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ABSTRACT

Doxorubicin (DOX) induces dose-dependent cardiotoxicity in part due to its ability to induce oxidative stress. We showed
that loss of multidrug resistance-associated protein 1 (Abcc1/Mrp1) potentiates DOX-induced cardiac dysfunction in mice

in vivo. Here, we characterized DOX toxicity in cultured cardiomyocytes (CM) and cardiac fibroblasts (CF) derived from C57BL
wild type (WT) and Mrp1 null (Mrpl—/—) neonatal mice. CM accumulated more intracellular DOX relative to CF but this
accumulation did not differ between genotypes. Following DOX (0.3—4 uM), Mrpl—/— CM, and CF, especially CM, showed a
greater decrease in viability and increased apoptosis and DNA damage, demonstrated by higher caspase 3 cleavage, poly
(ADP-ribose) polymerase 1 (PARP) cleavage and phosphorylated histone H2AX (yH2AX) levels versus WT cells. Saline- and
DOX-treated Mrpl—/— cells had significantly higher intracellular GSH and GSSG compared with WT cells (P < .05), but the
redox potential (Eh) of the GSH/GSSG pool did not differ between genotypes in CM and CF, indicating that Mrpl—/— cells
maintain this major redox couple. DOX increased expression of the rate-limiting GSH synthesis enzyme glutamate-cysteine
ligase catalytic (GCLc) and regulatory subunits (GCLm) to a significantly greater extent in Mrpl—/— versus WT cells,
suggesting adaptive responses to oxidative stress in Mrpl—/— cells that were inadequate to afford protection. Expression of
extracellular superoxide dismutase (ECSOD/SOD3) was lower (P < .05) in Mrp1l—/— versus WT CM treated with saline (62% =
8% of WT) or DOX (43% = 12% of WT). Thus, Mrp1 protects CM in particular and CF against DOX-induced toxicity, potentially

by regulating extracellular redox states.
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Doxorubicin (DOX), an anthracycline, is a highly effective
and commonly used chemotherapy drug for a variety of
malignant tumors. However, cardiac toxicity is a serious
adverse reaction associated with the administration of DOX
(Octavia et al., 2012). Cancer patients treated with DOX
have a 2.5-fold higher incidence of cardiomyopathy than
untreated patients (Doyle et al., 2005). Therefore, identifying
the gene(s) involved in normal hearts’ defense against this
toxicity and understanding the mechanisms will help iden-
tify potential approaches to alleviate the clinical cardiotox-
icity of chemotherapy.

Multidrug resistance-associated protein 1 (MRP1/ABCC1), a
member of the ATP-binding cassette (ABC) transporter protein
superfamily, is ubiquitously expressed, especially in heart, skin,
lung, brain capillary endothelial cells, and the small intestine
(Flens et al., 1996; Nies et al., 2004). It mediates efflux of glutathi-
one (GSH), glutathione disulfide (GSSG), as well as GS-, glucoro-
nate-, and sulfate-conjugates (Cole, 2014a,b; Cole and Deeley,
1998; Leslie et al., 2001). Although Mrpl—/— mice have normal
fertility and viability, their ability to transport some endobiotics
and xenobiotics is compromised (Krohn et al., 2011; Li et al,,
2005; Wijnholds et al., 1997). Because Mrp1 plays an important
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role in the efflux of endobiotics and xenobiotics and their conju-
gates from various organs, it can protect tissues from toxicity.
More importantly, clinical studies show that genetic variants of
MRP1 are associated with increased susceptibility to cardiotox-
icity in cancer patients treated with anthracyclines, including
DOX (Semsei et al., 2012; Visscher et al., 2012; Wojnowski et al.,
2005). Our in vivo studies demonstrate that loss of Mrp1 potenti-
ates DOX-induced cardiotoxicity in mice, with Mrpl—/— mice
exhibiting more nuclear injury after a single acute dose (15mg/
kg) and greater apoptosis and cardiac dysfunction following
chronic DOX treatment (Deng et al., 2015; Zhang et al., 2015). It is
important to point out that although Mrp1 is highly conserved
between human and rodents, with 88% sequence homology, the
human isoform (MRP1) is able to transport DOX, whereas mu-
rine Mrp1 has a negligible ability to transport this anthracycline
antibiotic (Stride et al., 1997). Therefore, any effects of Mrp1 in
mouse studies cannot be attributed to efflux of DOX.

Cardiomyocytes (CM) and cardiac fibroblasts (CF) form the 2
largest cell populations in heart, and other cell types, such as
endothelial or vascular smooth muscle cells, represent compar-
atively small populations. CM are the primary cells that make
up the atria and ventricles of the heart, and account for more
than 50% of the total cell number. CM must be able to shorten
and lengthen properly to maintain normal cardiac structure
and function and because they are continuously contracting,
utilize large amounts of ATP generated by mitochondria.
Significant evidence indicates that death of CM by apoptosis
and necrosis is an important mechanism of DOX-induced car-
diomyopathy (Octavia et al., 2012; Zhang et al., 2009). CF are the
most abundant nonmyocytes within the heart and are found
throughout cardiac tissue, surrounding CM and bridging “the
voids” between myocardial tissue layers. CF contribute to car-
diac development, myocardial structure, cell signaling, and
electromechanical function in healthy myocardium (Camelliti
et al., 2005). Beyond its very important roles in maintaining nor-
mal myocardial function, CF also contribute to adverse cardiac
remodeling during pathological conditions, such as hyperten-
sion, myocardial infarction, and heart failure (Shi et al., 2011,
Souders et al., 2009), and are involved in arrhythmia initiation
and maintenance by affecting electrical propagation (Kamkin
et al., 2005).

