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Abstract

Breast cancer is the most common malignancy in women of the Western world. Doxorubicin
(DOX) continues to be used extensively to treat early-stage or node-positive breast cancer,
human epidermal growth factor receptor-2 (HER2)-positive breast cancer, and metastatic dis-
ease. We have previously demonstrated in a mouse model that sulforaphane (SFN), an iso-
thiocyanate isolated from cruciferous vegetables, protects the heart from DOX-induced
toxicity and damage. However, the effects of SFN on the chemotherapeutic efficacy of DOX in
breast cancer are not known. Present studies were designed to investigate whether SFN
alters the effects of DOX on breast cancer regression while also acting as a cardioprotective
agent. Studies on rat neonatal cardiomyocytes and multiple rat and human breast cancer cell
lines revealed that SFN protects cardiac cells but not cancer cells from DOX toxicity. Results
of studies in a rat orthotopic breast cancer model indicated that SFN enhanced the efficacy of
DOX in regression of tumor growth, and that the DOX dosage required to treat the tumor could
be reduced when SFN was administered concomitantly. Additionally, SFN enhanced mito-
chondrial respiration in the hearts of DOX-treated rats and reduced cardiac oxidative stress
caused by DOX, as evidenced by the inhibition of lipid peroxidation, the activation of NF-E2-
related factor 2 (Nrf2) and associated antioxidant enzymes. These studies indicate that SFN
not only acts synergistically with DOX in cancer regression, but also protects the heart from
DOX toxicity through Nrf2 activation and protection of mitochondrial integrity and functions.

Introduction

Breast cancer is the most common malignancy in western women. Doxorubicin (DOX) is
used to treat early-stage or node-positive breast cancer, human epidermal growth factor
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receptor-2 (HER2)-positive breast cancer, and metastatic disease. However, one of the major
side effects of DOX treatment is cardiotoxicity [1-3], which significantly contributes to mor-
bidity and mortality in breast cancer patients treated with this drug. The occurrence of cardiac
events associated with DOX therapy in cancer patients is estimated between 10% to 25%, and
the prevalence of left ventricular contractile dysfunction in patients with a cumulative DOX
dose of approximately 430-600 mg/m? is about 50-60% of the patients with cardiomyopathic
episodes [4, 5]. Recent advancements in cancer therapies have increased survivorship; how-
ever, cardiotoxic side effects remain clinically challenging [6]. Recently there have been reports
of strategies to reduce the occurrence and severity of DOX-induced cardiotoxicity, studies
have demonstrated that these pharmaceuticals have their own side effects [7-15].

The mechanism for the anti-cancer action of DOX seems to be distinct from the mechanisms
responsible for its cardiotoxicity. DOX anti-cancer activity is based on producing DNA damage
and inhibiting cell replication [3, 16, 17]. These effects are less relevant for non-replicating car-
diomyocytes. Instead, the primary cause of cardiotoxicity appears to be DOX-induced oxida-
tive/electrophilic stress and mitochondrial dysfunction in the heart [18-22]. Exposure to DOX
causes initial mitochondrial injury, which compromises cellular bioenergetics capacity, and ini-
tiates a delayed progression of cardiac damage [23, 24]. DOX-induced cardiac oxidative stress
may result in part from its inhibition of expression and functions of the transcription factor
Nrf2 (Nuclear Factor-E2-related factor 2) [17].

The KEAP1-Nrf2-ARE antioxidant system is a principal means by which cells respond to
oxidative and xenobiotic stresses by activating antioxidant and anti-electrophile enzymes [25,
26]. In this system, the transcription factor Nrf2 binds to the antioxidant response element
(ARE) of several target genes. Nrf2 activity is under the regulation of Kelch ECH associating
protein 1 (KEAP1). Sulforaphane (SEN), a safe phytochemical and dietary supplement,
enhances signaling by Nrf2 and consequent cytoprotective gene activation. SEN treatment has
been shown to reduce oxidative stress and counter DOX cardiotoxicity in animal models [27,
28]. We previously demonstrated that SEN protects the heart from DOX-induced toxicity in
the mouse as well as in cultured rat H9¢2 cardiomyoblast cells [27].

SEN also inhibits carcinogenesis and metastases through various mechanisms including the
activation of tumor suppressor genes, activation of caspase-3, induction of cell cycle arrest,
reduction of estrogen receptor alpha (ERa) levels, and inhibition of DNA methyltransferase
(DNMT) and telomerase reverse transcriptase (TERT) [29-32]. Therefore, SEN is currently
being tested in several clinical trials of cancer treatment (https://clinicaltrials.gov/ct2/results?
term=sulforaphane&pg=1) [33-37]. However, it has not yet been exploited as an adjuvant to
existing cancer treatment regimens. We hypothesized that SEN co-treatment might not only
protect the heart from the harmful effects of DOX, but also enhance the anticancer potential of
DOX.

Therefore, the present studies were a pre-clinical evaluation of the efficacy of SFN as an
adjuvant to DOX chemotherapy, and a comparison of its effects on Nrf2 activity in cancer cells
and primary cardiomyocytes. Since the hearts of cancer patients are generally under oxidative
and electrophilic stress generated by cancer therapy, and are likely also stressed because of the
oxidative and inflammatory responses elicited by cancer [38-42], we also tested the effects of
DOX and SFN in a rat breast cancer model. Since DOX has been shown to cause an elevation
in the serum levels of cytokines TNF-o and IL-6 due to the disruption of the intestinal epithe-
lium, enabling the leakage of endotoxin from gut microflora into the circulation [43, 44], and
since SEN can attenuate inflammation [45, 46], we examined inflammatory cytokine levels in
our rat model.
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Materials and methods
Ethics statement

The work was performed in accordance with a protocol approved by the Central Arkansas
Veterans Healthcare System (CAVHS) Institutional Animal Care and Use Committee (proto-
col # 443033). Animals were housed in the Veterinary Medical Unit at the Central Arkansas
Veterans Healthcare System in Little Rock, Arkansas. All procedures and experiments com-
plied with the guidelines to minimize animal suffering. Once a week, tumor size was measured
by ultrasound as described below. If the animals became moribund, if pain was detected dur-
ing the study, or tumor-bearing rats developed tumors larger than 15-20 mm?, the animals
were euthanized immediately using CO, inhalation.

Cardiac and cancer cell culture

Neonatal rat cardiac ventricular myocytes (NRCM) were isolated by standard techniques from
Sprague-Dawley rats, as previously described [47, 48]. Briefly, 2-3 day old rat pups were decap-
itated, heart ventricles aseptically dissected, minced, and exposed to trypsin treatment over-
night at 4°C. Subsequently, the cells were dissociated by repetitive collagenase treatment at
37°C, centrifuged and rinsed with Hanks” Balanced Salt solution (HBSS) kept at 4°C. Cells
were preplated in chemically defined DMEM supplemented with 10% fetal bovine serum
(FBS) (Thermo Fisher Scientific, Waltham, MA) and 30% penicillin/streptomycin for 20-30
min at 37°C. Subsequently, the non-attached cells (myocytes) were counted and plated at stan-
dard seeding density concentrations. After 24 hrs, the medium was changed and cells were
maintained in the same chemically defined medium. Typically, cells started spontaneous beat-
ing after 2 d in culture, at which time the experiments were initiated.

Four breast cancer cell lines, obtained from the American Type Culture Collection
(ATCC, Manassas, VA), were used for in vitro studies: MCF 10A (ATCC CRL-10317; non-
invasive cells) and three invasive lines with increasingly aggressive profiles, MCF-7 (ATCC
HTB-22), 13762 MAT B III (MAT B III, ATCC CRL-1666) and MDA-MB-231 (ATCC
HTB-26, an invasive, human triple-negative breast cancer (TNBC) cell line). TNBCis a
highly aggressive clinical subtype of breast cancer characterized by a lack of ER, progester-
one receptor (PR) and HER2 expression [49]. MCF-10A cells were grown in Mammary
Epithelial Cell Growth Medium (MEGM) (Thermo Fisher Scientific) supplemented with
Single Quots and cholera toxin (Lonza, Basel, Switzerland). MCF-7 cells were grown in
Eagle’s Minimum Essential Medium (MEM) (Thermo Fisher Scientific) containing 10%
FBS and 0.01 mg/ml human recombinant insulin. MAT B III cells were grown in McCoy’s
5a Medium supplemented with 10% FBS, and MDA-MB-231 cells were cultured in ATCC-
formulated Leibovitz’s L-15 Medium supplemented with 10% FBS. All cells were grown in
a humidified 5% CO, incubator at 37°C.

Cytotoxicity assays

The cell survival of the NRCM, breast cancer cells (MAT B III, MCF-7 and MDA-MB-231)
and normal breast epithelial cells (MCF-10A) was assayed following SEN (Sigma, St Louis
MO) and/or DOX (Sigma) administration. In a pilot experiment, the ICs, of SEN and DOX
was determined for each cancer cell line. 5,000 cells grown overnight in 96-well plates were
exposed to 2.5 uM SEN (which had resulted in significant protection of H9¢2 cells) [36] or
vehicle for 12 hrs before exposure to 5 pg/ml DOX or vehicle (DMSO). After 24 hrs, cell viabil-
ity was determined using calcein blue AM (Thermo Fisher Scientific) [50].
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Animal models and treatment plan

Female Sprague Dawley rats (age 6-8 weeks) were obtained from Charles River Laboratories
(Hollister, CA) and housed in the Veterinary Medical Unit at the CAVHS in Little Rock, AR.
First, non-tumor bearing rats were examined for the cardiac effects of SFN administration
during chronic DOX treatment. A pilot study had been performed to establish the dose, fre-
quency, and duration of SEN exposure, and a dose of 4 mg/kg of SFN for 5 days/week was
found to be effective in cardioprotection. Hence, SFN (Sigma) at a dose of 4 mg/kg (or vehicle,
PBS) was administered orally 5 days/week for 4 weeks. After one week of SFN (or vehicle) pre-
treatment, rats from each group were injected (i.p.) with DOX (Sigma) at a dose of 5 mg/kg
once a week to a total of 20 mg/kg (similar to a dose of 120 mg/m” for humans) or vehicle
(PBS). The same dosing of SFN continued concomitantly. Each experimental group contained
8 animals.

