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a b s t r a c t

In atrial-derived HL-1 cells, ryanodine receptor and Naþ/Ca2þ-exchanger were altered early by 5 mM
doxorubicin. The observed effects were an increase of cytosolic Ca2þ at rest, ensuing ryanodine receptor
phosphorylation, and the slowing of Ca2þ transient decay after caffeine addition. Doxorubicin triggered a
linear rise of reactive oxygen species (ROS) with no early effect on mitochondrial inner membrane po-
tential. Doxorubicin and ROS were both detected in mitochondria by colocalization with fluorescence
probes and doxorubicin-induced ROS was totally blocked by mitoTEMPO. The NADPH oxidase activity in
the mitochondrial fraction was sensitive to inhibition by GKT137831, and doxorubicin-induced ROS
decreased gradually as the GKT137831 concentration added in preincubation was increased. When
doxorubicin-induced ROS was prevented by GKT137831, the kinetic response revealed a permanent
degree of protection that was consistent with mitochondrial NADPH oxidase inhibition. In contrast, the
ROS induction by doxorubicin after melatonin preincubation was totally eliminated at first but the effect
was completely reversed with time. Limiting the source of ROS production is a better alternative for
dealing with oxidative damage than using ROS scavengers. The short-term effect of doxorubicin on Ca2þ

transporters involved in myocardiac contractility was dependent on oxidative damage, and so the
impairment was subsequent to ROS production.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

The cytosolic Ca2þ signal during sarcolemmal depolarization in
mammalian atrial myocytes is originated by activation of the small
population of junctional ryanodine receptor (RyR) around the
CA, sarco-endoplasmic retic-
reactive oxygen species; AM,
rescein diacetate; DCF, 20 ,70-
; k, apparent first-order rate
ridged dinuclear ruthenium
ndrial inner membrane po-
drazone; GKT137831, 2-(2-
-1H-pyrazolo[4,3-c]pyridine-

).
periphery of the cell owing to the lack or poorly-developed T-tu-
bules system. Accordingly, the Ca2þ signal does not fully spread
inside the cell and the large population of non-junctional RyR re-
mains inactive. Activation of non-junctional RyR occurs by suc-
cessive processes of Ca2þ-induced Ca2þ release. This allows the
enhancement of cardiac contractility and therefore the pumping of
blood when positive inotropic agents promote Ca2þ propagation
deep into the cell [1]. Differences in the expression, subcellular
distribution and interaction with other proteins of a few key
players, including RyR2, sarco-endoplasmic reticulum Ca2þ-ATPase
(SERCA) 2a and Naþ/Ca2þ-exchanger (NCX) 1, are responsible for
dissimilarities in Ca2þ signaling between atrial and ventricular
myocytes [2].

On the other hand, the cardiotoxic effects attributed to doxo-
rubicin can be classified as acute or chronic depending on whether
a short- or long-term treatment is established [3]. The primary, but
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not exclusive, cause of acute cardiotoxicity is related with an in-
crease of reactive oxygen species (ROS). One-electron redox cycling
of doxorubicin, supported by different enzymatic systems that can
be potentiated by the iron released from intracellular stores, is the
molecular mechanism responsible for ROS production [4]. More-
over, there is compelling evidence that the alteration of Ca2þ

transporters is a key factor in doxorubicin-induced oxidative
damage. It has been described that the inhibition of Ca2þ entry
through NCX [5], the increase in RyR open probability [6], the
activation of L-type cardiac Ca2þ channels [7] and the down-
regulation of genes related with sarcoplasmic reticulum Ca2þ

transporters [8] among others are linked to the increased produc-
tion of ROS evident upon doxorubicin exposure.

The cardiomyocyte is especially sensitive to oxidative damage
due to the high mitochondrial content and the low antioxidant
defenses, therefore the presence of doxorubicin as a potent source
of ROS is expected to have great impact. Since doxorubicin was
demonstrated to alter intracellular Ca2þ transporters and Ca2þ

signaling is different in atrial and ventricular myocytes [9] it was
considered of interest to explore the effect of doxorubicin on atrial
muscle cells.

HL-1 is a cell line that continuously proliferates, contracts and
retains several phenotypic characteristics of cardiomyocytes when
cultured in vitro [10]. The cells are endowed with highly ordered
myofibrils, cardiac-specific junctions, voltage dependent currents,
the expression of sarcoplasmic reticulum Ca2þ transport proteins as
well as Ca2þ transients in response to caffeine or electrical field
stimulation [10,11].

In the present study, HL-1 was used as a cellular model to
analyze the effect of a short doxorubicin treatment on the Ca2þ

transporters related with myocardial contractility in order to
ascertain the source and localization of the oxidative damage and
whether blunted oxidative damage is a mechanism accounting for
full protection.