Here, to extend the bases of Mrp1’s cardiac protective role to
a cellular level, and identify the specific functions of Mrp1 in dif-
ferent cell types in heart, we further investigated the role of
Mrp1 in DOX toxicity in neonatal mouse CM and CF. Our data
demonstrate that DOX increased Mrpl expression in neonatal
mouse CM and CF cultures, and cells derived from Mrpl—/—
mice were more sensitive to DOX toxicity despite higher basal
levels of intracellular GSH. Importantly, Mrpl—/— CM showed
lower extracellular superoxide dismutase (ECSOD) expression
than wild type (WT) CM, which likely potentiates DOX toxicity
in Mrpl—/— CM. These data demonstrate that Mrpl protects
both CM and CF against DOX toxicity and provides novel
insights into the role of Mrp1 in redox status regulation.

MATERIALS AND METHODS

Cell culture

C57BL/6] (WT) mice and Mrpl-disrupted C57BL/6 (Mrpl—/-)
mice were backcrossed for more than 10 generations, bred in-
house and maintained in the Division of Laboratory Animal
Resources. Mrpl—/—mice are available at The Jackson
Laboratory Repository (JAX Stock No. 028129). All experiments
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complied with the requirements of the Institutional Animal
Care and Use Committee of the University of Kentucky
(Lexington, Kentucky). Primary CM and CF were obtained from
Mrpl—/— neonatal mice and their WT littermates at 1-3 days of
age based on published methods with minor modification (Fu
et al., 2010; Yin et al., 2014). Mice were sacrificed by cervical dis-
location, hearts removed aseptically with the ventricles only re-
tained and maintained in cold Hanks’ balanced salt solution
(HBSS) without Ca?" and Mg”". The ventricles were washed with
the same HBSS and minced into small fragments that were sub-
jected to enzymatic digestion with collagenase type 2
(Worthington Biochemical Corp, Lakewood, New Jersey) in
HBSS, with serial cycles of agitation. After each cycle, the super-
natant (containing the isolated cells) was removed and fetal bo-
vine serum (FBS) added to a final concentration of 10%, the
resulting mixture centrifuged for 10 min at 100 x g, and then the
cells resuspended in DMEM with 10% FBS (vol/vol), 100 units/ml
penicillin, and 100 pg/ml streptomycin (GIBCO, Grand Island,
New York). Cells were preplated for 2h at 37°C, to obtain CM
and nonmyocyte cells, predominantly CF. For CM culture,
100 umol/l bromodeoxyuridine (Sigma Chemical Co) was added
during the first 48h to prevent proliferation of nonmyocytes.
CM and CF culture were routinely examined for purity of the
preparation by immunofluorescence staining of cardiac-
sarcomeric actinin (mouse anti-o-actinin mAb [A7811, Sigma
Chemical Co] and Alexa Fluor 594-conjugated goat anti-mouse
IgG [A-21125, Life Technologies, Carlsbad, California]) for CM
and vimentin (mouse anti-vimentin mAb [sc73259, Santa Cruz
Biotechnology] and Alexa Fluor 680-conjugated goat anti-mouse
IgG [A-21058, Invitrogen, Carlsbad, California]) for CF
(Supplementary Figure 1). CF cultures were used for experi-
ments after 2 passages to eliminate other nonmyocytes. CM pu-
rity averaged > 95% and CF purity was almost 100% at the time
cells were treated.

Accumulation of DOX in WT and Mrp1—/— CM and CF

Cells were treated with 30 uM DOX for 1h, washed 3 times with
PBS, and incubated with fresh DMEM medium for 0, 2, and 4h.
Finally, cells were washed 3 times with PBS and incubated in
acidified (0.75 N HCI) isopropanol and shaken for 30min at
room temperature. The inherent fluorescence associated with
the central anthracycline chromophore group of DOX in the su-
pernatant was read using a spectrofluorometer at wavelengths
of Ex=470nm and Em =590 nm. Detection of DOX in all sam-
ples was in the range of linearity, which extended from 0.08-
5ng/ul. The value of DOX accumulation within the cells was cal-
culated according to the standard curve. Each point represents
the mean = SD (n=3).

Methyl thiazol tetrazolium assay

The cytotoxicity of DOX was determined by the methyl thiazol
tetrazolium (MTT) test. WT and Mrpl—/— CM or CF cells were
seeded and grown in a 96-well plate at 37°C in a 5% CO, satu-
rated atmosphere overnight. To develop a dose-response curve,
DOX stock solution (2mg/ml, Pfizer, New York) was dissolved in
culture medium to final concentrations of 0-4 pM, and was in-
cubated with cells in culture for 3h, after which the media con-
taining DOX was removed. Cells were rinsed once with x1PBS,
and finally incubated with fresh media for an additional 48h.
The MTT assay was performed according to the manufacturer’s
instructions (CellTiter 96 Aqueous One Solution Cell
Proliferation Assay, Promega, Madison, Wisconsin). The
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absorbance at 480nm was measured for each well by a
SpectraMax M5 multidetection reader (Molecular Devices,
Sunnyvale, California). The absorbance of untreated control
cells was taken as 100% viability and the values of treated cells
were calculated as a percentage of control. The data are repre-
sented as mean + SD from 3 independent experiments.