Second, an orthotopic breast cancer model was used to assess the effects of SEN on DOX-
induced tumor regression and cardiac toxicity. For this purpose, in vitro cultures of the rat
mammary gland cancer cell line MAT B III were re-suspended in PBS to a final concentration
of 1x10” cells/ml. Rats were anesthetized with 1-3% isoflurane followed by an injection of
1x10° cells (100 w03BCl) into one of the mammary glands. When tumors were ~5-6 mm” in
diameter, rats started receiving treatments. SFN was administered as described for the non-
tumor bearing rats above. DOX was administered i.p. at a dose of 2.5 mg/kg or 5 mg/kg once a
week to a total of 10 and 20 mg/kg, respectively. Treatment schedule and ultrasound measure-
ments are indicated schematically in Fig 1. Animals were sacrificed on day one after the com-
pletion of DOX and SFN treatment, and heart and tumor samples collected for further
analysis.

Echocardiography

Cardiac function was assessed 8 days before the start of SEN treatment and on the day after
completion of DOX and SEN treatment by echocardiography using the Vevo 770 high-resolu-
tion in vivo micro-imaging system (VisualSonics, Toronto, Canada) with an RMV 707B Scan-
head (center frequency 17.5 MHz, frequency band 11.5-23.5 MHz, and focal length 17.5 mm),
as we have reported previously [51].

Measurement of breast tumor growth patterns

Once a week after tumor cell injection, tumor diameters were measured by high-resolution
ultrasound using a VisualSonics Vevo 770 imaging system, and tumor volume were calculated

Tumor V) U V) U U Bloodand
inoculation 1 1 1 1 tissue
Day 0 7 SFN 44 SFN 29 SFN 28 SFN 35 collection
5x/wk 5x/wk 5x/wk 5x/wk
; | | | | | | [1
Echo DOX DOX DOX pox Echo

5 mglkg 5 mglkg Smgkg  5mglkg

Fig 1. Treatment schedule in an orthotopic breast cancer model. Female Sprague-Dawley rats were inoculated with
breast cancer cells (13762 MAT B III) to produce mammary tumors, and tumor size was monitored weekly by
ultrasound. Following a 1-week pretreatment with SFN (4 mg/kg/day, 5 days per week), the rats received four doses of
DOX (5 mg/kg) once a week to a total of 20 mg/kg, while the same dosing of SFN continued.

https://doi.org/10.1371/journal.pone.0193918.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 4/22


https://doi.org/10.1371/journal.pone.0193918.g001
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

according to the formula: V = (4/3) x t x (L/2) x (L/2) x (D/2), where L is tumor length and D
is tumor depth [52, 53].

High resolution respirometry

Immediately upon tissue collection, myocardial fibers isolated from the left ventricles [54, 55]
were permeabilized and assayed for mitochondrial complex activities, using a substrate inhibi-
tor titration protocol on an oxygraph (Oroboros Instruments, Innsbruck, Austria) [56]. Com-
plex I activity was tested by addition of malate and glutamate to initiate respiration. To achieve
maximal active respiration, ADP was added, followed by inhibition of complex I respiration
by addition of rotenone. Complex II/III respiration was stimulated by addition of succinate
followed by addition of the complex III inhibitor antimycin A. Complex IV respiration was
measured by addition of N,N,N9,N9-tetramethyl-p-phenylenediamine (TMPD) in ascorbate;
complex IV activity was inhibited by adding sodium azide. Respiratory rates were expressed
per mg of dry weight.

Transmission electron microscopy

Left ventricular heart biopsy samples from control and treated groups of animals were fixed
overnight in 2.5% glutaraldehyde/0.05% malachite green in 0.1M sodium cacodylate buffer.
Samples were post-stained with 1% osmium tetroxide/0.8% potassium hexacyanoferrate (III),
1% tannic acid, and 0.5% uranyl acetate followed by dehydration in a graded alcohol series and
propylene oxide and embedded in Araldite-Embed 812 (Electron Microscopy Sciences, Hart-
field, PA). 50-nm sections were collected on a Leica UC7 microtome and post-stained with
uranyl acetate and lead citrate. Images were collected using a Tecnai F20 (FEI Company, Hills-
boro, OR) transmission electron microscope at 80kv.

Determination of oxidative stress

Levels of lipid peroxidation, reduced glutathione (GSH) and 4-hydroxynonenal (4-HNE)
adducts were measured in the heart biopsy samples obtained from treated and vehicle-treated
(control) groups of animals. Lipid peroxidation was determined by the reaction of malondial-
dehyde (MDA) with thiobarbituric acid (TBA) to form a colorimetric product, proportional to
the MDA present in the tissue, as described previously [11]. Reduced GSH was determined by
using a kit from BioVision (Milpitas, California). 4-HNE adducts were detected in tissue
lysates as per our previously described method [27].

Antioxidant and anti-electrophile enzyme activity

Superoxide dismutase (SOD), catalase, aldehyde dehydrogenase (ALDH) and aldo-keto reduc-
tasel (AKR) enzyme activities were assayed in heart tissue homogenates using previously
described methods [51].

Inflammatory cytokine assay

Whole blood was collected two days after the third DOX injection by retro-orbital puncture in
commercially available tubes from Becton Dickinson (BD). After collection of the whole
blood, allowed the blood to clot by leaving it undisturbed at room temperature for 15-30 min-
utes. Serum was separated by centrifuging at 1,000-2,000 x g for 10 minutes in a refrigerated
centrifuge. ELISAs were performed to assess serum IL-6 and TNF-a levels using kits from
R&D Systems, Inc. (Minneapolis, MN).
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Active Nrf2 binding assay

Nuclei were extracted from heart ventricular tissue from control and treated groups of ani-
mals, and from NRCM and cancer cells (treated as described above) using the Nuclear Extract
Kit (Active Motif, Carlsbad, CA) as per manufacturer’s instructions. Nrf2 activity was mea-
sured in nuclear extracts by an Nrf2-DNA-binding ELISA kit on nuclear fractions prepared
from cardiac tissue and cells using Trans AM Nrf2 Kits (Active Motif) as we have reported
before [51].

HDAC, DNMT and ERa assays

The effect of SEN and/or DOX on HDAC and DNMT activities and detection of ER" o in breast
cancer cells was determined in nuclear extracts. Briefly, MAT B III, MCF-7 and MDA-MB-231
cells were treated with SEN (2.5 p03BCM) and/or DOX (5 pg/ml) for 48 hrs and only adherent
cells harvested. Nuclear extracts were then prepared using a nuclear extraction kit (Active
Motif) and assessed with the Epigenase HDAC activity assay kit (Epigentek, Farmingdale, NY),
ERo ELISA kit (Abcam, Cambridge, MA) and DNMT Activity Quantification Kit (Abcam)
according to the manufacturers’ instructions.

Caspase-3 activation assay

Caspase-3 activity was assessed in breast cancer cells (MAT B III, MCF-7 and MDA-MB-231).
Of each cell line, 10,000 cells were plated in white-walled 96-well plates compatible with a
luminometer (Molecular Devices, Sunnyvale, CA). After 24 hrs, cells were treated with SEN
(2.5 uM) and/or DOX (5 pg/ml) for 48 hrs with control cells receiving an equivalent volume of
vehicle. Caspase-3 activity was measured using the Caspase-Glo™ 3/7 Assay Systems kit (Pro-
mega, Madison, WI) according to the manufacturer’s instructions [57].

Data availability and statistical analysis

A raw dataset (an Excel file containing all pertinent raw data obtained from cell culture and
animal experiments in this study) is provided as the Supporting Information file. Values are
expressed as mean + standard deviation (SD). Data were analyzed for significance by ANOVA
with post-hoc Tukey-Kramer or Newman-Keuls test, and p-values less than 0.05 were consid-
ered significant.

Results

SEN protects against DOX-induced cardiomyopathy in non-tumor bearing
rats

We first conducted a pilot study to determine survival of rats not carrying tumors and treated
with different SEN and DOX dose combinations. We found that SEN (4 mg/kg, 5 days/week)
protected against mortality and cardiac dysfunction induced by DOX (5 mg/kg x 4, total 20
mg/kg). Only 11% of the rats treated with DOX alone survived to the end of the 7-week experi-
ment, compared to a 62% survival rate for the SEN+DOX treated animals. Comparison of SEFN
+DOX vs. DOX treatment alone showed a significant difference in mortality rates by a log-
rank test (p = 0.0054). By Cox regression analysis SFN+DOX-treated rats exhibited a 85%
reduction in hazard of dying from DOX exposure as compared to rats treated by DOX alone
(S1 Fig). We therefore selected these SEN and DOX doses for the current study.

To determine if SEN provides cardioprotection during chronic DOX treatment, cardiac
function was assessed by echocardiography after a full course of DOX treatment in non-tumor
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Fig 2. SFN treatment protects rats from DOX-induced cardiomyopathy and preserves cardiac function in non-
tumor bearing animals. Adult female Sprague-Dawley rats (n = 8) were treated with i) DOX (total of 20 mg/kg, i.p. for
3 wks), or ii) DOX+SFN (4 mg/kg oral; 5 days/week). Cardiac function (ejection fraction; fractional shortening,
cardiac output and stroke volume) was assessed by echocardiography before treatment and the day after completion of
treatment.

https://doi.org/10.1371/journal.pone.0193918.9002

bearing rats. Changes in cardiac ejection fraction, fractional shortening, cardiac output and
stroke volume in rats treated with DOX alone revealed impaired cardiac function (Fig 2). In
contrast, these cardiac functional parameters were essentially normal in the SFN+DOX-treated

group.