2. Materials and methods

2.1. Reagents and other products

Culture reagents including Claycomb medium, fetal bovine
serum, L-glutamine, penicillinestreptomycin mixture and norepi-
nephrine bitartrate (A0937) were obtained from Sigma-Aldrich.
MitoTEMPO, lucigenin and NADPH were purchased from Santa
Cruz Biotechnology and Fluo-3/acetoxymethyl (AM), 20,70-dichlor-
odihydrofluorescein diacetate (H2-DCFDA), MitoTracker Green FM
and JC-1 were Molecular Probes® products from Life Technologies-
Invitrogen. GKT137831 was provided by BioVision. Pierce® BCA
protein assay kit was from Thermo Fisher Scientific, protease in-
hibitor cocktail (P8340) was from Sigma and Calbiochem® phos-
phatase inhibitor cocktail set II (524625) was fromMerck Millipore.
Primary antibodies against RyR2 phosphorylated at Ser2808 (A010-
30) or phosphorylated at Ser2814 (A010-31) were obtained from
Badrilla whereas unphosphorylated anti-RyR2 (MA3-925) was
from Pierce® Thermo Scientific. Secondary antibody peroxidase-
conjugated anti-rabbit IgG (W401-B) was from Promega. Immobi-
lon®-PSQ membrane for electroblotting was from Merck Millipore.
Horseradish peroxidase activity was detected with the Amer-
sham™ ECL Prime reagent from GE Healthcare and ChemiDoc
XRSþ system from BioRad. Quantitative analysis was carried out
with Gel-Pro Analyzer 3.1 software from Sigma. All other reagents
were also supplied by Sigma-Aldrich.

2.2. Cell culture and doxorubicin treatment

Cells in complete culture medium consisting of Claycomb
medium, 10% heat-inactivated fetal bovine serum, 2 mM L-gluta-
mine, 100 U/ml penicillin, 100 mg/ml streptomycin and 0.1 mM
norepinephrine were maintained at 37 �C in exponential growth
phase. Themonolayer culturewas split in a 1:6 ratio or harvested to
perform experiments when confluence was 70e80%. Fetal bovine
serum, antibiotics and norepinephrine were removed from the
medium 12 h before measurements. For the induction of car-
diotoxicity, plated cells were exposed to 5 mM doxorubicin for the
indicated incubation times. The doxorubicin concentration was
selected according to previous assays and reproduces the plasma
peak concentration reached by standard infusion in patients
[12,13].

2.3. Measurement of cytosolic Ca2þ

Free Ca2þ concentration was measured as described previously
[14]. Briefly, subconfluent cultures were loaded in the dark at 37 �C
for 30 min with 2 mM Fluo-3/AM in Tyrode medium containing
10 mM Hepes, 150 mM NaCl, 5.4 mM KCl, 1.2 MgCl2, 1.8 mM CaCl2,
10 mM glucose, 0.9 mM NaH2PO4 and 0.25% bovine serum albumin
adjusted to pH 7.4 with NaOH. Extrusion of the free acid-Ca2þ probe
was prevented by including 0.2 mM sulfinpyrazone. Loading was
followed by 30 min deesterification. Fluorescence emission was
captured with Leica equipment consisting of a TCS SP2 scanhead
module coupled to an inverted microscope (DM IRE II). The oil
immersion objective was HCX PL APO 63x and the confocal section
1.1 mm. Time-dependent images were collected with a Leica DC300
FX digital camera using the customized software IM50 1.2. Samples
at room temperature were excited with the 488 nm argon-ion laser
line and the green fluorescence was observed in the 504e530 nm
wavelength range. Cells in the field were repetitively scanned at 1 s
intervals for a total duration of 15 min. Calibration was performed
at the end of each experiment by adding 1 mM ionomycin to
determine Fmax and 40 mM EGTA aliquots until fluorescence no
longer diminished to determine Fmin. Cytosolic free Ca2þ was
calculated according to the Grynkiewicz equation [15]. The
apparent dissociation constant for the Ca2þ-Fluo-3 complex was
390 nM.

2.4. Ca2þ extrusion transporters

The relative contribution to cytosolic Ca2þ removal was esti-
mated from the apparent first-order rate constant of Ca2þ transient
decay [16,17]. Plated cells displayed spontaneous Ca2þ transients
(SCT) and were used to determine the rate constant of the corre-
sponding Ca2þ transient decay (kSCT). Moreover, the rate constant of
Ca2þ transient decay induced by caffeine (kCaff) was obtained by
adding 10 mM caffeine. When the rate constant of Ca2þ transient
decay was measured in the presence of Ni2þ (kCaffþNi), cells were
preincubated with 10 mM NiCl2 before the addition of 10 mM
caffeine. Likewise, the rate constant of Ca2þ transient decay in the
presence of Ni2þ and oxygen-bridged dinuclear ruthenium amine
complex (Ru360) (kCaffþNiþRu) was obtained when cells were pre-
incubated with 10 mMNiCl2 plus 10 mM Ru360 and 10 mM caffeine
was added. SCT in individual cells or caffeine-induced Ca2þ dis-
charges in random cell fields were analyzed by confocal microscopy
after loading the cells with Fura-3/AM and maintaining in Tyrode
medium.

2.5. Detection of phosphorylated RyR2

Cells in subconfluent cultures (~6 � 106 cells) were exposed or
not to 5 mM doxorubicin for different time intervals. Thereafter,
each plate was washed twice with phosphate-buffered saline at
4 �C and exposed to 100 ml of ice-cold solubilization medium
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containing 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 50 mM NaF, 1%
(w/v) Nonidet P-40, 1% (w/v) sodium deoxycholate, 0.1% (v/v) SDS,
2 mM EDTA, 10% (v/v) glycerol, 5 mM sodium orthovanadate, 1 mM
phenylmethanesulfonyl fluoride, 1% (v/v) protease inhibitor cock-
tail and 1% (v/v) phosphatase inhibitor cocktail. The cells were
gently scraped from the plate, transferred to an Eppendorf tube and
maintained on an ice-water bath for 30 min. During this time, the
suspension was vortexed for 10 s intervals every 5 min. Samples
were subjected to centrifugation at 10,000� g for 20 min and 4 �C
and the supernatant containing solubilized proteins was aliquoted
and stored at �80 �C for further use. Ninety mg of protein per lane
were electrophoresed on 6% SDS-polyacrylamide minigels and
electroblotted on polyvinylidene difluoride membranes for
immunological detection [18]. The proteins of interest were probed
at 1:5000 dilution with anti-phosphoSer2808 RyR2, anti-
phosphoSer2814 RyR2 or unphosphorylated RyR2.