High Performance Liquid Chromatography (HPLC) assay of
GSH and GSSG

CM (10° cells) or CF (3 x 10° cells) were plated and cultured on 6-
well plates overnight, then treated with 0.5 yM DOX (CM) or 1
pM DOX (CF) for 15min or 3h. Cells were scraped immediately
or following an additional 24 h, and then lysed with RIPA buffer
and cell lysate used for GSH derivatization and quantification of
GSH and GSSG. The measurement of GSH and GSSG by HPLC
was done exactly as described (Deng et al., 2015). The redox po-
tential (Eh) of the GSH/GSSG pool was calculated using the esti-
mated cellular GSH and GSSG concentrations and the Nernst
equation: Eh=Eo + (RT/nF) In([GSSG)/[GSH]?). To estimate cellu-
lar concentrations, 1 mg of cell protein was assumed to be asso-
ciated with 5 pl of cell volume (Mannery et al., 2010). R is the gas
constant, T is temperature, n is the number of electrons trans-
ferred, F is the Faraday constant, and Eo=—-264mV at a pH of
7.4.

Immunoblot assay

Protein concentrations were determined using the bicincho-
ninic acid protein assay (Pierce, Rockford, Illinois). Protein sam-
ples were fractionated on a 4%-12% SDS-PAGE gel (EC6038BOX,
Life Technologies) and transferred to nitrocellulose (Whatman,
Stanford, Maine). The blots were incubated with the primary an-
tibody diluted in TBS/5% nonfat milk/0.1% Tween 20 at 4°C over-
night, then washed in TBS/0.1% Tween 20, and subsequently
incubated with horseradish peroxidase (HRP)-labeled secondary
antibody in TBS/5% nonfat milk/0.1% Tween 20.
Chemiluminescence detection was done using Enhanced
Chemiluminescence Plus (RPN2236, GE Healthcare, UK).
Antibodies were obtained as follows: rat anti-Mrpl mAb (801-
007-c250; Alexis, San Diego, California), rabbit anti-glyceralde-
hyde-3-phosphate dehydrogenase pAb (sc-25778), and rabbit
anti-actin pAb (sc-1616-R) from Santa Cruz Biotechnology; rab-
bit anti-PARP (poly (ADP-ribose) polymerase 1) pAb (No. 9542),
rabbit anti-cleaved caspase 3 pAb (No. 9661), and rabbit anti-
phospho-histone H2A X (yH2A.X) pAb (Ser139) (No. 9718) from
Cell Signaling (Beverly, Massachusetts); rabbit anti-glutamate-
cysteine ligase catalytic subunit (GCLc) pAb (ab80841) and rabbit
anti-glutamate-cysteine ligase regulatory subunit (GCLm) pAb
(ab8144) from Abcam (Cambridge, Massachusetts); and anti-rat
Ig-HRP, anti-rabbit Ig-HRP, and anti-mouse Ig-HRP from
Amersham Biosciences (Piscataway, New Jersey). Rabbit anti-
ECSOD pAb was a generous gift from Dr Ladislav Dory,
University of North Texas.

RNA extraction and real-time quantitative PCR

Total RNA was isolated from CM and CF using GenElute
Mammalian Total RNA Miniprep Kit (RTN350, Sigma-Aldrich, St
Louis, Missouri) according to the manufacturer’s instructions.
RNA concentrations were determined spectrophotometrically
with a NanoPhotometer (Implen GmbH, Miinchen, Delaware).
Equal amounts of total RNA were converted into cDNA with
SuperScript III First-Strand Synthesis System for real-time (RT)-
PCR (Invitrogen), and the cDNA mixture diluted without

purification in sterile ddH,O and used for qRT-PCR analysis.
Expression of specific genes was quantified by qRT-PCR using
the LightCycler 480 Real-Time PCR System (Roche Applied
Science, Mannheim, Germany). Primers used for qRT-PCR were
ordered from Integrated DNA Technologies (Coralville, lowa);
Universal ProbeLibrary probes were obtained from Roche
Applied Science. Primers and probes are shown in Table 1.

Statistical analysis

All data are expressed as the mean * SD for n=3-6 per group, as
detailed in the figure legends. In studies comparing 2 groups,
statistical analysis was performed with the Student’s t test. In
studies comparing multiple groups to the same control group,
statistical analysis was performed with 1-way ANOVA followed
by Dunnett’s posttest. In studies comparing more than 2 groups,
statistical analysis was performed with 1-way ANOVA followed
by Newman-Keuls multiple comparison test.