SEN improves mitochondrial function and structure during DOX
treatment

DOX metabolism in cardiac cells involves its conversion into a more reactive semiquinone by
the mitochondrial complex I of the electron transport chain (ETC), resulting in increased oxi-
dative stress [3, 58]. To determine if SEN could protect mitochondrial function in the heart,
ETC activity was measured in left ventricular biopsies by high resolution respirometry. SEN
clearly protected the ETC from DOX damage as measured by oxygen flux (Table 1). Moreover,
transmission electron microscopy results suggest that SEN protected mitochondria from
DOX-induced cristae disarrangement, partial cristolysis and reduced electron density of the
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Table 1. SFN administered during DOX-treatment improves ETC function in non-tumor bearing animals. Respi-
ration status of complex I, II+III, and IV of the ETC was evaluated in fresh left ventricular tissue as described in the
Materials and Methods. According to oxygen flux measures (pmol/mg/substrate), co-treatment of rats with SEN+DOX

improved complex I, II+III and IV respiration compared to rats treated only with DOX.

Vehicle SEN DOX SEN+DOX
Complex I 48.84+4.37 50.19£1.99 39.34+2.89" 59.60+2.21"*
Complex IT&III 67.07£2.19 72.41%2.71 50.13+1.07* 65.65+3.79"*
Complex IV 33.21£3.06 37.01+£1.87 20.68+1.63* 29.11+1.32**

Mean+SD (n = 8).

*p< 0.0001 DOX vs SEN+DOX
**p<0.0002 Vehicle vs SEN+DOX.

https://doi.org/10.1371/journal.pone.0193918.t001

matrix (Fig 3). Taken together, these results for the first time demonstrate that SEN protects

mitochondria of cardiac cells from DOX toxicity.

SEN reduces DOX-induced oxidative stress in the rat heart

To determine if SFN co-treatment affected oxidative stress in rat hearts exposed to DOX, we
examined three correlates of oxidative stress: increased lipid peroxidation that results in two
correlates, generation of MDA and 4-HNE formation, and the depletion of GSH levels. With

Fig 3. SFN administered during DOX treatment protects the ultrastructure of cardiac mitochondria in non-
tumor bearing rats. SFN, in the presence of DOX, prevents mitochondrial cristae disarrangement, partial cristolysis
and formation of an electron-lucent matrix. Arrows indicate damaged mitochondria.

https://doi.org/10.1371/journal.pone.0193918.9003
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DOX treatment alone, cardiac MDA and 4-HNE adduct levels were elevated (very significantly
for MDA), while GSH was reduced to less than 50% of the level in control hearts. SFN and
DOX co-treatment reduced MDA and 4-HNE adduct formation and also prevented DOX-
induced depletion of GSH levels (Fig 4).

SEN preserves key antioxidant and anti-electrophile enzyme activities and
activates Nrf2 in rat hearts during DOX treatment

To understand a potential primary mechanism by which SFN may reduce cardiac oxidative
stress, we examined the levels of active Nrf2 in the rat heart. We demonstrated that SEN
strongly activated nuclear Nrf2 in the non-tumor bearing rat heart and even maintained very
high Nrf2 activity in the DOX-treated group (Fig 4). We then compared the activities of key
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Fig 4. SFN reduces DOX-induced oxidative stress in the heart of non-tumor bearing rats. Isolated cardiac tissue
was homogenized and assayed for markers of oxidative stress: 4-HNE adduct levels, MDA content and GSH levels.
Nrf2 binding activity was measured by ELISA in nuclear extracts. Data shown are mean+SD of triplicate
measurements on homogenates (n = 4).

https://doi.org/10.1371/journal.pone.0193918.g004
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antioxidant/anti-electrophile enzymes, encoded by Nrf2 target genes that are primarily active
in mitochondria. We found SOD, AKR, ALDH and catalase enzyme activities elevated above
control levels in rats treated with SFN alone (Fig 5). In animals co-treated with SFN and DOX,
activities of all enzymes were essentially restored to the levels in control animals.

SEN does not interfere with DOX toxicity or Nrf2 activity in breast cancer
cell lines

Since SEN+DOX treatment of rats diminished many of the toxic side effects of DOX, SEN
might serve as a useful cardioprotectant when using DOX in breast cancer chemotherapy.
However, by increasing Nrf2 activity, SEN also upregulates detoxification pathways, which
could reduce the efficacy of DOX. Nrf2 deregulation and persistent activation have been
associated with chemoresistance in some cancers but not others [59, 60]. To test whether
SEN, at concentrations that protect cardiac cells from DOX toxicity, compromise the ability
of DOX to kill breast cancer cells, we first assayed survival in cancer and cardiac cells (neo-
natal rat cardiomyocyte, NRCM) in vitro. As shown in Fig 6A, SFN selectively enhanced
sensitivity to DOX in three invasive breast cancer cell types, while reducing DOX sensitivity
in the non-invasive MCF 10A line. In contrast, SEN actually promoted the survival of
NRCM in the presence of DOX.

We also examined nuclear Nrf2 activity in SEN-, DOX- or DOX+SFN-treated NRCM in
comparison to the four cancer cell lines. We detected high, basal levels of nuclear Nrf2 activity
in the three invasive cancer cell lines as compared to NRCM and the non-invasive MCF 10A.
Furthermore, SFN treatment did not alter Nrf2 activity in the cancer cells, but enhanced the
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Fig 6. SFN does not interfere with DOX toxicity or Nrf2 activity in breast cancer cell lines. Neonatal rat cardiac
ventricular myocytes (NRCM) and four breast cancer cell lines were treated for 24 hrs with either DMSO vehicle, 2.5
uM SEN, 5 pg/ml DOX, or 2.5 uM SEN + 5 ug/ml DOX. A. Survival was determined by the calcein blue AM assay
(p=2x10"%"p=2x10" n = 32). B. Active Nrf2 was measured as described in the Materials and Methods (*p = 2x10"
*#p=3x107 n=28).

https://doi.org/10.1371/journal.pone.0193918.9006

activity in NRCM and MCF 10A cells. This highly induced Nrf2 activity persisted during SEN
+DOX co-treatment. Lastly, in the three invasive breast cancer lines Nrf2 activity was not
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inducible in the presence or absence of DOX (Fig 6B). These results clearly revealed that SFN
differentially regulate Nrf2 functions in normal and breast cancer cells.

SEN acts synergistically with DOX to inhibit HDAC and DNMT activity,
decrease ERa detection and increase caspase-3 activity

SEN exhibits anti-cancer activities by activation of caspase-3, inhibition of DNMT and HDAC
activity, and by reduction in ERo levels [29-32]; these mechanisms of anticancer activity are
different from the mechanism by which DOX kills cancer cells [3, 16, 17]. Hence, we hypothe-
sized that co-treatment with a low dose of SFN could enhance tumor regression by activating
other key antitumor mechanisms than DOX. Therefore, we tested the effects of SEFN+DOX on
the activities of caspase-3, DNMT and HDAC, and on ERa levels in MCF-7, MDA-MB-231
and Mat B III breast cancer cell lines. Our results showed that SEN treatment alone inhibited
HDAC activity and reduced ERat levels (except in MDA-MB-231) by 20-40% after 48 hrs in
breast cancer cells (Fig 7). This inhibitory effect was further potentiated (40-60%) when we
co-treated these cells with SEN and DOX. In addition, the combination of DOX and SFN sig-
nificantly reduced DNMT activity. Lastly, DOX increased the stimulatory effect of SEN on cas-
pase-3 activity in all three cancer cell lines (Fig 7).

SEN and DOX co-treatment enhances regression of rat breast cancer
tumors

To test if SEN can interfere with the in vivo anticancer activity of DOX, we treated mammary
tumor bearing rats with vehicle, SFN, DOX and SFN+DOX and monitored tumor growth.
The treatment schedule for this study is shown in Fig 1. SEN alone did not have significant
effects on tumor growth, but DOX treatment alone reduced tumor growth relative to the
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Fig 7. SFN acts synergistically with DOX in inhibition of HDAC and DNMT activity, suppression of ERa. and
increase in caspase-3 activity in cancer cells in vitro. All assays were performed on cancer cells after 48 hrs of DMSO
(vehicle/control), 2.5 uM SEN, 5 ug/ml DOX, or 2.5 uM SEN + 5 ug/ml DOX treatment (mean+SD, n = 8).

https://doi.org/10.1371/journal.pone.0193918.g007
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Fig 8. SFN co-treatment enhances tumor regression by DOX in a rat breast cancer model. Effect of metronomic
SEN treatment (4 mg/kg, 5 days a week), DOX (A: 5 mg/kg weekly, total 20 mg/kg; B: 2.5 mg/kg weekly, total 10 mg/
kg) and SFN+DOX on MAT B IlI-induced mammary tumors in rats. Data represent the mean+SD of tumor volumes
(n = 8). Arrows indicate DOX injections post-tumor inoculation. *p<0.001 vs DOX-treated rats at the same time
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https://doi.org/10.1371/journal.pone.0193918.9008

vehicle control. Furthermore, SFN+DOX treatment (with a total DOX dose of 20 mg/kg) was
able to eradicate the tumors in all rats by day 35 after tumor implantation (Fig 8A). We also
examined SFN+DOX co-treatment at a lower dose of DOX (total 10 mg/kg) and observed
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Fig 9. SFN and DOX co-treatment of tumor bearing rats preserves cardiac function. Adult rats were treated with i)
DOX (total of 20 mg/kg, i.p. for 4 wks), or ii) DOX+SFN (4 mg/kg oral; 5 days/week). Cardiac function (ejection
fraction, fractional shortening, cardiac output and stroke volume) was assessed before tumor inoculation and on the
day after completion of treatment (mean+SD, n = 8).

https://doi.org/10.1371/journal.pone.0193918.g009
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significantly better tumor regression with SEN+DOX as compared to SFN or DOX alone (Fig
8B). These results demonstrate that SFN can act synergistically to promote tumor regression,
allowing a significant reduction in DOX dose required to treat tumors.