2.6. Production of ROS

Doxorubicin-induced ROS was measured with the aid of the
cell-permeable indicator H2-DCFDA [19]. After intracellular deace-
tylation, the non-fluorescent dye 20,70-dichlorodihydrofluorescein
was oxidized by ROS to the fluorescent 20,70-dichlorofluorescein
(DCF). Cells in a 96-well microtiter plate were grown at 37 �C for 2
days in complete culture medium to obtain ~8 � 104 cells/well.
These were then washed with prewarmed phosphate-buffered
saline and loaded in the dark at 37 �C for 30 min with 10 mM H2-
DCFDA in Claycombmedium. Excess probewaswashed off and cells
in Tyrode medium were maintained at 25 �C for 20 min before
measurements. The increase in DCF fluorescence induced by
doxorubicin was expressed in arbitrary units (a.u.) or a.u./min with
respect to a control in the absence of drug. Cells in the presence of
5 mM doxorubicin were used to subtract the drug absorbance and/
or autofluorescence as described previously [18]. The time-
dependent appearance of green fluorescence was monitored at
excitation and emission wavelengths of 485 and 530 nm, respec-
tively using a Fluostar Omega microplate reader (BMG Labtech).

2.7. Mitochondrial inner membrane potential (DJm)

Polarized mitochondria exhibit red fluorescence when exposed
to the carbocyanine dye JC-1 due to the accumulation of J-aggre-
gates [20]. Cells in a 96-well microtiter plate were grown at 37 �C
for 2 days in complete culture medium to reach ~8 � 104 cells/well.
They were then washed with prewarmed phosphate-buffered sa-
line and loaded at 37 �C for 15 min with 5 mg/ml JC-1. After two
wash cycles with phosphate-buffered saline, cells in Tyrode me-
dium were subjected to the corresponding treatment. The green
fluorescence of monomeric JC-1 and the red fluorescence of
aggregate JC-1 were recorded as a function of time using a Fluostar
Omega microplate reader. Excitation was fixed at 490 nm and the
emission was alternately collected at 530 and 590 nm. Data are
expressed as ratio of red/green fluorescence after correction for
doxorubicin autofluorescence and/or energy transfer to JC-1.

2.8. Intracellular localization of doxorubicin and ROS

The presence of doxorubicin inside the cell was monitored using
the red fluorescence of the molecule and the mitochondrial probe
MitoTracker Green as a reference. Subconfluent cultures in 35-mm
glass bottom plates were washed twice with phosphate-buffered
saline at 37 �C. Then, cells were incubated at 37 �C in pre-
warmed Tyrode medium with 150 nM MitoTracker Green for
20 min in the dark. After loading, the cells at 37 �C were washed
twice before exposure to 5 mM doxorubicin for the indicated times.
Cells were examined at different time intervals by laser scanning
confocal microscopy using the above described Leica equipment.
MitoTracker Green and doxorubicin were excited with the 488 nm
line of the argon-ion. The emission fluorescence was selected in the
wavelength range 500e540 nm for MitoTracker Green or
620e700 nm for doxorubicin. The intracellular distribution of ROS
was followed by the fluorescence associated to DCF using the
doxorubicin red fluorescence as a marker. For these assays, cells in
35-mm glass bottom plates were incubated at 37 �C in the dark
with 5 mM doxorubicin. After loading, the cells were washed twice
with prewarmed phosphate-buffered saline before exposure at
37 �C to 10 mM H2-DCFDA in Claycomb medium. DCF and doxoru-
bicin were excited with the 488 nm line of the argon-ion laser and
the emission fluorescence was collected at 500e530 nm for DCF or
620e700 nm for doxorubicin.

2.9. Fluorescence quantitative colocalization

Correlation of the pixel intensities between the two color
channels was carried out by the Pearson correlation and Manders
overlap coefficients [21]. The first ranges from �1 for complete
exclusion toþ1 for complete correlation, whereas the second varies
from 0 for no colocalization to 1 for full colocalization. High
magnification images of 1024 � 1024 pixels were collected and a
number of cytoplasmic regions of interest in individual cells (n)
were selected. Image processing and analysis were performed with
the public domain software Fiji (http://fiji.sc/Fiji) and the JACoP
v2.0 Plugin (http://rsb.info.nih.gov/ij/plugins/track/jacop.html).