RESULTS
DOX Upregulates Mrp1 Expression in CM and CF

To examine the effect of DOX on expression of Mrpl, CM, and
CF were isolated from WT neonatal mouse heart and treated
with DOX for 24 h, followed by measurement of Mrp1 expression
by RT-PCR and immunoblotting. As shown in Figure 1, Mrpl
was constitutively present in CM and CF. Moreover, DOX treat-
ment significantly increased both Mrpl mRNA (Figure 1A) and
protein expression (Figure 1C) in CM in a concentration-depen-
dent manner. A similar pattern was observed in CF cultures
(Figs. 1B and D). The increase in Mrp1 occurred at a lower dose
(1pM) and to a greater extent in CM (approximately 2.5-fold)
than in CF, where 1uM DOX had no effect on Mrpl expression,
and a higher dose (2uM) increased Mrpl expression approxi-
mately 1.7-fold. These results imply that Mrp1 is involved in the
cellular response to DOX.

Effect of Mrp1 on DOX-Induced Cytotoxicity

To characterize the role of Mrp1 in a cell type specific manner,
the cytotoxicity of DOX in WT and Mrpl—-/— CM and CF was
measured using the MTT assay (Figure 2A). After 3h of DOX
treatment following incubation with DOX-free media for an-
other 48h, 0.3, 1, and 3 pM DOX decreased viability to 64% *+ 3%
(mean * SD), 35% * 3%, and 11% * 2%, respectively, in Mrpl—/—
CM compared with 75% * 2%, 52% *+ 6%, and 25% * 5% viability
in WT (P <.05). Similar experiments demonstrated that CF iso-
lated from Mrpl—/— mice also showed enhanced DOX toxicity
(Figure 2B), although the concentration of DOX required to de-
crease viability by approximately 50% was higher in CF (2 uM)
versus that in CM (1 pM).

To understand the mechanism of cell death, we also charac-
terized apoptosis-related proteins in WT and Mrpl—/— CM and
CF. DOX treatment increased PARP cleavage and caspase 3
cleavage, and these increases were significantly greater in
Mrpl—/— versus WT CM (Figure 2C). The increased phosphoryla-
tion of H2AX was observed at early time points and continued
to increase over time (3, 6, and 12h after treatment with DOX)
(data not shown); YH2AX was significantly higher in Mrpl—/—
CM compared with WT CM 24 h after DOX treatment (Figure 2E).
Similar results were observed in CF cultures (Figs. 2D and F), al-
though again, CM showed greater DOX-induced injury. Thus,
1puM DOX caused approximately 3.3-fold greater caspase 3
cleavage in Mrpl—-/— versus WT cells, whereas 3uM DOX
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TABLE 1. The Primers Used for Real-Time Quantitative PCR
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Genes Forward Primer (5'-3') Reverse Primer (5'-3') Universal Probe Library Probe
18s rRNA gcaattattccccatgaacg gggacttaatcaacgcaagce 48

GPx1 tttccegtgeaatcagtte tcggacgtacttgagggaat 2

GPx3 ggctteecttccaaccaa cccacctggtcgaacatact 92

GSTM1 gcagctcatcatgetctgtta tttctcagggatggtcttcaa 106

GSTM2 agttggccatggtttgctac agcttcatcttctcagggagac 106

GCLc ctgcacatctaccacgeagt gaacatcgectccattcagt SYBR green
GCLm tgactcacaatgacccgaaa tcaatgtcagggatgetttct 108

HO-1 aggctaagaccgcecttect tgtgttectctgtcageatca 17

Mrp1l tgtgggaaaacacatctttga ctgtgegtgaccaagatcc 105

NQO1 agcgttcggtattacgatcc agtacaatcagggctcttcteg 50

SOD3 ctcttgggagagectgaca gccagtagcaagecgtagaa 102

GPx, glutathione peroxidase; GST, glutathione S-transferase; HO-1: heme oxygenase 1; NQO1, NAD(P)H dehydrogenase, quinone 1; GCLc, glutamate-cysteine ligase cat-

alytic subunit; GCLm, glutamate-cysteine ligase regulatory subunit; Mrp1, multidrug resistance-associated protein 1; SOD3, superoxide dismutase 3.
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increased caspase 3 cleavage approximately 2.5-fold in Mrp1—/
— versus WT cells.

Accumulation of DOX in WT and Mrp1—/— CM and CF

Although no evidence has shown that murine Mrp1 is able to
transport DOX, we further examined the intracellular DOX

accumulation in WT and Mrpl—/— cells (Figure 3). We did not
detect any differences in DOX intracellular retention between
genotypes, thus ruling out intracellular DOX accumulation as
the cause of the different susceptibility to DOX in WT versus
Mrpl—/— cells. These data are also consistent with our in vivo
mouse studies showing no differences in retention of DOX in
the heart at 3, 6, and 24 h after a single intravenous dose of DOX
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FIG. 2. Effects of DOX on cell viability and DNA damage in wild type (WT) and Mrp1—/— cells. CM (A) and CF (B) were cultured on a 96-well plate for 48 h before treatment
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(15mg/kg) (Deng et al., 2015). However, the intracellular accumu-
lation of DOX in CM was about twice that in CF, likely due to the
higher content of mitochondria in CM versus CF (Barth et al.,
1992) and the specific binding of DOX to mitochondrial cardioli-
pin (Varga et al., 2015).