SEN and DOX co-treatment preserves cardiac function, cardiac Nrf2
activity, and reduces the inflammatory response in tumor bearing rats

The hearts of cancer patients or small animal models are generally under stress due to the oxi-
dative and inflammatory responses elicited by the cancer [38-42]. Therefore, we examined our
rat breast cancer model for cardioprotective actions of SFN during DOX chemotherapy. The
presence of the breast tumor significantly affected cardiac output and stroke volume in vehi-
cle-treated groups (Fig 9). While DOX treatment caused the expected reduction in cardiac
function, reflected in all four parameters measured on echocardiograms, this effect was signifi-
cantly attenuated in SFN co-treated rats (Fig 9).

While in the presence of SFN, cardiac Nrf2 activity was elevated above that of the vehicle
control, DOX alone significantly suppressed cardiac Nrf2 activity. However, SEFN and DOX
co-treatment completely rescued Nrf2 activity in the heart. In contrast, tumor Nrf2 activity
was essentially unaffected by the addition of SFN to DOX treatment (Fig 10).

To analyze the effect of SFN on DOX-mediated inflammation, we examined the levels of
the inflammatory cytokines IL-6 and TNFo. in serum. Co-treatment with SFN strongly
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Fig 10. SFN protects Nrf2 activity in hearts of DOX-treated tumor bearing rats. Nrf2 binding activity was
measured by ELISA in nuclear extracts from the left ventricle and tumor, isolated after the second DOX injection as
described in the Materials and Methods. Data represent the mean+SD of triplicate measurements (n = 5). *p<0.05 SFN
vs Vehicle, **p<0.05 SEN+DOX vs DOX treated heart and #p<0.05 Vehicle vs DOX.

https://doi.org/10.1371/journal.pone.0193918.g010

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 14/22


https://doi.org/10.1371/journal.pone.0193918.g010
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

[venicieZZ sFN Il DOX ] DOX+SFN

* 150 .
300

IS £ 100
S 200 =2
g =
g 3

@ L 59
= 100 =
'—

0! ol

Fig 11. SFN reduces inflammatory cytokine levels in DOX-treated tumor bearing rats. Inflammatory cytokine
levels were measured in serum/plasma taken two days after the third DOX injection from rats treated with
metronomic SEN+DOX or SEN or Vehicle (PBS). Data represent the mean+SD of triplicate measurements (n = 4).
*p< 1x10”° DOX vs Vehicle; **p< 2x10”° SEN+DOX vs DOX.

https://doi.org/10.1371/journal.pone.0193918.g011

attenuated DOX-induced serum levels of both cytokines measured two days after the third
DOX injection (Fig 11).

Discussion

Cardiotoxicity often occurs during or after completion of DOX chemotherapy for major
malignancies and may predispose to a loss of left ventricular function and congestive heart fail-
ure [61-65]. As many as 65% of patients with a childhood malignancy treated with DOX have
echocardiographic evidence of left ventricular contractile abnormalities as adults [62]. Despite
its frequent occurrence, there are no safe and effective treatments to prevent DOX cardiotoxi-
city. The opportunity to intervene at the time of DOX chemotherapy to save a patient from
acute or delayed cardiac dysfunction is extremely significant and could help in improved qual-
ity of life. We used animal and cell culture models to test whether co-treatment with SFN
could protect the heart from DOX toxicity but did not interfere with the anti-cancer effects of
DOX.

Our first novel finding is that SEN potentiates the effect of DOX on breast tumors. The
combination treatment of DOX and SFN was able to eradicate the tumors in all rats by day 35
after tumor implantation. Thus, SFN co-treatment does not impair DOX-induced killing of
cancer cells. We further determined whether SEN supplementation lowered the DOX dosage
required for effective chemotherapy in the rat breast cancer model. We tested SFN (4 mg/kg
oral; 5 days/week for 5 weeks) with DOX (total of 10 or 20 mg/kg i.p. administered over 4
weeks) and showed that in combination with SFN, the dosage of DOX could be lowered by
50% while still eliciting the same anti-cancer effects as DOX alone. Lowering the DOX dosage
itself can reduce its side effects not only on the heart but also other normal tissues as well.

SEN is a potent activator of Nrf2, which is a central regulator of cellular responses to electro-
philic/oxidative stress. Increased generation of reactive oxygen species (ROS), an altered redox
status, and aerobic glycolysis for energy production distinguish highly proliferative cancer cells
from normal healthy cells [66-69]. The elevated level of oxidative stress in cancer cells is associ-
ated with enhanced use of protective signaling pathways such as those mediated by Nrf2 [70, 71].
Increased Nrf2 activity may help cancer cells evade chemotherapy [72]. Ours and other in vitro
studies have shown that basal Nrf2 levels in cancer cell lines positively correlate with resistance
to DOX [73]. The precise role of Nrf2 in cancer cells, however, is poorly understood [74-77].
Some studies suggest that cancer hijacks the Nrf2-mediated detoxification mechanism for its
own progression and to detoxify chemotherapeutic drugs [73, 78, 79]. In contrast, the intrinsic
ability of Nrf2 to regulate enzymes that confer defense against oncogenesis characterizes it as an
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anticancer, chemoprotective protein. Nrf2-KO mouse models display increased sensitivity to
carcinogens and toxicants, revealing a tumor-suppressor role of Nrf2 [80]. We showed that Nrf2
activity in cardiac cells, with low Nrf2 activity at baseline, is induced by SFN treatment and,
unlike in cancer cells, SN confers protection from DOX toxicity in cardiac cells. In addition,
SEN treatment significantly reduced indications of oxidative stress and increased the activities of
Nrf2 target enzymes SOD, CAT, AKR and ALDH in the DOX-treated rat heart. Apparently,
SEN enhances the effects of DOX on the tumor, and its mode of action on cancer cells are
Nrf2-independent. SEN may exhibit Nrf2-independent anti-cancer activities by enhancing the
transcription of tumor suppressor genes, possibly by influencing DNA methylation, activation of
caspase-3, induction of cell cycle arrest, and inhibition of ERa, DNMT and TERT [29, 32,
81-86]. Our results indicate that DOX co-treatment with SEN attenuates DNMT and HDAC
activity. While this study examined overall activity of these enzymes, further research is required
to determine the effects of DOX and SEN on the expression of individual DMNT and HDAC
isoforms. Furthermore, SFN lowers ERa levels and SFN+DOX co-treatment enhanced caspase-3
activity. Taken together, these in vitro results suggest that SEN+DOX co-treatment modulates
epigenetic and pro-apoptotic mechanisms in killing cancer cells.

As DOX and its highly reactive metabolites accumulate in mitochondria, extensive ROS-
based stress initiates mitochondrial injury and a vicious cycle of oxidative/electrophilic stress
[23, 24]. Results presented in Table 1 and Fig 4 clearly show that SFN indeed restores the mito-
chondrial functions and integrity altered by the toxic effects of DOX. We showed that SEN
mediates protection of mitochondrial function by improved mitochondrial morphology and
oxygen flux.

In addition to its direct toxic effects, DOX-induced ROS can induce NF-kB activation,
which leads to the expression of inflammatory cytokines such as TNF-a, and IL-6 [12]. SEN-
induced activation of Nrf2 inhibits the NF-kB signaling pathway in Dystrophin-deficient mdx
mice [45]. Results of the present study indicate that SN lowers serum levels of inflammatory
cytokines generated in response to DOX-treatment, demonstrating that SEN plays a major
role in reduction of DOX-mediated inflammation.

Various strategies have been designed to attenuate DOX-induced cardiotoxicity, but none
of them has proven conclusively helpful. We have determined in rats that SEN, a common and
safe dietary supplement, reduces DOX-linked cardiotoxicity while enhancing the killing of
cancer cells by DOX. The translation of this strategy into the clinic would represent a major
therapeutic advance in enhancing the efficacy and safety of breast cancer treatment.

Supporting information

S1 File. Excel file containing all pertinent raw data obtained from cell culture and animal
experiments in this study.
(XLSX)

$2 File. PLOS ONE humane endpoints checklist.
(DOCX)

S1 Fig. SEN treatment protects rats from DOX-induced toxicity and improves survival in
non-tumor bearing animals.
(TIF)

Acknowledgments

This work was supported in part by a grant from the National Institutes of Health (R0O1
AG032643), a grant from the American Heart Association (14GRNT18890084), and through

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 16/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193918.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193918.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193918.s003
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

an Institutional Development Award (IDeA) from the National Institute of General Medical
Sciences of the National Institutes of Health (www.nigms.nih.gov) under grant number P20
GM109005. The authors thank Dr. Lee Ann MacMillan-Crow for her advice and experimental
protocol for the high resolution respirometry assays. The authors also thank Vetriselvan Mala-
van and Mecit Kaplan for their technical help in experiments.

Author Contributions
Conceptualization: Martin Hauer-Jensen, Sharda P. Singh.
Data curation: Chhanda Bose.

Formal analysis: Marjan Boerma.

Funding acquisition: Sharda P. Singh.
Methodology: Chhanda Bose, Sharda P. Singh.
Software: Sharda P. Singh.

Supervision: Sharda P. Singh.

Validation: Helen Benes.

Visualization: Sharda P. Singh.

Writing - original draft: Sharda P. Singh.

Writing - review & editing: Sanjay Awasthi, Rajendra Sharma, Martin Hauer-Jensen, Marjan
Boerma.

References

1. De Angelis A, Urbanek K, Cappetta D, Piegari E, Ciuffreda LP, Rivellino A, et al. Doxorubicin cardiotoxi-
city and target cells: a broader perspective. Cardio-Oncology. 2016; 2(1):1-8. https://doi.org/10.1186/
s$40959-016-0012-4

2. Caram ME, Guo C, Leja M, Smerage J, Henry NL, Giacherio D, et al. Doxorubicin-induced cardiac dys-
function in unselected patients with a history of early-stage breast cancer. Breast cancer research and
treatment. 2015; 152(1):163—72. Epub 2015/06/08. https://doi.org/10.1007/s10549-015-3454-8 PMID:
26050157.