2.10. Subcellular fractions

Subconfluent cultures harvested with trypsin/EDTA and pooled
in Eppendorf tube (~24 � 106 cells) were washed twice with
phosphate-buffered saline at 4 �C. Afterwards, cells resuspended in
400 ml of ice-cold medium containing 8 mM Na2HPO4, 1 mM
NaH2PO4, 75 mM KCl and 250 mM sucrose adjusted to pH 7.0 were
lysed on an ice-water bath with 80 strokes in a glass-teflon Dounce
homogenizer. After centrifugation at 10,000� g for 20min and 4 �C,
the supernatant was saved as the microsomal þ cytosolic fraction
and stored at �80 �C for further use. The resulting pellet, once
resuspended in 400 ml of ice-cold medium containing 50 mM
KH2PO4 and 1 mM EGTA at pH 7.0, was vigorously vortexed 5 times
(10 s each time), maintaining the samples for 5 min intervals on an
ice-water bath. This provided the mitochondrial fraction that was
stored at �80 �C until use.

2.11. NADPH oxidase (NOX) activity

NOX activity in subcellular fractions was evaluated in the
presence of lucigenin by chemiluminescence assay [22]. The
enzyme reaction was measured at 25 �C in a 96-well microtiter
plate. The initial assay medium was 50 mM KH2PO4, pH 7.0, 1 mM
EGTA, 150 mM sucrose, 100 mM NADPH and 25 mM lucigenin. In a
final volume of 0.2 ml, the reaction was started by adding 200 mg
protein from the mitochondrial fraction or 400 mg protein from the
microsomal þ cytosolic fraction. Different concentrations of
GKT137831 were present when indicated. The photon emission in
each well was measured every 15 s for a period of 4 min using a
Fluostar Omega microplate reader. Preliminary experiments were
conducted to ensure a linear rate of lucigenin reduction and the
absence of activity when NADPH was not included.

2.12. Protein determination

The protein concentration in cellular extracts and isolated
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fractions was evaluated with the Pierce® bicinchoninic acid assay
kit and bovine serum albumin as standard protein.

2.13. Data presentation

Cell images were representative of randomly selected fields and
were reproduced using Adobe Photoshop 4.0 software. Represen-
tative or average traces of repeated experiments using more than
one cell culture are given. The k values for Ca2þ transient decay
correspond to the mean of a number of determinations (n) ± SEM.
Data points and histogram bars are mean values of at least five
independent assays and SEM is expressed by the error bar. p values
were calculated by the Student's t-test using version 11.0 of the
SigmaPlot program from Systat Software.

3. Results

3.1. Ca2þ transporters and doxorubicin effect

When plated cells at 70e80% confluence were incubated in
resting conditions, confocal Ca2þ imaging in a field of Fluo-3 loaded
cells showed occasional flashes of green fluorescence (Fig. 1A). In
the absence of external Ca2þ entry, this spontaneous short-lived
fluorescence or SCT can be attributed to discharge/sequestration
of intracellular Ca2þ. The mean cytosolic Ca2þ signal in a single cell
(n ¼ 6) indicated that resting free Ca2þ was 70 nM, the Ca2þ peak
amplitude was 660 nM and kSCT was 508 ± 24 ms�1 (Fig. 1B).
Average Ca2þ transients in random fields (n ¼ 10) were also ob-
tained when 10 mM caffeine was added to provoke irreversible
Ca2þ discharge from the sarcoplasmic reticulum (Fig. 1C). In this
case, the caffeine-induced Ca2þ peak amplitude was close to
1000 nM and kCaff was 152 ± 16 ms�1. When cells were pre-
incubated for 10 min with 10 mM NiCl2 to inhibit NCX before the
addition of 10 mM caffeine (n ¼ 8), kCaffþNi was 59 ± 5 ms�1.
Moreover, when the preincubation was carried out in the presence
of 10 mM NiCl2 and 10 mM Ru360 to inhibit NCX and the mito-
chondrial Ca2þ uniporter (n ¼ 8), kCaffþNiþRu was 52 ± 3 ms�1. From
these data the proportion of cytosolic Ca2þ removed by different
Ca2þ transporters can be derived. The contribution of SERCA, i.e.,
Ca2þ-pumped inside the sarcoplasmic reticulum, was 70% as
deduced from the expression kSCT � kCaff/kSCT, whereas the fraction
taken by the sarcolemmal NCX operating in the forward direction
(1Ca2þout:3Naþin), calculated from kCaff � kCaffþNi/kSCT, was 18%.
Cytosolic Ca2þ removed by the mitochondrial Ca2þ uniporter
(kCaffþNi � kCaffþNiþRu/kSCT) was ~1% and the rest corresponds to
other slow Ca2þ transporters (Fig. 1D).

The effect of doxorubicin on Ca2þ transporters was then
analyzed during a 3 h test period by studying the evolution of the
caffeine-induced Ca2þ transient. The time-dependent effect of 5 mM
doxorubicin altered the resting Ca2þ level, Ca2þ peak amplitude and
the kinetics of Ca2þ transient decay (Fig. 2A). The resting Ca2þ level
remained unaffected for the first 30 min but increased as the
treatment was prolonged (Fig. 2B), whereas the Ca2þ peak ampli-
tude induced by caffeine displayed the opposite behavior, i.e., it was
unaltered during the initial period of time but tended to decrease as
the treatment was prolonged (Fig. 2C). The observed effects are
consistent with increased diastolic Ca2þ efflux from the sarco-
plasmic reticulum, commonly termed sarcoplasmic reticulum Ca2þ

leak, and may involve activation of the RyR2 channel [23]. There-
fore, the time-dependent effect of 5 mM doxorubicin on RyR2
activation was studied using Western blot and phospho-specific
antibodies. RyR2 was not phosphorylated at Ser2808 over a
period of 6 h when doxorubicin was added, although early phos-
phorylation at the protein kinase A-specific site Ser2808 was
observed in the presence of 1 mM isoproterenol (Fig. 2D).
Furthermore, significant phosphorylation of RyR2 at Ser2814 was
evident following 15min of doxorubicin treatment, andmaintained
for up to 6 h.

