doxorubicin samples, while the bottom eight panels show the significant spots from
other drug treated samples. The carbonylated proteins with the most appreciable changes were identified by LC-MS/MS analysis as haptoglobin (1),
alpha-1-inhibitor 3 (2), alpha-1-macroglobulin (3), serum albumin (4), and serotransferrin (5). D, Table shows relative protein content and specific
protein carbonylation in drug treated SHRs compared to saline treated rats determined by 2D-gel electrophoresis from panel C. Data are
representative of three animals analyzed per treatment group. E, Proposed model for pro-autophagic and anti-apoptotic mechanism of action for
dexrazoxane and Mito-T (4) in combination with doxorubicin.
doi:10.1371/journal.pone.0070575.g006
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drug class. An animal model could be used to test both anticancer

efficacy and cardiotoxicity, as well as to investigate the cellular

mechanisms behind these effects. In order to investigate cardio-

protective and antitumor effects in the same animal model, we

examined the acute toxicity from a cardiotoxic dose of doxoru-

bicin following implantation of SHR with a syngeneic breast

cancer cell line SST-2 [21,46]. The known cardiotoxic chemo-

therapeutic doxorubicin reduced tumor size and induced signif-

icant cardiac toxicity in our animals. Likewise, the iron chelator

dexrazoxane, previously shown to mitigate the cardiotoxicity of

doxorubicin, performed as expected. In addition to control

compounds, we also tested the novel antioxidant Mito-T (4) and

found that it has both anticancer and cardioprotective properties,

distinct from dexrazoxane. These results indicate that further work

on the mechanisms and utility of Mito-T (4) in the breast cancer

model is warranted. Our novel findings of autophagy, protein

oxidation, and identification of specific serum proteins that are

oxidized under cardiotoxic conditions provide potential leads for

subsequent work on the roles of these proteins in cardiotoxicity

and evaluation of their potential as clinical biomarkers.

In addition to helping to identify promising compounds for

future study, tissue analysis of our animal model has lead to a

model for the cellular interplay between antitumor activity and

cardiotoxicity in response to doxorubicin. Doxorubicin is known to

be both redox active and a potent inducer of DNA damage. In

separate studies, the oxidative stress and DNA damaging activities

of doxorubicin have been shown to result in the induction of

apoptosis, autophagy, and necrosis [47,48]. Our studies provide

concurrent and quantitative analysis of autophagy and apoptosis in

both cardiac and tumor tissue, while providing qualitative

evidence of necrosis in the tumor tissue. To our knowledge, this

is the first reported simultaneous measurement of autophagy and

apoptosis in heart and tumor tissues exposed to doxorubicin in a

physiologically-relevant animal model. In the heart, doxorubicin

appeared to cause a shift from autophagy to apoptosis, resulting in

cardiotoxicity (Figure 6E). Similar to the histopathology analysis,

TEM imaging revealed an increased number of lesions and less

regular striation patterns in doxorubicin-treated heart tissue

(Figure S3). Dexrazoxane and Mito-T (4) inhibit apoptosis and

induce the cell-protective autophagic pathway, thus mitigating

cardiac damage. In the tumor on the other hand, dexrazoxane and

Mito-T (4) induce apoptosis leading to increased tumor reduction

in combination with doxorubicin. Future work is required to

determine why different effects are found in different tissues, but it

is tempting to speculate that the higher endogenous baseline level

of ROS in the tumor might shift the balance toward cell death in

response to oxidative stress induced by doxorubicin. We confirmed

the anticancer potential of Mito-T (4) as a single agent in the NCI-

60 panel (Figure S4) and found that leukemia and breast cancer

cell line groups were more sensitive in the SRB assay than other

cell lines. Mito-T (4) resulted in a weight loss at the high dose of

25 mg/kg and when combined with doxorubicin at either dose

tested (Table S2A). This loss in weight is in agreement with

previous findings with tempol in C3H and CBA mice that showed

chronic supplementation of tempol reduced body weight without

toxicity while decreasing cancer and extending survival of mice

exposed to nonlethal total body radiation [49].