3. Carvalho FS, Burgeiro A, Garcia R, Moreno AJ, Carvalho RA, Oliveira PJ. Doxorubicin-induced cardio-
toxicity: from bioenergetic failure and cell death to cardiomyopathy. Med Res Rev. 2014; 34(1):106-35.
Epub 2013/03/16. https://doi.org/10.1002/med.21280 PMID: 23494977.

4. MennaP, Paz OG, Chello M, Covino E, Salvatorelli E, Minotti G. Anthracycline cardiotoxicity. Expert
opinion on drug safety. 2012; 11 Suppl 1(1):S21-36. https://doi.org/10.1517/14740338.2011.589834
PMID: 21635149.

5. Rahman AM, Yusuf SW, Ewer MS. Anthracycline-induced cardiotoxicity and the cardiac-sparing effect
of liposomal formulation. International journal of nanomedicine. 2007; 2(4):567—-83. Epub 2008/01/22.
PMID: 18203425; PubMed Central PMCID: PMCPMC2676818.

6. vandenHurk C, Breed W, Dercksen W. Nonpegylated liposomal doxorubicin: reduction in cardiotoxi-
city, although still severe alopecia. Anticancer Drugs. 2015; 26(6):687. Epub 2015/05/27. https://doi.
org/10.1097/CAD.0000000000000239 PMID: 26010159.

7. van Dalen EC, Caron HN, Dickinson HO, Kremer LC. Cardioprotective interventions for cancer patients
receiving anthracyclines. The Cochrane database of systematic reviews. 2005;(1):CD003917. Epub
2005/01/28. https://doi.org/10.1002/14651858.CD003917.pub2 PMID: 15674919.

8. Schimmel KJ, Richel DJ, van den Brink RB, Guchelaar HJ. Cardiotoxicity of cytotoxic drugs. Cancer
treatment reviews. 2004; 30(2):181-91. Epub 2004/03/17. https://doi.org/10.1016/j.ctrv.2003.07.003
PMID: 15023436.

9. Smith TA, Phyu SM, Akabuogu EU. Effects of Administered Cardioprotective Drugs on Treatment
Response of Breast Cancer Cells. Anticancer Res. 2016; 36(1):87-93. Epub 2016/01/02. PMID:
26722031.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 17/22


http://www.nigms.nih.gov/
https://doi.org/10.1186/s40959-016-0012-4
https://doi.org/10.1186/s40959-016-0012-4
https://doi.org/10.1007/s10549-015-3454-8
http://www.ncbi.nlm.nih.gov/pubmed/26050157
https://doi.org/10.1002/med.21280
http://www.ncbi.nlm.nih.gov/pubmed/23494977
https://doi.org/10.1517/14740338.2011.589834
http://www.ncbi.nlm.nih.gov/pubmed/21635149
http://www.ncbi.nlm.nih.gov/pubmed/18203425
https://doi.org/10.1097/CAD.0000000000000239
https://doi.org/10.1097/CAD.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/26010159
https://doi.org/10.1002/14651858.CD003917.pub2
http://www.ncbi.nlm.nih.gov/pubmed/15674919
https://doi.org/10.1016/j.ctrv.2003.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15023436
http://www.ncbi.nlm.nih.gov/pubmed/26722031
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Mitry MA, Edwards JG. Doxorubicin induced heart failure: Phenotype and molecular mechanisms. Inter-
national journal of cardiology Heart & vasculature. 2016; 10:17—24. https://doi.org/10.1016/j.ijcha.2015.
11.004 PubMed PMID: PMC4871279. PMID: 27213178

Kwatra M, Kumar V, Jangra A, Mishra M, Ahmed S, Ghosh P, et al. Ameliorative effect of naringin
against doxorubicin-induced acute cardiac toxicity in rats. Pharmaceutical biology. 2016; 54(4):637—47.
Epub 2015/10/17. https://doi.org/10.3109/13880209.2015.1070879 PMID: 26471226.

El-Agamy DS, Abo-Haded HM, Elkablawy MA. Cardioprotective effects of sitagliptin against doxorubi-
cin-induced cardiotoxicity in rats. Experimental biology and medicine. 2016; 241(14):1577-87. https://
doi.org/10.1177/1535370216643418 PMID: 27037281.

Zhang YY, Meng C, Zhang XM, Yuan CH, Wen MD, Chen Z, et al. Ophiopogonin D attenuates doxoru-
bicin-induced autophagic cell death by relieving mitochondrial damage in vitro and in vivo. The Journal
of pharmacology and experimental therapeutics. 2015; 352(1):166—74. https://doi.org/10.1124/jpet.
114.219261 PMID: 25378375.

Wang L-F, Su S-W, Wang L, Zhang G-Q, Zhang R, Niu Y-J, et al. Tert-butylhydroquinone ameliorates
doxorubicin-induced cardiotoxicity by activating Nrf2 and inducing the expression of its target genes.
American Journal of Translational Research. 2015; 7(10):1724-35. PubMed PMID: PMC4656753.
PMID: 26692920

Sin TK, Tam BT, Yu AP, Yip SP, Yung BY, Chan LW, et al. Acute Treatment of Resveratrol Alleviates
Doxorubicin-Induced Myotoxicity in Aged Skeletal Muscle Through SIRT 1-Dependent Mechanisms.
The journals of gerontology Series A, Biological sciences and medical sciences. 2015. Epub
2015/10/10. https://doi.org/10.1093/gerona/glv175 PMID: 26450947.

Montaigne D, Hurt C, Neviere R. Mitochondria death/survival signaling pathways in cardiotoxicity
induced by anthracyclines and anticancer-targeted therapies. Biochemistry research international.
2012; 2012:951539. Epub 2012/04/07. https://doi.org/10.1155/2012/951539 PMID: 22482055; PubMed
Central PMCID: PMCPMC3318211.

Todorova VK, Beggs ML, Delongchamp RR, Dhakal I, Makhoul I, Wei JY, et al. Transcriptome profiling
of peripheral blood cells identifies potential biomarkers for doxorubicin cardiotoxicity in a rat model.
PloS one. 2012; 7(11):e48398. Epub 2012/12/05. https://doi.org/10.1371/journal.pone.0048398 PMID:
23209553; PubMed Central PMCID: PMCPMC3507887.

Dirks-Naylor AJ. The role of autophagy in doxorubicin-induced cardiotoxicity. Life Sci. 2013; 93
(24):913-6. PMID: 24404586.

Pereira GC, Silva AM, Diogo CV, Carvalho FS, Monteiro P, Oliveira PJ. Drug-induced cardiac mitochon-
drial toxicity and protection: from doxorubicin to carvedilol. Current pharmaceutical design. 2011; 17
(20):2113-29. Epub 2011/07/02. PMID: 21718248.

Clementi ME, Giardina B, Di Stasio E, Mordente A, Misiti F. Doxorubicin-derived metabolites induce
release of cytochrome C and inhibition of respiration on cardiac isolated mitochondria. Anticancer Res.
20083; 23(3B):2445-50. Epub 2003/08/05. PMID: 12894526.

Patel AG, Kaufmann SH. How does doxorubicin work? Elife. 2012; 1:e00387. https://doi.org/10.7554/
eLife.00387 PMID: 23256047; PubMed Central PMCID: PMC3524826.

Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns HJ, Moens AL. Doxorubicin-induced car-
diomyopathy: From molecular mechanisms to therapeutic strategies. Journal of Molecular and Cellular
Cardiology. 2012; 52(6):1213-25. https://doi.org/10.1016/j.yjmcc.2012.03.006 PMID: 22465037

Piquereau J, Caffin F, Novotova M, Lemaire C, Veksler V, Garnier A, et al. Mitochondrial dynamics in
the adult cardiomyocytes: which roles for a highly specialized cell? Front Physiol. 2013; 4:102. Epub
2013/05/16. https://doi.org/10.3389/fphys.2013.00102 PMID: 23675354; PubMed Central PMCID:
PMCPMC3650619.

Montaigne D, Marechal X, Baccouch R, Modine T, Preau S, Zannis K, et al. Stabilization of mitochon-
drial membrane potential prevents doxorubicin-induced cardiotoxicity in isolated rat heart. Toxicol Appl
Pharmacol. 2010; 244(3):300-7. https://doi.org/10.1016/j.taap.2010.01.006 PMID: 20096298.

Yoon DS, Choi Y, Lee JW. Cellular localization of NRF2 determines the self-renewal and osteogenic dif-
ferentiation potential of human MSCs via the P53-SIRT1 axis. Cell Death Dis. 2016; 7:€2093. https://
doi.org/10.1038/cddis.2016.3 PMID: 26866273

Strom J, Xu B, Tian X, Chen QM. Nrf2 protects mitochondrial decay by oxidative stress. FASEB journal
official publication of the Federation of American Societies for Experimental Biology. 2016; 30(1):66—80.
Epub 2015/09/06. https://doi.org/10.1096/fj.14-268904 PMID: 26340923; PubMed Central PMCID:
PMCPMC4684526.