GSH and GSSG Measurement in CM and CF

As GSH and GSSG are known substrates for Mrp1, we investi-
gated how loss of Mrp1 would alter GSH and GSSG levels in the
cell, and therefore disrupt the balance of the GSH/GSSG redox
couple. Untreated Mrpl—/— CM and CF had significantly higher
GSH and GSSG compared with WT cells (Figure 4), but there was
no difference in the GSH/GSSG redox couple between genotypes,
consistent with in vivo studies in mice (Lorico et al., 1997; Zhang
et al., 2015). We further investigated how DOX, a drug known to
induce oxidative stress (Chen et al., 2006; Yen et al., 1996), would
influence GSH and GSSG. Initial studies examined the time
course of the changes in GSH and GSSG in cells over 24 h follow-
ing DOX treatment, and showed an early decrease in GSH that
recovered across time. Subsequent in-depth studies

demonstrated that GSH decreased while GSSG increased in both
WT and Mrpl—/— CM within 15min of 0.5 M DOX, leading to a
significant decrease in the GSH/GSSG ratio (Figure 5A). In con-
trast, in CF, GSH was not decreased while GSSG was modestly
but significantly increased following 1M DOX in both geno-
types so that the GSH/GSSG ratio was not changed in either ge-
notype (Figure 5B). By 24 h after DOX, GSH, GSSG, and the GSH/
GSSG ratio had returned to that in saline controls in both CM
and CF from WT mice. However, both GSH and GSSG remained
significantly increased relative to saline controls in both CM
and CF from Mrpl—/— mice 24 h after DOX, resulting in a GSH/
GSSG ratio that was the same as saline controls (Figs. 5C and D).
As a consequence, the redox potential (Eh) of the GSH/GSSG
pool did not differ at 15min or 24 h between genotypes with ei-
ther treatment (Figure 5A, Tables 2 and 3).

Expression of Enzymes for GSH Biosynthesis and
Recycling

The increase in GSH and GSSG after DOX treatment in Mrpl—/—
cells could be due to decreased GSH efflux, increased GSH
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biosynthesis, or increased/decreased recycling from GSSG. We
therefore examined the mRNA and protein expression of GSH
biosynthesis enzymes and GSH reductase (GR) (Figure 6A). DOX
significantly increased mRNA and protein expression of GCLc
and GCLm at 24h in Mrpl—/— CM but only increased GCLc in
WT CM. Similar results were observed in CF (Figure 6B). The
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FIG. 3. Accumulation of DOX in WT and Mrp1l—/— CM and CF. Cells were treated
with 30 uM DOX for 1h, cells washed 3 times with PBS and incubated with fresh
DMEM medium for the indicated times and DOX fluorescence by spectrofluor-

ometry. The value of DOX accumulation within the cells was calculated accord-
ing to the standard curve. Each point represents the mean + SD (n=3).
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DOX-induced increases in GCLc and GCLm expression in CM
and CF were significantly greater in Mrpl—/— cells than WT
cells, implying a greater adaptive response to oxidative stress.
DOX had no effect on GR protein expression in either genotype
(data not shown).

Protein Expression of Antioxidant Enzymes

We next examined the expression of important antioxidant en-
zymes; DOX did not affect protein expression of catalase, Cu,
ZnSOD, and MnSOD in either CM or CF of either genotype (data
not shown). However, we unexpectedly found that mRNA and
protein expression of SOD3 were significantly decreased in
Mrpl—/— versus WT CM in saline-treated cells (64% * 2% of WT
mRNA, P <.05; 62% *+ 8% of WT protein, P <.05) (Figure 7A). DOX
treatment significantly decreased the expression of SOD3 in
both WT and Mrpl-/— CM, such that SOD3 expression re-
mained significantly lower in Mrpl—/— CM (46% *5% of WT
mRNA, P<.05; 43% +12% of WT protein, P<.05). Decreased
basal expression of SOD3 was not observed in CF (Figure 7B), in-
dicating a cell-specific regulation of its expression and that CF
are not a critical target. We also quantitated mRNA expression
of glutathione peroxidase (Gpx), glutathione S-transferase
(GST), NAD(P)H:quinone oxidoreductase 1 (NQO1), and heme
oxygenase 1 (HO-1) and found that DOX increased mRNA ex-
pression of GPx1, GPx3, GSTM1, and GSTM2 in both WT and
Mrpl-/— CM and CF, with GPx1 and GSTM1 mRNA increased
slightly but significantly higher in DOX-treated Mrpl—/— versus
WT CF (Supplementary Figure 2). Importantly, mRNA expres-
sion of NQO1 and HO-1 were significantly elevated in Mrpl—/—
CM and CF compared with WT cells after DOX treatment
(Supplementary Figure 3), indicative of activation of the antioxi-
dant response.