Since the kinetics of Ca2þ transient decay induced by caffeine in
cells exposed to doxorubicin was delayed in a time-dependent
manner, we next sought to ascertain whether or not NCX was
affected. To this end, plated cells were exposed to 5 mMdoxorubicin
for 1 h and then 10 mM caffeine was added to induce the Ca2þ

transient (n ¼ 8). Alternatively, 10 mM NiCl2 was added in pre-
incubation before the 1 h doxorubicin treatment and the caffeine-
induced Ca2þ transient was elicited (n ¼ 8). Evaluation of the
mono-exponential Ca2þ transient decay after the doxorubicin
treatment indicated that kCaff was 18 ± 3 ms�1 (Fig. 3, top), whereas
kCaffþNi was 9 ± 1ms�1 (Fig. 3, bottom). The rate constant of the NCX
activity assessed from the difference kCaff� kCaffþNi was 100ms�1 in
untreated cells (see Fig. 1C) and 9 ms�1 in cells exposed to 5 mM
doxorubicin for 1 h (Fig. 3).

3.2. Doxorubicin relationship with mitochondria

Since doxorubicin is a potent inducer of oxidative damage the
process of ROS formationwas first characterized. Plated cells loaded
with H2-DCFDA responded with a linear increase of green fluo-
rescence when 5 mM doxorubicin was added. This increase in
fluorescence was observed from the initial time point (Fig. 4A) and
linearity between DCF accumulation and doxorubicin concentra-
tion was confirmed (Fig. 4A, inset). Because the mitochondrion is a
primary site of ROS production but it is also the target of oxidative
damage, the potential relationship between doxorubicin and DJm
was explored. In these experiments, plated cells in the absence of
doxorubicin displayed intense red/green fluorescence when loaded
with JC-1 that is indicative of high DJm. Moreover, DJm remained
unaltered during the time window of our experiment when cells
were exposed to 5 mM doxorubicin (Fig. 4B), however when 5 mM
CCCP was added a time-dependent loss of DJm was triggered.

The time course of doxorubicin entry inside the cell was
monitored from the red fluorescence of the molecule. In the
absence of doxorubicin, plated cells loaded with MitoTracker Green
displayed green fluorescence (Fig. 5A). However, when cells were
exposed to 5 mM doxorubicin a red fluorescence appeared at
15min, the intensity and extension of which increased as a function
of time. Exposure times longer than 1 hwere needed to observe red
fluorescence in the nuclei (data not shown). The yellow color in
overlaid images was consistent with the mitochondrial localization
of doxorubicin and was confirmed when viewed in more detail.
Both mitochondrial probe and doxorubicin exhibited a punctate
cytoplasmic distribution and were clearly superimposed (Fig. 5B).
Analysis of fluorescence colocalization provided a Pearson coeffi-
cient of 0.87 ± 0.03 and Manders coefficient of 0.98 ± 0.01 (n ¼ 5).
Likewise, the ROS-induced green fluorescence of DCF and the
intrinsic red fluorescence of doxorubicin largely overlapped, which
is consistent with preferential ROS localization in themitochondria.
Pearson and Manders coefficients were calculated to be 0.86 ± 0.02
and 0.98 ± 0.01 (n ¼ 10), respectively. When cells were pre-
incubated with mitoTEMPO [24] for 1 h, the linear rate of DCF
accumulation in the presence of 5 mM doxorubicin decreased in a
concentration-dependent manner and was totally abolished when
the mitochondrial antioxidant reached 50 mM (Fig. 5C).

3.3. Source of doxorubicin-induced ROS and protection

The NOX activity catalyzes one-electron transfer from NADPH to
O2 to give the free radical superoxide and has been implicated in
physiological and pathological processes of ROS production. The
potential relationship between NOX and doxorubicin-induced ROS



Fig. 1. Ca2þ transporters involved in cytosolic Ca2þ removal. Plated cells were loaded with Fura-3/AM and maintained in Tyrode medium during the experiments. (A) Confocal Ca2þ

images taken from a sequence in a cell field where aleatory SCT can be observed. Bar length is 50 mm. (B) Average fluorescence trace of SCT in single cell used to determine the rate
constant of Ca2þ transient decay (kSCT). (C) Average fluorescence traces of cytosolic Ca2þ when cells were exposed to 10 mM caffeine (arrow) to provoke irreversible discharge of the
sarcoplasmic reticulum Ca2þ store. The decay phase was used to determine kCaff. When cells were preincubated for 5 min with 10 mM NiCl2 or 10 mM NiCl2 plus 10 mM Ru360 the
decay phase of the caffeine-induced Ca2þ transient was used to evaluate kCaffþNi or kCaffþNiþRu, respectively. First-order rate constants for Ca2þ transient decays are expressed in
ms�1. (D) Pie chart showing relative contribution of cytosolic Ca2þ transporters. MCU is mitochondrial Ca2þ uniporter.
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in HL-1 cells was first approached by evaluating the in vitro NOX
activity in the relevant subcellular fractions. Our data indicated that
NOX activity was present in the mitochondrial but not in the
microsomal þ cytosolic fraction. Moreover, NOX activity in the
mitochondrial fraction was progressively inhibited when the con-
centration of the selective NOX inhibitor GKT137831 was raised
(Fig. 6A). Full inhibition was attained at approximately 1 mM. Then,
the generation of doxorubicin-induced ROS was examined by
including a preincubation step with the NOX inhibitor. Thus, plated
cells were preincubated or not for 1 h with GKT137831 before the
addition of 5 mM doxorubicin. As can be seen, the DCF fluorescence
rate gradually diminished as the GKT137831 concentration added
in preincubation was raised. Total inhibition required the presence
of approximately 3 mM (Fig. 6B).