Singh P, Sharma R, McElhanon K, Allen CD, Megyesi JK, Benes H, et al. Sulforaphane protects the
heart from doxorubicin-induced toxicity. Free Radic Biol Med. 2015; 86:90—101. Epub 2015/05/31.
https://doi.org/10.1016/j.freeradbiomed.2015.05.028 PMID: 26025579; PubMed Central PMCID:
PMCPMC4554811.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 18/22


https://doi.org/10.1016/j.ijcha.2015.11.004
https://doi.org/10.1016/j.ijcha.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27213178
https://doi.org/10.3109/13880209.2015.1070879
http://www.ncbi.nlm.nih.gov/pubmed/26471226
https://doi.org/10.1177/1535370216643418
https://doi.org/10.1177/1535370216643418
http://www.ncbi.nlm.nih.gov/pubmed/27037281
https://doi.org/10.1124/jpet.114.219261
https://doi.org/10.1124/jpet.114.219261
http://www.ncbi.nlm.nih.gov/pubmed/25378375
http://www.ncbi.nlm.nih.gov/pubmed/26692920
https://doi.org/10.1093/gerona/glv175
http://www.ncbi.nlm.nih.gov/pubmed/26450947
https://doi.org/10.1155/2012/951539
http://www.ncbi.nlm.nih.gov/pubmed/22482055
https://doi.org/10.1371/journal.pone.0048398
http://www.ncbi.nlm.nih.gov/pubmed/23209553
http://www.ncbi.nlm.nih.gov/pubmed/24404586
http://www.ncbi.nlm.nih.gov/pubmed/21718248
http://www.ncbi.nlm.nih.gov/pubmed/12894526
https://doi.org/10.7554/eLife.00387
https://doi.org/10.7554/eLife.00387
http://www.ncbi.nlm.nih.gov/pubmed/23256047
https://doi.org/10.1016/j.yjmcc.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22465037
https://doi.org/10.3389/fphys.2013.00102
http://www.ncbi.nlm.nih.gov/pubmed/23675354
https://doi.org/10.1016/j.taap.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20096298
https://doi.org/10.1038/cddis.2016.3
https://doi.org/10.1038/cddis.2016.3
http://www.ncbi.nlm.nih.gov/pubmed/26866273
https://doi.org/10.1096/fj.14-268904
http://www.ncbi.nlm.nih.gov/pubmed/26340923
https://doi.org/10.1016/j.freeradbiomed.2015.05.028
http://www.ncbi.nlm.nih.gov/pubmed/26025579
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Bai Y, Wang X, Zhao S, Ma C, Cui J, Zheng Y. Sulforaphane Protects against Cardiovascular Disease
via Nrf2 Activation. Oxid Med Cell Longev. 2015; 2015:407580. https://doi.org/10.1155/2015/407580
PMID: 26583056; PubMed Central PMCID: PMCPMC4637098.

Zhang C, Su ZY, Khor TO, Shu L, Kong AN. Sulforaphane enhances Nrf2 expression in prostate cancer
TRAMP C1 cells through epigenetic regulation. Biochem Pharmacol. 2013; 85(9):1398-404. https://doi.
org/10.1016/j.bcp.2013.02.010 PMID: 23416117; PubMed Central PMCID: PMCPMC4123317.

Fan H, Zhang R, Tesfaye D, Tholen E, Looft C, Holker M, et al. Sulforaphane causes a major epigenetic
repression of myostatin in porcine satellite cells. Epigenetics official journal of the DNA Methylation
Society. 2012; 7(12):1379-90. Epub 2012/10/25. https://doi.org/10.4161/epi.22609 PMID: 23092945;
PubMed Central PMCID: PMCPmc3528693.

Ali Khan M, Kedhari Sundaram M, Hamza A, Quraishi U, Gunasekera D, Ramesh L, et al. Sulforaphane
Reverses the Expression of Various Tumor Suppressor Genes by Targeting DNMT3B and HDACH1 in
Human Cervical Cancer Cells. Evidence-based complementary and alternative medicine eCAM. 2015;
2015:412149. https://doi.org/10.1155/2015/412149 PubMed PMID: PMC4487331. PMID: 26161119

Pawlik A, Wiczk A, Kaczynska A, Antosiewicz J, Herman-Antosiewicz A. Sulforaphane inhibits growth
of phenotypically different breast cancer cells. European journal of nutrition. 2013; 52(8):1949-58.
https://doi.org/10.1007/s00394-013-0499-5 PMID: 233891 14; PubMed Central PMCID:
PMCPMC3832756.

Awasthi S, Singhal SS, Yadav S, Singhal J, Vatsyayan R, Zajac E, et al. A Central Role of RLIP76 in
Regulation of Glycemic Control. Diabetes. 2010; 59(3):714-25. https://doi.org/10.2337/db09-0911
PMID: 20007934; PubMed Central PMCID: PMCPMC2828645.

Veeranki OL, Bhattacharya A, Marshall JR, Zhang Y. Organ-specific exposure and response to sulfo-
raphane, a key chemopreventive ingredient in broccoli: implications for cancer prevention. Br J Nutr.
2013; 109(1):25-32. Epub 2012/04/03. https://doi.org/10.1017/S0007114512000657 PMID: 22464629;
PubMed Central PMCID: PMCPMC3393776.

Kensler T, Egner P, Agyeman A, Visvanathan K, Groopman J, Chen J-G, et al. Keap1-Nrf2 Signaling:
A Target for Cancer Prevention by Sulforaphane. In: Pezzuto JM, Suh N, editors. Natural Products in
Cancer Prevention and Therapy. Topics in Current Chemistry. 329: Springer Berlin Heidelberg; 2013.
p. 163-77.

Amjad Al, Parikh RA, Appleman LJ, Hahm ER, Singh K, Singh SV. Broccoli-Derived Sulforaphane and
Chemoprevention of Prostate Cancer: From Bench to Bedside. Current pharmacology reports. 2015; 1
(6):382—90. Epub 2015/11/12. https://doi.org/10.1007/s40495-015-0034-x PMID: 26557472; PubMed
Central PMCID: PMCPMC4635516.

Alumkal JJ, Slottke R, Schwartzman J, Cherala G, Munar M, Graff JN, et al. A phase Il study of sulfo-
raphane-rich broccoli sprout extracts in men with recurrent prostate cancer. Investigational new drugs.
2015; 33(2):480-9. Epub 2014/11/29. https://doi.org/10.1007/s10637-014-0189-z PMID: 25431127
PubMed Central PMCID: PMCPMC4390425.

Hinch EC, Sullivan-Gunn MJ, Vaughan VC, McGlynn MA, Lewandowski PA. Disruption of pro-oxidant
and antioxidant systems with elevated expression of the ubiquitin proteosome system in the cachectic
heart muscle of nude mice. Journal of cachexia, sarcopenia and muscle. 2013; 4(4):287-93. Epub
2013/09/14. https://doi.org/10.1007/s13539-013-0116-8 PMID: 24030522; PubMed Central PMCID:
PMCPmc3830009.

Mantovani G, Madeddu C, Maccio A. Cachexia and oxidative stress in cancer: an innovative therapeutic
management. Current pharmaceutical design. 2012; 18(31):4813-8. Epub 2012/05/29. PMID:
22632861.

Tian M, Asp ML, Nishijima Y, Belury MA. Evidence for cardiac atrophic remodeling in cancer-induced
cachexia in mice. International journal of oncology. 2011; 39(5):1321—6. Epub 2011/08/09. https://doi.
0rg/10.3892/ij0.2011.1150 PMID: 21822537.

Tian M, Nishijima Y, Asp ML, Stout MB, Reiser PJ, Belury MA. Cardiac alterations in cancer-induced
cachexia in mice. International journal of oncology. 2010; 37(2):347-53. Epub 2010/07/03. PMID:
20596662.

Durham WJ, Dillon EL, Sheffield-Moore M. Inflammatory burden and amino acid metabolism in cancer
cachexia. Current opinion in clinical nutrition and metabolic care. 2009; 12(1):72—7. Epub 2008/12/06.
https://doi.org/10.1097/MCO.0b013e32831cef61 PMID: 19057191; PubMed Central PMCID:
PMCPMC2742684.

Wang L, Chen Q, Qi H, Wang C, Wang C, Zhang J, et al. Doxorubicin-Induced Systemic Inflammation
Is Driven by Upregulation of Toll-Like Receptor TLR4 and Endotoxin Leakage. Cancer research. 2016.
https://doi.org/10.1158/0008-5472.CAN-15-3034 PMID: 27680684.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 19/22


https://doi.org/10.1155/2015/407580
http://www.ncbi.nlm.nih.gov/pubmed/26583056
https://doi.org/10.1016/j.bcp.2013.02.010
https://doi.org/10.1016/j.bcp.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23416117
https://doi.org/10.4161/epi.22609
http://www.ncbi.nlm.nih.gov/pubmed/23092945
https://doi.org/10.1155/2015/412149
http://www.ncbi.nlm.nih.gov/pubmed/26161119
https://doi.org/10.1007/s00394-013-0499-5
http://www.ncbi.nlm.nih.gov/pubmed/23389114
https://doi.org/10.2337/db09-0911
http://www.ncbi.nlm.nih.gov/pubmed/20007934
https://doi.org/10.1017/S0007114512000657
http://www.ncbi.nlm.nih.gov/pubmed/22464629
https://doi.org/10.1007/s40495-015-0034-x
http://www.ncbi.nlm.nih.gov/pubmed/26557472
https://doi.org/10.1007/s10637-014-0189-z
http://www.ncbi.nlm.nih.gov/pubmed/25431127
https://doi.org/10.1007/s13539-013-0116-8
http://www.ncbi.nlm.nih.gov/pubmed/24030522
http://www.ncbi.nlm.nih.gov/pubmed/22632861
https://doi.org/10.3892/ijo.2011.1150
https://doi.org/10.3892/ijo.2011.1150
http://www.ncbi.nlm.nih.gov/pubmed/21822537
http://www.ncbi.nlm.nih.gov/pubmed/20596662
https://doi.org/10.1097/MCO.0b013e32831cef61
http://www.ncbi.nlm.nih.gov/pubmed/19057191
https://doi.org/10.1158/0008-5472.CAN-15-3034
http://www.ncbi.nlm.nih.gov/pubmed/27680684
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Tien C-C, Peng Y-C, Yang F-L, Subeq Y-M, Lee R-P. Slow infusion rate of doxorubicin induces higher
pro-inflammatory cytokine production. Regulatory Toxicology and Pharmacology. 2016; 81:69-76.
https://doi.org/10.1016/j.yrtph.2016.08.002 PMID: 27494949

Sun CC, Li SJ, Yang CL, Xue RL, Xi YY, Wang L, et al. Sulforaphane Attenuates Muscle Inflammation
in Dystrophin-deficient mdx Mice via NF-E2-related Factor 2 (Nrf2)-mediated Inhibition of NF-kappaB
Signaling Pathway. The Journal of biological chemistry. 2015; 290(29):17784-95. Epub 2015/05/28.
https://doi.org/10.1074/jbc.M115.655019 PMID: 26013831; PubMed Central PMCID:
PMCPMC4505027.