DISCUSSION

This study is the first to show that loss of Mrpl potentiates
DOX-induced toxicity in CM and CF despite comparable levels of
intracellular DOX between genotypes, and an increased intra-
cellular concentration of GSH in Mrpl—/— cells. The data also
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FIG. 4. Concentration of glutathione (GSH), glutathione disulfide (GSSG), and the GSH/GSSG ratio in untreated CM (A) and CF (B). GSH and GSSG were measured by

HPLC. Each bar represents the mean + SD (n=3, *P <.01 by Welch’s t test).
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indicate a greater DOX-induced toxicity in CM versus CF, likely
due to the higher concentrations of DOX in CM, attributable to
the high number of mitochondria present in CM coupled with
the high specific binding of DOX to mitochondrial cardiolipin
(Varga et al., 2015). Loss of Mrp1 in C57BL/6] mice potentiates nu-
clear damage in heart and induces significant cardiac dysfunc-
tion following acute (Deng et al., 2015) and chronic (Zhang et al.,
2015) DOX treatment, respectively. Therefore, in the present
studies, we investigated how Mrp1 affected DOX-induced toxic-
ity in 2 critical cell types in the heart, CM, and CF.

Mrpl was consistently expressed in cultured neonatal CM
and CF from WT mice, and this expression was increased by
DOX in a dose-dependent manner, with an apparent greater in-
duction of Mrpl protein in CM. More importantly, Mrpl—/—
cells, especially Mrpl—/— CM, appeared more sensitive to DOX-
induced cytotoxicity, showing decreased cell survival
Specifically, more apoptotic cell death in Mrpl—/— cells was
demonstrated by higher caspase 3 and PARP cleavage, while

more DNA damage was shown as higher yH2AX levels. Because
CM and CF required different culture conditions and were ex-
amined at different times (CM require completion of experi-
ments within 7 days, while CF require 2 passages to eliminate
non-CF cells before experimentation), it was not possible to
make a direct comparison regarding their relative sensitivity.
Nevertheless, the greater sensitivity of CM to DOX was retained,
and possibly enhanced in Mrpl—/— versus WT cells. The data
demonstrating increased apoptosis in Mrpl—/— cells agree with
findings in the in vivo Mrp1—/— mouse model, which showed in-
creased DOX-induced nuclear injury detected by electron mi-
croscopy and cell apoptosis by the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay in heart tis-
sue (Deng et al., 2015; Zhang et al., 2015).

A key component of the cellular defense against oxidative
injury is the intracellular redox buffer, with GSH and GSSG being
the most abundant redox couple in the cell (Jones, 2008). A ma-
jor determinant of cellular GSH homeostasis is GCL, which
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FIG. 5. Effects of DOX on the concentration of GSH, GSSG, and the GSH/GSSG ratio in CM and CF. CM (A) and CF (B) were treated with saline or DOX (CM, 0.5 uM; CF,
1 uM) for 15 min, and GSH and GSSG measured by HPLC. CM (C) and CF (D) were treated with saline or DOX (CM, 0.5 pM; CF, 1 uM) for 3h, the medium removed and cells
incubated in fresh medium for another 24 h, and GSH and GSSG measured by HPLC. Each bar represents the mean =+ SD (n=3; *P <.05 DOX vs saline of the same geno-
type; #P < .05 Mrp1l—/— vs respective WT cells by Newman-Keuls multiple comparison test after 1-way ANOVA).
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TABLE 2. The Redox Potential (Eh) of the GSH/GSSG Pool (15 min)

Eh of GSH/GSSG (mV) Ave + SD

Cell Mice Treatment
saline DOX
CM WT —237.7 2.3 —231.4 +0.8*
Mrpl—-/— —240.6 = 1.6 —234.8 +2.3*
CF WT —236.5*+1.3 —230.0+54
Mrpl-/— —239.4+25 —2354+22

The redox potential (Eh) of the GSH/GSSG pool in CM and CF 15min after saline
or DOX. CM and CF were treated with saline or DOX (CM, 0.5 uM; CF, 1 uM) for
15min. Eh is calculated by the Nernst equation, Eh=Eo+ (RT/nF) In([GSSG]/
[GSHJ?). To estimate cellular concentrations, 1 mg of cell protein was assumed to
be associated with 5 pl of cell volume (Mannery et al., 2010). R is the gas con-
stant, T is temperature, n is the number of electrons transferred, F is the Faraday
constant, and Eo=-264mV at a pH of 7.4. Data are presented as mean + SD
(n=3;"P<.05 DOX vs Omin of the same genotype by Dunnett’s posttest after
1-way ANOVA).

TABLE 3. The Redox Potential (Eh) of the GSH/GSSG Pool (24 h)

Eh of GSH/GSSG (mV) Ave + SD

Cell Mice Treatment
Saline DOX
CM WT —2346*+1.6 —-229.1+7.0
Mrpl—/— —234.8 2.7 —-236.5*+1.2
CF WT —2354+3.0 —235.0*+21
Mrpl—-/— —-237.7 1.0 —2395+5.1

The redox potential (Eh) of the GSH/GSSG pool in CM and CF 24 h after saline or
DOX treatment. CM and CF were treated with saline or DOX (CM, 0.5 uM; CF,
1 uM) for 3h, the medium removed and cells incubated in fresh medium for an-
other 24h. Eh is calculated by the Nernst equation, Eh=Eo + (RT/nF) In([GSSG])/
[GSH]?) as described in Table 2. Data are presented as mean + SD, n=3.