We also observed that dexrazoxane and Mito-T (4) exhibited

different mechanisms of cytotoxicity. Specifically, Mito-T (4) alone

showed more c-H2AX-marked DNA double-stranded breaks than

dexrazoxane (Figure 3B) in the presence of comparable apoptosis

in the tumor (Figure 3C). Mito-T (4) alone had less of an effect on

autophagy in the cardiac tissue than dexrazoxane (Figure 5B)

while providing comparable protection or greater combined

autophagy with doxorubicin (Figures 4 and 5B). The enhanced

autophagy as a mechanism for cardioprotection is in agreement

with other studies using doxorubicin or other models of cardiac

dysfunction [50,51]. Further studies are needed to determine the

exact molecular differences in the autophagic and apoptotic

mechanisms of dexrazoxane and Mito-T (4). Tempol conjugated

with TPP+ could be an effective SOD mimetic based on previous

reports on tempol and other nitroxides [52,53]. Due to the

increased negative membrane potential in tumor cells, the cationic

nitroxide Mito-T (4) accumulates in tumor mitochondria as

confirmed by our studies (Figure 2). Previous publications with the

mitochondrially-targeted nitroxide (Mito-CP) and quinone (Mito-

Q) also reported significant and selective toxicity in colon, breast,

and lung cancer cell lines as well as animal models [24,54].

Levels of 8-oxo-dG in serum increased after doxorubicin

treatment, which suggests an increase in oxidative damage. As

expected, treatment with dexrazoxane or Mito-T (4) lessened the

oxidative DNA damage caused by doxorubicin. Although these

data show detectable levels of 8-oxo-dG in serum, we can

speculate that similar relative patterns of oxidative DNA damage

are induced in heart and tumor tissues after doxorubicin

treatment. Therefore, dexrazoxane and Mito-T (4) decreased

oxidative DNA damage caused by doxorubicin in heart tissue and

this might reduce apoptosis of cardiomyocytes (proposed mecha-

nism in Figure 6E). In contrast, tumor tissue should have higher

endogenous levels of DNA damage; hence additional DNA

damage after treatment may induce apoptosis. The exact

mechanisms by which dexrazoxane and Mito-T (4) trigger DNA

damage need to be examined further. For instance, whether Mito-

T (4) directly targets the DNA synthesis or repair machinery, or

whether the c-H2AX and 8-oxo-dG signals are indicative of

secondary DNA lesions from free radicals or metabolites.

Plasma proteins such as albumin, transferrin, and ceruloplasmin

act as anti-oxidants in plasma preventing iron and copper

mediated generation of hydroxyl radicals [55]. In addition,

albumin effectively scavenges free radicals. A decrease in albumin

is related to coronary heart disease and heart failure [56], and is in

agreement with our observation of decreased serum albumin

under cardiotoxic conditions (Table S2C and Figure 6D). While

serotransferrin prevents the iron-mediated formation of free

radicals, direct correlation of serotransferrin concentration and

risk of cardiovascular diseases has not yet been reported.

Treatment of SHR with doxorubicin decreased the albumin and

transferrin levels in serum and increased the extent of carbonyl-

ation of both proteins compared to saline treated SHR (Figure 6C

and 6D). When serum albumin levels decrease, concentrations of

high molecular weight proteins such as macroglobulin and a1-

inhibitor 3 increase to maintain total plasma protein concentration

[57]. The increase in carbonylation and decrease in concentration

of anti-oxidant plasma proteins in response to doxorubicin

treatment indicate that the carbonylation of these proteins might

be indicative of oxidative stress and cardiotoxicity, and thereby

used as biomarkers of such damage. These plasma proteins show

different responses to doxorubicin treatment in combination with

Mito-T (4) or dexrazoxane, and thus follow-up studies are required

to understand the distinct antioxidant properties of these drugs in

the context of the oxidation of individual serum proteins. Although

we and others have demonstrated the mitochondrial localization of

TPP-conjugated compounds in cells, the relative intracellular

accumulation of Mito-T (4) compared to other TPP-conjugated

compounds and the direct impact of sub-cellular Mito-T (4)

concentrations on the cardioprotective and anticancer outcomes in

whole animal systems are not clear [31]. We also note that while

the SHR/SST-2 animal model provides advantages of a stable
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phenotype and well-established cardiotoxicity profile for mecha-

nistic studies, the effects of redox-active agents under normoten-

sive conditions in animals or in humans require further

comparative studies. In summary, the SHR/SST-2 model not

only offers advantages for testing novel anticancer and cardiopro-

tective therapeutics and biomarkers in a single, established model,

but offers the potential to answer a number of unresolved

questions in the field of cardiotoxicity by oncology agents.