Mein J, Wang F-Z, Jiang Q, James D, Boddupalli S, Devaraj S. Sulforaphane attenuates inflammation
by decreasing Toll-like receptor 2 and 4 expression and activity in human monocytes and peripheral
blood mononuclear cells (830.5). The FASEB Journal. 2014; 28(1 Supplement).

Maki T, Gruver EJ, Davidoff AJ, 1zzo N, Toupin D, Colucci W, et al. Regulation of calcium channel
expression in neonatal myocytes by catecholamines. J Clin Invest. 1996; 97(3):656—63. https://doi.org/
10.1172/JC1118462 PMID: 8609220; PubMed Central PMCID: PMC507101.

Marsh JD, Lehmann MH, Ritchie RH, Gwathmey JK, Green GE, Schiebinger RJ. Androgen receptors
mediate hypertrophy in cardiac myocytes. Circulation. 1998; 98(3):256—61. Epub 1998/08/11. PMID:
9697826.

Foulkes WD, Smith |IE, Reis-Filho JS. Triple-negative breast cancer. N Engl J Med. 2010; 363
(20):1938—48. Epub 2010/11/12. https://doi.org/10.1056/NEJMra1001389 PMID: 21067385.

Gholamin M, Moaven O, Farshchian M, Mahmoudi M, Sankian M, Memar B, et al. Induction of cytotoxic
T lymphocytes primed with Tumor RNA-loaded Dendritic Cells in esophageal squamous cell carcinoma:
preliminary step for DC vaccine design. BMC Cancer. 2010; 10(1):261. https://doi.org/10.1186/1471-
2407-10-261 PMID: 20525404

Benes H, Vuong MK, Boerma M, McElhanon KE, Siegel ER, Singh SP. Protection from oxidative and
electrophilic stress in the Gsta4-null mouse heart. Cardiovascular toxicology. 2013; 13(4):347-56.
Epub 2013/05/22. https://doi.org/10.1007/s12012-013-9215-1 PMID: 23690225; PubMed Central
PMCID: PMCPMC3796146.

Faustino-Rocha A, Oliveira PA, Pinho-Oliveira J, Teixeira-Guedes C, Soares-Maia R, da Costa RG,
et al. Estimation of rat mammary tumor volume using caliper and ultrasonography measurements. Lab
Animal. 2013; 42:217. https://doi.org/10.1038/laban.254 PMID: 23689461

Todorova VK, Kaufmann Y, Klimberg VS. Increased efficacy and reduced cardiotoxicity of metronomic
treatment with cyclophosphamide in rat breast cancer. Anticancer Res. 2011; 31(1):215-20. Epub
2011/01/29. PMID: 21273601.

Kuznetsov AV, Schneeberger S, Seiler R, Brandacher G, Mark W, Steurer W, et al. Mitochondrial
defects and heterogeneous cytochrome c release after cardiac cold ischemia and reperfusion. Ameri-
can journal of physiology Heart and circulatory physiology. 2004; 286(5):H1633—41. https://doi.org/10.
1152/ajpheart.00701.2003 PMID: 14693685.

Hughey CC, Hittel DS, Johnsen VL, Shearer J. Respirometric oxidative phosphorylation assessment in
saponin-permeabilized cardiac fibers. Journal of visualized experiments JOVE. 2011;(48). https://doi.
org/10.3791/2431 PMID: 21403632; PubMed Central PMCID: PMC3197395.

Parajuli N, Campbell LH, Marine A, Brockbank KG, Macmillan-Crow LA. MitoQ blunts mitochondrial
and renal damage during cold preservation of porcine kidneys. PloS one. 2012; 7(11):e48590. https://
doi.org/10.1371/journal.pone.0048590 PMID: 23139796; PubMed Central PMCID: PMCPMC3490900.

McElhanon KE, Bose C, Sharma R, Wu L, Awasthi YC, Singh SP. 4 Null Mouse Embryonic Fibroblasts
Exhibit Enhanced Sensitivity to Oxidants: Role of 4-Hydroxynonenal in Oxidant Toxicity. Open J Apo-
ptosis. 2013; 2(1):11. https://doi.org/10.4236/0japo.2013.21001 PMID: 24353929; PubMed Central
PMCID: PMCPMC3864047.

Jirkovsky E, Popelova O, Krivakova-Stankova P, Vavrova A, Hroch M, Haskova P, et al. Chronic
anthracycline cardiotoxicity: molecular and functional analysis with focus on nuclear factor erythroid 2-
related factor 2 and mitochondrial biogenesis pathways. The Journal of pharmacology and experimental
therapeutics. 2012; 343(2):468—78. Epub 2012/08/24. https://doi.org/10.1124/jpet.112.198358 PMID:
22915767.

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, et al. Oncogene-induced Nrf2
transcription promotes ROS detoxification and tumorigenesis. Nature. 2011; 475(7354):106-9. https://
doi.org/10.1038/nature10189 PMID: 21734707; PubMed Central PMCID: PMCPMC3404470.

Geismann C, Arlt A, Sebens S, Schafer H. Cytoprotection "gone astray": Nrf2 and its role in cancer.
OncoTargets and therapy. 2014; 7:1497-518. Epub 2014/09/12. https://doi.org/10.2147/0OTT.S36624
PMID: 25210464; PubMed Central PMCID: PMCPMC4155833.

Force T, Wang Y. Mechanism-Based Engineering against Anthracycline Cardiotoxicity. Circulation.
2013. Epub 2013/06/13. hitps://doi.org/10.1161/circulationaha.113.003688 PMID: 23757311.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 20/22


https://doi.org/10.1016/j.yrtph.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27494949
https://doi.org/10.1074/jbc.M115.655019
http://www.ncbi.nlm.nih.gov/pubmed/26013831
https://doi.org/10.1172/JCI118462
https://doi.org/10.1172/JCI118462
http://www.ncbi.nlm.nih.gov/pubmed/8609220
http://www.ncbi.nlm.nih.gov/pubmed/9697826
https://doi.org/10.1056/NEJMra1001389
http://www.ncbi.nlm.nih.gov/pubmed/21067385
https://doi.org/10.1186/1471-2407-10-261
https://doi.org/10.1186/1471-2407-10-261
http://www.ncbi.nlm.nih.gov/pubmed/20525404
https://doi.org/10.1007/s12012-013-9215-1
http://www.ncbi.nlm.nih.gov/pubmed/23690225
https://doi.org/10.1038/laban.254
http://www.ncbi.nlm.nih.gov/pubmed/23689461
http://www.ncbi.nlm.nih.gov/pubmed/21273601
https://doi.org/10.1152/ajpheart.00701.2003
https://doi.org/10.1152/ajpheart.00701.2003
http://www.ncbi.nlm.nih.gov/pubmed/14693685
https://doi.org/10.3791/2431
https://doi.org/10.3791/2431
http://www.ncbi.nlm.nih.gov/pubmed/21403632
https://doi.org/10.1371/journal.pone.0048590
https://doi.org/10.1371/journal.pone.0048590
http://www.ncbi.nlm.nih.gov/pubmed/23139796
https://doi.org/10.4236/ojapo.2013.21001
http://www.ncbi.nlm.nih.gov/pubmed/24353929
https://doi.org/10.1124/jpet.112.198358
http://www.ncbi.nlm.nih.gov/pubmed/22915767
https://doi.org/10.1038/nature10189
https://doi.org/10.1038/nature10189
http://www.ncbi.nlm.nih.gov/pubmed/21734707
https://doi.org/10.2147/OTT.S36624
http://www.ncbi.nlm.nih.gov/pubmed/25210464
https://doi.org/10.1161/circulationaha.113.003688
http://www.ncbi.nlm.nih.gov/pubmed/23757311
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Volkova M, Russell R 3rd. Anthracycline cardiotoxicity: prevalence, pathogenesis and treatment. Cur-
rent cardiology reviews. 2011; 7(4):214-20. https://doi.org/10.2174/157340311799960645 PMID:
22758622; PubMed Central PMCID: PMCPMC3322439.

Klement GL, Goukassian D, Hlatky L, Carrozza J, Morgan JP, Yan X. Cancer Therapy Targeting the
HER2-PI3K Pathway: Potential Impact on the Heart. Frontiers in pharmacology. 2012; 3:113. Epub
2012/07/04. https://doi.org/10.3389/fphar.2012.00113 PMID: 22754526; PubMed Central PMCID:
PMCPMC3384262.

Jensen BC, McLeod HL. Pharmacogenomics as a risk mitigation strategy for chemotherapeutic cardio-
toxicity. Pharmacogenomics. 2013; 14(2):205—13. Epub 2013/01/19. https://doi.org/10.2217/pgs.12.
205 PMID: 23327580; PubMed Central PMCID: PMC3582022.

Geisberg C, Pentassuglia L, Sawyer DB. Cardiac side effects of anticancer treatments: new mechanis-
tic insights. Current heart failure reports. 2012; 9(3):211-8. Epub 2012/07/04. https://doi.org/10.1007/
$11897-012-0098-4 PMID: 22752360; PubMed Central PMCID: PMCPMC3693763.

Furtado CM, Marcondes MC, Sola-Penna M, de Souza MLS, Zancan P. Clotrimazole Preferentially
Inhibits Human Breast Cancer Cell Proliferation, Viability and Glycolysis. PloS one. 2012; 7(2):e30462.
https://doi.org/10.1371/journal.pone.0030462 PMID: 22347377

Dang CV. Links between metabolism and cancer. Genes & Development. 2012; 26(9):877-90. https://
doi.org/10.1101/gad.189365.112 PMID: 22549953

Chandra D, Singh KK. Genetic insights into OXPHOS defect and its role in cancer. Biochim Biophys
Acta. 2011; 1807(6):620-5. Epub 2010/11/16. https://doi.org/10.1016/j.bbabio.2010.10.023 PMID:
21074512; PubMed Central PMCID: PMCPMC4681500.