catalyzes the rate-limiting step in de novo synthesis of GSH from
glutamate and cysteine. GCL activity is regulated by (1) tran-
scriptional activation following oxidative stress, (2) reversible
formation of disulfide bonds between 2 subunits (GCLc and
GCLm), and (3) feedback inhibition by GSH (Franklin et al., 2009;
Fraser et al., 2003; Huang et al., 1993; Richman et al., 1975). The
GSH concentration was higher in untreated Mrpl—/— versus WT
cells (Figure 4), and in the absence of any differences in GCLc
and GCLm expression (Figure 6), indicated that feedback inhibi-
tion of GCL was not sufficient to decrease the overall rate of
GSH synthesis so as to return GSH to levels in WT cells. These
data imply that loss of Mrpl-mediated GSH efflux is a major de-
terminant of the intracellular GSH concentration. DOX further
increased the concentration of GSH at 24h in Mrpl—/— but not
WT cells (Figure 5), consistent with the significantly increased
expression of GCLc and GCLm in Mrpl—/— versus WT cells
(Figure 6). GCLc and GCLm expression is regulated by the antiox-
idant response pathway at the transcriptional level following
oxidative stress. Increased expression of NQO1 and HO-1, genes
whose induction is also mediated by the antioxidant pathway,
confirmed greater activation of the antioxidant response in
DOX-treated Mrpl—/— versus WT cells, despite a higher intra-
cellular concentration of GSH. It is important to note that the Eh
for GSH/GSSG did not differ between WT and Mrpl-/— cells re-
gardless of treatment conditions, and indicates that
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maintenance of the Eh is a critical endpoint for the cell.
Nevertheless, despite a higher GSH concentration and compara-
ble Eh for GSH/GSSG, Mrp1—/— cells were significantly more sen-
sitive to DOX-induced toxicity.

The emerging concept of reductive stress may help explain
why increased GSH does not rescue Mrpl—/— cells from DOX
toxicity. Excessive amounts of reducing equivalents, in the
forms of NAD(P)H and/or GSH, can result in cellular dysfunction
and cardiac disease (Brewer et al., 2012; Narasimhan et al., 2015).
Thus, overexpression of heat shock protein HSP2 leads to an in-
creased GSH/GSSG ratio but results in cardiomyopathy (Zhang
et al,, 2010). The human mutant oB-crystallin overexpression
mouse model shows sustained activation of the Nrf2 signaling
pathway, increases in GSH and the GSH/GSSG ratio, yet hyper-
trophic cardiomyopathy (Rajasekaran et al., 2007, 2011), and a
recent study indicates that GSH-induced reductive stress is
causally linked to mitochondrial oxidation and cytotoxicity
(Zhang et al., 2012). In the present studies, Mrpl—/— cells had
significantly higher GSH and GSSG concentrations in saline con-
trols that were further increased by DOX treatment. The sus-
tained activation of the antioxidant response and upregulation
of GSH synthetic enzymes in DOX-treated Mrpl—/— cells is in
contrast to the anticipated return to steady-state after the ap-
propriate antioxidant cellular response observed in WT cells. It
is possible that in DOX-treated Mrpl—/— cells, the abnormal re-
dox signaling activation and compensatory responsiveness lead
to cytotoxic consequences due to reductive stress. However, be-
cause the GSH/GSSG ratio was not different between genotypes,
further studies, including measures of NADPH/NADP, a battery
of antioxidant enzymes and oxidative stress markers, are
needed to explore this hypothesis rigorously.

GSH depletion is a common feature of apoptosis induced by
various stress conditions. GSH depletion could be mediated by
its oxidation to GSSG, efflux of GSH via transporters or the loss of
membrane integrity (Circu et al, 2008; Franco et al, 2007;
Hammond et al., 2004). Several studies have shown that preven-
tion of GSH efflux can attenuate or prevent apoptosis (Circu et al.,
2009; Ghibelli et al., 1998; He et al., 2003). However, conflicting re-
sults exist regarding the identity of the specific transporter in-
volved in GSH depletion, with several studies showing a role for
MRP1 in GSH depletion (Hammond et al., 2007; Laberge et al.,
2007; Mueller et al., 2005; Sreekumar et al., 2012), while others
demonstrating that inhibition of MRP1-mediated transport accel-
erates apoptosis and GSH loss (Franco et al., 2007, 2014).
Discrepancies could be due to differences in cell types, culture
conditions, MRP1 expression, duration of stress, the apoptotic
stimulus, and GSH levels maintained during experimentation. In
this study, in the absence of Mrpl-mediated GSH efflux, Mrp1—/
— cells were significantly more sensitive to DOX-induced apopto-
sis, indicating that Mrpl-mediated GSH efflux is not essential
and not the major determinant of DOX-induced apoptosis.