To further explore the mechanism of protection we studied the
time-dependent response of doxorubicin-induced ROS when cells
were subjected to 15 min preincubation with the NOX inhibitor
GKT137831 or the ROS scavenger melatonin. The linear rate of DCF
accumulation gradually decreased as the GKT137831 concentration
added in preincubation was increased (Fig. 7A). Nonetheless, the
DCF accumulation was totally eliminated by melatonin pre-
incubation, even at the lower concentrations tested, although the
protection was temporary (Fig. 7B). The kinetic response was
characterized by the appearance of a time lag that increased in
length as the melatonin concentration was raised from 10 to
100 mM.

3.4. Protection of Ca2þ transporters

The relationship between doxorubicin-dependent ROS and the
alteration of Ca2þ transporters involved in myocardiac contractility
was then addressed by measuring the caffeine-induced Ca2þ tran-
sient in the presence of the above-mentioned compounds that
prevented the formation or avoided the accumulation of ROS. The
Ca2þ transient induced by 10 mM caffeine showed the character-
istic decrease in peak amplitude and slower transient decay after
1 h treatment with 5 mM doxorubicin (Fig. 8, trace a), as already
shown in Fig. 2A. However, the caffeine-induced Ca2þ signal
remained unaltered after doxorubicin treatment when cells were
preincubated with 3 mM GKT137831 (n ¼ 3), 50 mM mitoTEMPO
(n ¼ 3) or 100 mM melatonin (n ¼ 3) (Fig. 8, traces b-d). In terms of
the caffeine-induced Ca2þ transient decay, the doxorubicin treat-
ment did not decrease kCaff when cells were preincubated before
with the above mentioned compounds.



Fig. 2. Doxorubicin effect on cytosolic Ca2þ transient induced by caffeine and RyR2 phosphorylation. For Ca2þ transient experiments, plated cells were loaded with Fura-3/AM and
maintained in Tyrode medium. Data were collected from confocal images of representative cell fields. (A) Ca2þ transients induced by 10 mM caffeine (arrow) were recorded at given
times after the addition of 5 mM doxorubicin. (B) Evolution of resting Ca2þ level during the doxorubicin treatment. *** is p < 0.001 vs. control. (C) Caffeine-induced Ca2þ peak
amplitude at different times when cells were exposed to doxorubicin. ** is p < 0.01 vs. control and *** is p < 0.001 vs. control. (D) Western blot images and densitometric profile
when plated cells maintained in Claycomb medium supplemented with 2 mM L-glutamine were left untreated or exposed to 5 mM doxorubicin (Dox). Time-dependent profiles of
RyR2 phosphorylation at Ser2808 (P-Ser2808) or Ser2814 (P-Ser2814) and the corresponding RyR2 levels are shown. Treatment with 1 mM isoproterenol (Iso) was included as
positive control of Ser2808 phosphorylation. Densitometry values of P-Ser2814 were normalized against the corresponding RyR2 content and expressed on a relative scale. *** is
p < 0.001 vs. control.
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4. Discussion

Ca2þ signaling exhibits significant differences in the myocardiac
tissue from different species and also between atrial and ventric-
ular myocytes. Rat atrial myocytes displayed a lower caffeine-
induced Ca2þ transient and faster decay rate compared to their
ventricular counterparts and this was attributed to the higher
expression of SERCA2 [9]. When the relative contribution of major
Ca2þ transporters to Ca2þ extrusionwas evaluated in HL-1 cells, 70%
of cytosolic Ca2þ was removed by SERCA (Fig. 1). Therefore, HL-
1 cells displayed a lower SERCA contribution (70% vs. 92.6%) than
atrial myocytes from adult rat [9]. Furthermore, the NCX
participation in Ca2þ extrusionwas lower in HL-1 cells (18% vs. 28%)
than in non-rodent ventricular myocytes [2] suggesting a distinct
intracellular Ca2þ regulation.

Ca2þ leak from sarcoplasmic reticulum could be caused by RyR
activation [23], so the time-dependent rise of diastolic Ca2þ and the
decrease of caffeine-induced Ca2þ peak amplitude (Fig. 2) pointed
to RyR as an early target of doxorubicin. RyR2 can be activated by
phosphorylation. In fact, Ser2808 is specifically phosphorylated by
protein kinase A in mouse, whereas phosphorylation at Ser2814
(first reported to be phosphorylated at Ser2809 in dog [25]), is
exclusively accomplished by Ca2þ/calmodulin-dependent protein
kinase II. Therefore, the selective phosphorylation of RyR2 at



Fig. 3. Evaluation of the doxorubicin effect on NCX. Plated cells were loaded with Fluo-
3/AM and maintained in Tyrode medium during the experiments. Top panel: After 1 h
treatment with 5 mM doxorubicin, Ca2þ transient was induced by adding 10 mM
caffeine (arrow) to determine kCaff. Bottom panel: Cells were supplemented with
10 mM NiCl2 and then exposed to 5 mM doxorubicin for 1 h before adding caffeine to
evaluate kCaffþNi.