Supporting Information

Figure S1 Scheme for synthesis of Mito-T (4). A, Mito-T

(4) synthesis involved first the synthesis of Tempol-bromobuty-

lether and then reacting this with triphenylphosphine to obtain

Mito-T (4). B, Purity of the product was ascertained by performing

HPLC and LC/MS (mass = 489).

(TIF)

Figure S2 Comparison of mitochondrial cross-sections.
The cross-sections showing mitochondrial swelling in Figure 3E

were analyzed for quantitative differences in mitochondrial cross-

section area. The area of 350 tumor cell mitochondria cross-

sections from a representative animal tissue sample was deter-

mined from several random images of each sample (control and

doxorubicin treated). The histograms shown indicate that most

mitochondria cross-sections fall into the same range in both

samples (from 0.1 to 0.2 mm2) but in doxorubicin treated tumor

cells a significant amount of cross-sections also fall in a larger size

range (from 0.2 to 0.4 mm2). The change in size distribution to

larger size range of mitochondrial cross-sections is indicative of

mitochondrial swelling. The median, mean, and standard

deviation values were 0.14, 0.16+0.09 mm2 and 0.21,

0.23+0.11 mm2 for control and doxorubicin treated, respectively.

The difference is statistically significant with a p,0.0001 using a

one-tail, non-parametric Mann-Whitney test. The dotted lines on

the graphs indicate the median value of the data set.

(TIF)

Figure S3 Ultrastructural analysis of autophagy in the
cardiac tissue. Transmission electron microscopy was used to

confirm autophagy in the heart tissue from SHR/SST-2 cells

exposed to a cardiotoxic dose of doxorubicin. Low and high-

magnification images are shown for clarity. Representative images

of normal cells from saline treated tissue and damaged/autophagic

cells from doxorubicin-treated tissue are shown. While autophagy

was observed by TEM analysis in both saline and doxorubicin-

treated heart tissue, a relative quantitative assessment could not be

accurately made by TEM analysis due to the low occurrence of

autophagic fraction of cells in the sarcomere matrix made up of

myocytes and myofibrils.

(TIF)

Figure S4 Anticancer activity of Mito-T (4) A, Graph

illustrating the NCI-60 anticancer activity profile for Mito-T (4) as

tested by the SRB assay in the NCI-60 anticancer drug screen cell

line panel. Z-Score values for each cell line are plotted relative to

the mean across all cell lines. Bars towards the right of the mean,

such as the breast cancer and leukemia groups, are indicative of

sensitivity relative to the mean across all cell lines. B, Dose

response curves for Mito-T (4) in the breast cancer and leukemia

groups of cell lines. Log base 10 of the molar concentrations used

in the SRB assay are plotted against the percentage growth in cells

over 72 h.

(TIF)

Table S1 Heart/body weights, hematology indices, and
serum chemistry in SHR with or without SST-2 cells. A,

Control and tumor-bearing SHR were weighed before and

14 days after SST-2 implantation. The hearts were weighed

post-necropsy on day 14. B, Whole blood from non-tumor bearing

and tumor-bearing SHR was analyzed for white blood cell (WBC),

lymphocyte, monocyte, granulocyte, hematocrit, hemoglobin, and

platelet numbers. These data were compared to the expected

values in SHR animals shown in the far right column. C, Serum

from non-tumor bearing (Control SHR) and tumor-bearing SHRs

was analyzed post-necropsy to assess the impact of tumor growth

on animal health. The table shows the mean serum concentrations

of albumin (ALB), alanine aminotransferase (ALT), total bilirubin

(TBIL), blood urea nitrogen (BUN), creatinine (CRE), and glucose

(GLU).

(TIF)

Table S2 Heart/body weights, hematology indices, and
serum chemistry in SHR with SST-2 cells after drug
treatment. The analysis of weights, hematology and serum

chemistry were performed similar to Table S1. The animals were

treated as indicated in the first column of each set of data. A,

Ratios of final to initial body weight and heart to body weight. B,

Whole blood analyses. C, Serum chemistry.

(TIF)
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