A novel and key finding is the significantly decreased ex-
pression of ECSOD/SOD3 in Mrpl—/— versus WT CM under basal
conditions (saline treatment), and the further decrease follow-
ing DOX treatment (Figure 7). Among the 3 SOD isoforms (Cu,
ZnSOD, MnSOD2, and ECSOD), ECSOD is the sole enzyme lo-
cated in the extracellular matrix catalyzing the dismutation of
superoxide (0,°") to hydrogen peroxide (H,O,) and O, so as to
maintain relatively low levels of O,°" in the extracellular envi-
ronment. These low levels of O, are critical for minimizing
formation of peroxynitrite-induced vascular injury in the
presence of nitric oxide (NO) (Fukai et al., 2002). Thus, overex-
pression of ECSOD in heart tissue or ECSOD administration at-
tenuates oxidative stress, increases NO bioavailability in
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FIG. 6. Quantitative analysis of GCLc (glutamate-cysteine ligase, catalytic subunit) and GCLm (glutamate-cysteine ligase, regulatory subunit) in DOX-treated CM and
CF. CM (A) and CF (B) were treated with saline or DOX (CM, 0.5 uM; CF, 1 pM) for 3 h, the medium removed and cells incubated in fresh medium for another 24 h. The im-
munoblots are representative of 1 of 3 independent experiments. Each bar represents the mean + SD. (*P <.05 DOX vs saline of the same genotype; #P <.05 Mrpl—/— vs
respective WT cells by Newman-Keuls multiple comparison test after 1-way ANOVA).
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FIG. 7. Quantitative analysis of SOD3 mRNA and protein expression in DOX-treated CM and CF. CM (A) and CF (B) were treated with saline or DOX (CM, 0.5 uM; CF, 1 uM)
for 3h, the medium removed and cells incubated in fresh medium for another 24 h. The immunoblots are representative of 1 of 3 independent experiments. Each bar
represents the mean + SD. (*P <.05 DOX vs saline of the same genotype; #P < .05 Mrpl—/— vs respective WT cells by Newman-Keuls multiple comparison test after

1-way ANOVA).

response to ischemia/reperfusion and also mitigates tissue dys-
function in cardiovascular disease (Li et al.,, 2001, 1998; Obal
et al., 2012; Wahlund et al., 1992;). Importantly, DOX treatment of
ECSOD null mice causes greater myocardial apoptosis and sig-
nificantly more left ventricle fibrosis relative to WT mice
(Kliment et al., 2009), and suggests that the decreased ECSOD ex-
pression in Mrpl-/— CM contributes significantly to their
greater sensitivity to DOX. Further, type II alveolar epithelial
cells derived from Nrf2—/— mice show significantly higher SOD3
mRNA expression compared with WT cells, while GSH supple-
mentation of these Nrf2—/— cells decreases SOD3 expression to
that of WT cells (Reddy et al., 2007). These data are consistent
with modulation of the redox state by DOX and Mrp1, and the
higher GSH concentration and decreased SOD3 expression ob-
served in Mrpl—/— CM.

This differential ECSOD expression between genotype was
not detected in CF (Figure 7). In further studies comparing WT
CM versus CF, we noted that CF have much higher ECSOD ex-
pression than CM at both mRNA (approximately 3.4-fold) and
protein (approximately 2.2-fold) levels (Supplementary Figure
4). Upon DOX treatment, ECSOD protein expression decreased
in a dose-dependent manner in CM, while in CF, 0.5 pM DOX de-
creased while 3 uM DOX significantly increased ECSOD protein
expression. The different basal levels of ECSOD expression cou-
pled with a differential regulation of expression in CM and CF in
response to DOX indicate that measurement of ECSOD expres-
sion in whole heart tissue can be misleading as it does not dis-
tinguish changes of ECSOD expression in these 2 different cell
populations. How these sources of ECSOD coordinate with each
other to minimize extracellular oxidative stress and contribute
to DOX-induced pathological changes in heart will require more
careful investigation.

In summary, the key finding of this in vitro study is that loss
of Mrp1 potentiates DOX cytotoxicity in CM and CF, presenting
as more severe apoptosis and DNA damage, consistent with
in vivo findings of nuclear injury and apoptosis (Deng et al., 2015;
Zhang et al., 2015), and confirming the cardiac protective func-
tion of Mrp1l. Conservation of the GSH/GSSG redox couple in sa-
line- and DOX-treated cells from both genotypes suggests that
the changes in intracellular GSH and GSSG are not significant

contributors to the increased susceptibility of Mrp1—/— cells to
DOX. However, the loss of Mrpl-mediated efflux of GSH from
cells almost certainly contributes to the decreased ability to
scavenge O,°” in the extracellular environment, particularly of
CM where expression of ECSOD is decreased, so that it may be
the increased extracellular oxidative stress that mediates greater
susceptibility of Mrpl—/— cells, particularly CM, to DOX-induced
cardiotoxicity. Alternatively, the loss of Mrpl-mediated efflux of
additional important substrates, including signaling molecules,
such as nitrolinoleic acid (Alexander et al., 2006) or potentially
cytotoxic dinitrosyl-diglutathionyl iron complexes (Lok et al.,
2012), may make Mrpl—/— cells vulnerable to greater DOX-
induced cytotoxicity. Clearly, additional studies are needed to
understand the complex mechanisms by which Mrp1 protects
the heart. Lastly, due to its role in multidrug resistance develop-
ment in cancer cells, MRP1 is considered as a diagnostic marker
and a therapeutic target to increase the efficacy of a variety of
chemotherapy drugs, including anthracyclines (Schaich et al.,
2005; Faggad et al., 2009). Here, our studies provide critical infor-
mation regarding the potential adverse sequelae of introduction
of MRP1 inhibitors as adjuncts to clinical chemotherapy of mul-
tidrug resistant tumors.

SUPPLEMENTARY DATA

Supplementary data are available online athttp://toxsci.
oxfordjournals.org/.
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