Fig. 4. ROS production and DJm associated with doxorubicin treatment. Plated cells
were loaded with 10 mM H2-DCFDA and maintained in Tyrode medium. (A) Time-
course of DCF fluorescence (a.u.) in a field of cells before (B) or after (C) the addi-
tion of 5 mM doxorubicin. Inset of panel A: Dependence of DCF fluorescence rate (a.u./
min) on doxorubicin concentration. (B) Cells were loaded with JC-1 and the time-
course of the red/green fluorescence was recorded before (B) or after (C) the addi-
tion of 5 mM doxorubicin. The time-dependent effect of 5 mM CCCP is included as
positive control (-). Data were corrected to discount the fluorescence signal of
doxorubicin and energy transfer to JC-1.
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Ser2814 revealed the link existing between the activation of this
protein kinase II and doxorubicin-induced Ca2þ leak [26]. The
phosphorylation of RyR2 by Ca2þ/calmodulin-dependent protein
kinase II, which enhances the resting Ca2þ level, has been related
with arrhythmias and contractile dysfunction such as those
observed in heart failure [27].

Our data also identify a decrease in the caffeine-induced Ca2þ

transient decay rate during doxorubicin treatment (Fig. 2). In this
connection, the slowing [28,29] or acceleration [26] of Ca2þ tran-
sient decay was reported when rodent cardiomyocytes were
exposed to low mM doxorubicin. The distinct behavior can be
explained by differences in the cell model and assay conditions,
including drug concentration, exposure time and triggering mode
of the Ca2þ transient. The influence of 5 mM doxorubicin for 1 h on
kNCX, as indicator of the NCX activity, revealed an ~11-fold decrease
(from 100 to 9 ms�1) with respect to untreated cells (Fig. 3). This
effect is consistent with the reported inhibition of Ca2þ entry
through NCX when measured in isolated heart sarcolemmal vesi-
cles [5]. Therefore, NCX is another early target of short-term
doxorubicin treatment and is expected to contribute to diastolic
Ca2þ overload and the subsequent dysfunction of contractility.

The early accumulation of low doxorubicin concentrations was
observed in the nuclei of different cell types while mitochondria
were only reached at higher concentrations or longer incubation
times [30,31]. In our case, doxorubicin was first accumulated in the
mitochondria and not in the nuclei (Fig. 5A), suggesting that
doxorubicin location and effect are dependent on concentration,
incubation time and even cell type. Even though cardiomyocytes
are rich in mitochondria and doxorubicin displays high affinity for
the phospholipid cardiolipin [32], no alteration of DJm by 5 mM



Fig. 5. Intracellular localization of doxorubicin and DCF and mitoTEMPO effect. (A) Plated cells in Tyrode medium and loaded with 150 nMMitoTracker Green were exposed to 5 mM
doxorubicin at 37 �C. Confocal images of MitoTracker (green fluorescence) and doxorubicin (red fluorescence) were captured at different time intervals. Bar length is 20 mm. (B) Cells
loaded with 5 mM doxorubicin for 15 min were then exposed to H2-DCFDA for 30 min. Bar length is 10 mm. The colocalization of MitoTracker Green and doxorubicin or DCF and
doxorubicin was deduced from the yellow color of overlaid images and was evaluated from the colocalization coefficients. (C) Plated cells loaded with 10 mM H2-DCFDA and
maintained in Tyrode medium were preincubated or not for 1 h with different mitoTEMPO concentrations. The DCF accumulation rate was measured after addition of 5 mM
doxorubicin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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doxorubicin was observed during the first 120 min (Fig. 4B).
Disruption of the mitochondrial energetic function by 5 mM doxo-
rubicin has been reported to be a late event requiring longer
exposure times [33].

The intracellular DCF localization as a ROS probe is also cell
type-dependent, i.e., cytosolic in aortic endothelial cells and
mitochondrial in adult rat cardiomyocytes [34]. When ROS pro-
duction was studied in HL-1 cells with the aid of DCF fluorescence,
preferential colocalization with doxorubicin was observed (Fig. 5B)
and doxorubicinwas also seen to colocalize with the mitochondrial
probe MitoTracker Green (Fig. 5A and B). This explains why the
mitochondrial scavenger mitoTEMPO completely blunted the
appearance of ROS (Fig. 5C).

Mitochondrial NOX activity in HL-1 cells and the formation of
doxorubicin-induced ROS were both sensitive to inhibition by
GKT137831 (Fig. 6). This compound has been demonstrated to be a
specific NOX1/NOX4 inhibitor with no ROS scavenging activity
[35,36]. Low levels of NOX1 are present at the plasmamembrane of
resting cardiomyocytes, while NOX4 is abundantly expressed in
mitochondria. Besides, mice deficient in NOX activity were resis-
tant to chronic doxorubicin treatment [37]. These data suggest that
the one-electron reduction of the doxorubicin quinone ring to give
the semiquinone free radical arises from the electron-donor
NADPH through mitochondrial NOX activity. It is known that
several flavin-containing enzymes, including NOX, in the presence
of NADPH may catalyze the one-electron reduction of doxorubicin
[38e40]. The rate of ROS production induced by doxorubicin did
not decrease but increased by 10% when the mitochondrial com-
plex I was inhibited by 10 mM rotenone (data not shown). The
enhancement of superoxide formation when rotenone is added to
inhibit the mitochondrial electron transport chain has already been
reported [41]. Therefore, mitochondrial ROS generated by electron-
donors of the respiratory chain did not contribute to the early
oxidative damage induced by doxorubicin in our experimental
model and conditions.