Annibaldi A, Widmann C. Glucose metabolism in cancer cells. Current opinion in clinical nutrition and
metabolic care. 2010; 13(4):466—70. Epub 2010/05/18. https://doi.org/10.1097/MCO.
0b013e32833a5577 PMID: 20473153.

Shelton P, Jaiswal AK. The transcription factor NF-E2-related factor 2 (Nrf2): a protooncogene? FASEB
journal official publication of the Federation of American Societies for Experimental Biology. 2013; 27
(2):414-23. https://doi.org/10.1096/fj.12-217257 PMID: 23109674; PubMed Central PMCID:
PMCPMC3545532.

XuY, Fang F, Miriyala S, Crooks PA, Oberley TD, Chaiswing L, et al. KEAP1 is a redox sensitive target
that arbitrates the opposing radiosensitive effects of parthenolide in normal and cancer cells. Cancer
research. 2013; 73(14):4406-17. https://doi.org/10.1158/0008-5472.CAN-12-4297 PMID: 23674500;
PubMed Central PMCID: PMCPMC3715565.

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, et al. Oncogene-induced Nrf2
transcription promotes ROS detoxification and tumorigenesis. Nature. 2011; 475(7354):106-9. http:/
www.nature.com/nature/journal/v475/n7354/abs/nature10189-f1.2.html#supplementary-information.
https://doi.org/10.1038/nature10189 PMID: 21734707

Hu L, Miao W, Loignon M, Kandouz M, Batist G. Putative chemopreventive molecules can increase
Nrf2-regulated cell defense in some human cancer cell lines, resulting in resistance to common cyto-
toxic therapies. Cancer Chemother Pharmacol. 2010; 66(3):467—74. Epub 2009/11/27. https://doi.org/
10.1007/s00280-009-1182-7 PMID: 19940992.

Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. Genes
Dev. 2013; 27(20):2179-91. Epub 2013/10/22. https://doi.org/10.1101/gad.225680.113 PMID:
24142871; PubMed Central PMCID: PMCPmc3814639.

Menegon S, Columbano A, Giordano S. The Dual Roles of NRF2 in Cancer. Trends Mol Med. 2016; 22
(7):578-93. https://doi.org/10.1016/j.molmed.2016.05.002 PMID: 27263465.

Lau A, Villeneuve NF, Sun Z, Wong PK, Zhang DD. Dual Roles of Nrf2 in Cancer. Pharmacological
research the official journal of the Italian Pharmacological Society. 2008; 58(5—6):262—70. https://doi.
org/10.1016/j.phrs.2008.09.003 PubMed PMID: PMC2652397. PMID: 18838122

Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the importance of context. Nature reviews
Cancer. 2012; 12(8):564—71. https://doi.org/10.1038/nrc3278 PMID: 22810811

Mitsuishi Y, Motohashi H, Yamamoto M. The Keap1-Nrf2 system in cancers: Stress response and ana-
bolic metabolism. Front Oncol. 2012; 2. https://doi.org/10.3389/fonc.2012.00200 PMID: 23272301

Suzuki T, Motohashi H, Yamamoto M. Toward clinical application of the Keap1-Nrf2 pathway. Trends in
pharmacological sciences. 2013; 34(6):340-6. Epub 2013/05/15. https://doi.org/10.1016/}.tips.2013.04.
005 PMID: 23664668.

Ohkoshi A, Suzuki T, Ono M, Kobayashi T, Yamamoto M. Roles of Keap1-Nrf2 system in upper aerodi-
gestive tract carcinogenesis. Cancer prevention research (Philadelphia, Pa). 2013; 6(2):149-59.
https://doi.org/10.1158/1940-6207.CAPR-12-0401-T PMID: 23250896.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 21/22


https://doi.org/10.2174/157340311799960645
http://www.ncbi.nlm.nih.gov/pubmed/22758622
https://doi.org/10.3389/fphar.2012.00113
http://www.ncbi.nlm.nih.gov/pubmed/22754526
https://doi.org/10.2217/pgs.12.205
https://doi.org/10.2217/pgs.12.205
http://www.ncbi.nlm.nih.gov/pubmed/23327580
https://doi.org/10.1007/s11897-012-0098-4
https://doi.org/10.1007/s11897-012-0098-4
http://www.ncbi.nlm.nih.gov/pubmed/22752360
https://doi.org/10.1371/journal.pone.0030462
http://www.ncbi.nlm.nih.gov/pubmed/22347377
https://doi.org/10.1101/gad.189365.112
https://doi.org/10.1101/gad.189365.112
http://www.ncbi.nlm.nih.gov/pubmed/22549953
https://doi.org/10.1016/j.bbabio.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/21074512
https://doi.org/10.1097/MCO.0b013e32833a5577
https://doi.org/10.1097/MCO.0b013e32833a5577
http://www.ncbi.nlm.nih.gov/pubmed/20473153
https://doi.org/10.1096/fj.12-217257
http://www.ncbi.nlm.nih.gov/pubmed/23109674
https://doi.org/10.1158/0008-5472.CAN-12-4297
http://www.ncbi.nlm.nih.gov/pubmed/23674500
http://www.nature.com/nature/journal/v475/n7354/abs/nature10189-f1.2.html#supplementary-information
http://www.nature.com/nature/journal/v475/n7354/abs/nature10189-f1.2.html#supplementary-information
https://doi.org/10.1038/nature10189
http://www.ncbi.nlm.nih.gov/pubmed/21734707
https://doi.org/10.1007/s00280-009-1182-7
https://doi.org/10.1007/s00280-009-1182-7
http://www.ncbi.nlm.nih.gov/pubmed/19940992
https://doi.org/10.1101/gad.225680.113
http://www.ncbi.nlm.nih.gov/pubmed/24142871
https://doi.org/10.1016/j.molmed.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27263465
https://doi.org/10.1016/j.phrs.2008.09.003
https://doi.org/10.1016/j.phrs.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18838122
https://doi.org/10.1038/nrc3278
http://www.ncbi.nlm.nih.gov/pubmed/22810811
https://doi.org/10.3389/fonc.2012.00200
http://www.ncbi.nlm.nih.gov/pubmed/23272301
https://doi.org/10.1016/j.tips.2013.04.005
https://doi.org/10.1016/j.tips.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23664668
https://doi.org/10.1158/1940-6207.CAPR-12-0401-T
http://www.ncbi.nlm.nih.gov/pubmed/23250896
https://doi.org/10.1371/journal.pone.0193918

@° PLOS | ONE

Sulforaphane potentiates anticancer effects of doxorubicin

81.

82.

83.

84.

85.

86.

Kombairaju P, Ma J, Thimmulappa RK, Yan SG, Gabrielson E, Singh A, et al. Prolonged sulforaphane
treatment does not enhance tumorigenesis in oncogenic K-ras and xenograft mouse models of lung
cancer. J Carcinog. 2012; 11(8):8. https://doi.org/10.4103/1477-3163.98459 PMID: 22919281; PubMed
Central PMCID: PMCPMC3424666.

Khan SI, Aumsuwan P, Khan IA, Walker LA, Dasmahapatra AK. Epigenetic events associated with
breast cancer and their prevention by dietary components targeting the epigenome. Chem Res Toxicol.
2012; 25(1):61-73. Epub 2011/10/14. https://doi.org/10.1021/tx200378c PMID: 21992498.

Rajendran P, Delage B, Dashwood WM, Yu TW, Wuth B, Williams DE, et al. Histone deacetylase turn-
over and recovery in sulforaphane-treated colon cancer cells: competing actions of 14-3-3 and Pin1 in
HDAC3/SMRT corepressor complex dissociation/reassembly. Mol Cancer. 2011; 10(1):68. https://doi.
org/10.1186/1476-4598-10-68 PMID: 21624135; PubMed Central PMCID: PMCPMC3127849.

Hybertson BM, Gao B, Bose SK, McCord JM. Oxidative stress in health and disease: the therapeutic
potential of Nrf2 activation. Mol Aspects Med. 2011; 32(4—6):234—46. Epub 2011/10/25. https://doi.org/
10.1016/j.mam.2011.10.006 PMID: 22020111.

LiY, Zhang T, Korkaya H, Liu S, Lee HF, Newman B, et al. Sulforaphane, a dietary component of broc-
coli/broccoli sprouts, inhibits breast cancer stem cells. Clin Cancer Res. 2010; 16(9):2580-90. Epub
2010/04/15. https://doi.org/10.1158/1078-0432.CCR-09-2937 PMID: 20388854; PubMed Central
PMCID: PMCPMC2862133.

Singh SV, Warin R, Xiao D, Powolny AA, Stan SD, Arlotti JA, et al. Sulforaphane inhibits prostate carci-
nogenesis and pulmonary metastasis in TRAMP mice in association with increased cytotoxicity of natu-
ral killer cells. Cancer research. 2009; 69(5):2117-25. Epub 2009/02/19. https://doi.org/10.1158/0008-
5472.CAN-08-3502 PMID: 19223537; PubMed Central PMCID: PMCPMC2683380.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193918 March 8,2018 22/22


https://doi.org/10.4103/1477-3163.98459
http://www.ncbi.nlm.nih.gov/pubmed/22919281
https://doi.org/10.1021/tx200378c
http://www.ncbi.nlm.nih.gov/pubmed/21992498
https://doi.org/10.1186/1476-4598-10-68
https://doi.org/10.1186/1476-4598-10-68
http://www.ncbi.nlm.nih.gov/pubmed/21624135
https://doi.org/10.1016/j.mam.2011.10.006
https://doi.org/10.1016/j.mam.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22020111
https://doi.org/10.1158/1078-0432.CCR-09-2937
http://www.ncbi.nlm.nih.gov/pubmed/20388854
https://doi.org/10.1158/0008-5472.CAN-08-3502
https://doi.org/10.1158/0008-5472.CAN-08-3502
http://www.ncbi.nlm.nih.gov/pubmed/19223537
https://doi.org/10.1371/journal.pone.0193918