Mitochondrial NOX is constitutively active in cardiomyocytes
[42], whereas inducible plasma membrane NOX isoforms require
the translocation of cytosolic subunits for activation. Our data for
HL-1 cells confirm the lack of NOX activity in the
microsomal þ cytosolic fraction and support the mitochondrial
origin of doxorubicin-induced ROS. The superoxide formed from O2
by reoxidation of the doxorubicin semiquinone is unstable and
unable to diffuse across biological membranes but rapidly dis-
mutates to H2O2 that is freely permeable. It is conceivable that H2O2
diffuses from mitochondria to cytosol where the RyR and NCX
targets can be reached.

GKT137831 and melatonin avoided the appearance of ROS after
doxorubicin treatment and protected the caffeine-induced Ca2þ

signal but the mechanisms involved are different. The decrease of
the linear rate of ROS production as a function of the GKT137831
concentration added in preincubation (Fig. 7A) is consistent with
the inhibition of the mitochondrial NOX activity (Fig. 6A). In
contrast, the total inhibition observed at the beginning of
doxorubicin-induced ROS after preincubation with melatonin that



Fig. 6. GKT137831 effect on mitochondrial NOX activity and doxorubicin-induced ROS
production. (A) The enzyme activity was studied at 25 �C in a microtiter plate format.
The reaction medium was 50 mM KH2PO4, pH 7.0, 1 mM EGTA, 150 mM sucrose,
100 mM NADPH, 25 mM lucigenin and 200 mg protein of the mitochondrial fraction in a
final volume of 0.2 ml. Different concentrations of GKT137831 were also present when
indicated. (B) Plated cells were loaded with 10 mM H2-DCFDA and maintained in
Tyrode medium during the experiments. Cells were preincubated or not for 1 h with
different GKT137831 concentrations and the linear rate of DCF accumulation was
measured by adding 5 mM doxorubicin.

Fig. 7. Protection kinetics against doxorubicin-induced ROS production. Plated cells
were loaded with 10 mM H2-DCFDA and maintained in Tyrode medium during the
experiments. (A) Time course of DCF fluorescence when cells were exposed (C) or not
(B) to 5 mM doxorubicin. Response when cells were preincubated for 15 min with 0.1
(,), 0.5 (;), 1 (:) or 3 mM GKT137831 (-) before doxorubicin was added. (B) Time
course of DCF fluorescence when cells were exposed (C) or not (B) to 5 mM doxo-
rubicin. Response when cells were preincubated for 15 min with 10 mM (,), 50 mM
(-) or 100 mM (△) melatonin before doxorubicin addition.
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was reversed with time (Fig. 7B), is consistent with melatonin
consumption due to the ROS scavenging activity [43]. Therefore,
mitochondrial NOX inhibition provides permanent protection
while ROS scavengers give only temporary protection. This may
explain why numerous antioxidant agents efficiently counteracted
doxorubicin-induced oxidative damage in cellular models or acute
animal experiments but failed in chronic animal treatments or
clinical trials. Recent data in NOX4-overexpressing transgenic mice
suggest that mitochondrial NOX inhibition by GKT137831 may be a
new strategy to prevent/treat myocardiac injuries related with ROS
overproduction [44]. In this respect, a phase II clinical trial with
diabetic nephropathy patients has been completed (ClinicalTrials.
gov Identifier NCT02010242).

ROS overproduction and Ca2þ dysregulation are involved in
several cardiomyopathies and the question is whether doxorubicin-
induced ROS is the cause that altered the Ca2þ signal or the

http://ClinicalTrials.gov
http://ClinicalTrials.gov


Fig. 8. Protection of Ca2þ transporters in cells exposed to doxorubicin. Plated cells loaded with Fluo-3/AM were exposed to 5 mM doxorubicin for 1 h before the addition of 10 mM
caffeine (trace a). In similar experiments, cells were preincubated for 1 h with 3 mM GKT137831 (trace b), 50 mM mitoTEMPO (trace c) or 100 mM melatonin (trace d). Representative
traces of cytosolic Ca2þ signals before or after caffeine addition (arrow) were obtained from a cell field by means of confocal microscopy. kCaff values of Ca2þ transient decay ± SEM
are expressed in ms�1.
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consequence of the Ca2þ alteration. When oxidative damage in HL-
1 cells was induced by short doxorubicin treatment, the inhibition
of ROS production by preincubationwith different agents protected
the cytosolic Ca2þ signal (Fig. 8).

In conclusion, Ca2þ transporters related with the systolic Ca2þ

signal are sensitive to early oxidative damage generated by doxo-
rubicin. ROS production in atrial-derived cardiomyocytes is
dependent on mitochondrial NOX activity and, unlike ROS scav-
engers, permanent protection against oxidative damage can be
achieved by limiting the mitochondrial NOX activity.
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