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ABC transporters affect the detection of intracellular oxidants
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Abstract

Intracellular production of reactive oxygen species (ROS) plays an important role in the control of cell physiology. For
the assessment of intracellular ROS production, a plethora of fluorescent probes is commonly used. Interestingly, chemi-
cal structures of these probes imply they could be substrates of plasma membrane efflux pumps, called ABC transporters.
This study tested whether the determination of intracellular ROS production and mitochondrial membrane potential by
selected fluorescent probes is modulated by the expression and activity of ABC transporters. The sub-clones of the HL-60
cell line over-expressing MDR1, MRP1 and BCRP transporters were employed. ROS production measured by luminol- and
L-012-enhaced chemiluminescence and cytochrome ¢ reduction assay showed similar levels of ROS production in all the
employed cell lines. It was proved that dihydrorhodamine 123, dihexiloxocarbocyanine iodide, hydroethidine, tetrachloro-
tetraethylbenzimidazolocarbo-cyanine iodide and tetramethylrhodamine ethyl ester perchlorate are substrates for MDRI;
dichlorodihydrofluoresceine, hydroethidine and tetramethylrhodamine ethyl ester perchlorate are substrates for MRP1;
dichlorodihydrofluoresceine, dihydrorhodamine 123, hydroethidine and tetrachloro-tetraethylbenzimidazolocarbo-cyanine
iodide are substrates for BCRP. Thus, the determination of intracellular ROS and mitochondrial potential by the selected
probes is significantly altered by ABC transporter activities. The activity of these transporters must be considered when
employing fluorescent probes for the assessment of ROS production or mitochondrial membrane potential.
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Abbreviations: (DIOC6),, 3,3’-dihexiloxocarbocyanine iodide; ABC, ATP-binding Cassette; BCRE Breast Cancer
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FTC, Fumitremorgin C; HE, Hydroethidine; ¥C1, 5,5%6,6tetrachloro-1,1° 3,3 ““tetraethylbenzimidazolocarbo-cyanine
iodide; MDR1, Multidrug Resistance 1; MRPI1, Multidrug Resistance Protein 1; PMA, Phorbol 12-myristate 13-acetate;
ROS, Reactive Oxygen Species; TMRE, Tetramethylrhodamine Ethyl Ester Perchlorate.

Introduction production significantly regulates the fate of various cell

Intracellular reactive oxygen species (ROS) production types through redox interaction with signal transduction
and overall intracellular redox balance play a crucial pathways (reviewed in [2]). Current data suggest the
role in the control of cell proliferation, differentiation  importance of ROS in both cancer and healthy adult
and apoptosis (for review see [1]). Intracellular ROS stem cells for the maintenance of their undifferentiated
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status [3]. Thus, the determination of the actual intra-
cellular ROS level in cells is crucial for understanding
the ROS role of oxidative stress in the key processes
governing differentiation, cellular death and carcino-
genesis. Intracellular ROS can be produced from
different sources, including non-phagocytic NADPH-
oxidases and mitochondria [4]. Thus, mitochondria
mass and membrane potential are often determined
together with intracellular ROS production.

A wide spectrum of fluorescent redox-sensitive
probes for the determination of intracellular ROS
production have been developed in the past few
decades and employed in numerous studies [5,6].
Fluorescent probes are oxidized/reduced intracellu-
larly and their emission spectra are shifted to a longer
wavelength. The major advantage of these fluores-
cence probes is their high sensitivity, which enables
measurement of an individual cell within a popula-
tion. Both the high sensitivity and the reproducibility
of results of probes for intracellular detection of ROS
and mitochondrial mass and activity are directly con-
nected with the preservation of the oxidized/reduced
fluorescent probe inside the cells.

In this study, we addressed the effect of the efflux
pump regarding the issue of the previously mentioned
ROS detection by fluorescence probes. Most cell
types have a physiological mechanism for the elimina-
tion of unwanted toxic and heterogenous chemical
compounds from their intracellular space [7,8]. Mem-
bers of the ATP-binding cassette (ABC) transporter
family represent major and, thus, often studied
enzymes responsible for these mechanisms [9]. ABC
proteins are transmembrane ATP-dependent pumps
involved in the transport of a broad spectrum of
chemical compounds and metabolism products. The
level and/or pattern of expression of ABC transport-
ers may change during cell differentiation [10,11].
Importantly, some of the most studied cell types, such
as stem and many tumour cells, express a high level
of transmembrane pumps from the ABC transporter
family (MDR1, MRP1, BCRP) responsible for a cell’s
drug resistance [8,12—15].

With respect to the facts mentioned above, it is of
current interest to know how the MDR-associated
ABC transporter activity affects the fluorescence
intensity of the ROS-sensitive probes in different cell
types. We tested whether commonly used fluorescent
probes are substrates of ABC transporters on the
model of the human leukaemia HIL.-60 cell line and
its clones over-expressing multidrug resistance pro-
tein 1 (MDR1/ABCB1), multidrug resistance associ-
ated protein 1 (MRP1/ABCC1) and breast cancer
resistance protein (BCRP/ABCG2). HL-60 cells
exhibit a naturally low level of expression of ABC
transporters. The presence of a particular ABC trans-
porter on a cell membrane prevents the permeation
of dye into the cell and results in a decreased median
of fluorescence intensity compared to cells lacking

ABC transporters. The results show that commonly
used ROS-sensitive or mitochondria-related fluores-
cent probes are substrates for ABC transporters.

Materials and methods
Cell culture

The ability of ABC transporters to exclude studied
dyes was tested using a set of promyelocytic leukae-
mic HL-60 cells and their clones containing
over-expressed levels of a particular ABC transport-
er—MDRI1, MRP1 or BCRP, here mentioned as
cMDR, cMRP and cBCRP [16]. Cells from passage
7-30 were harvested, counted (Coulter counter,
Beckman Coulter, Brea, CA, USA) and transferred
into a suspension of 2 X 10%6 cells/ml in fresh RPMI
1640 supplemented with 10% foetal bovine serum
(FBS), streptomycin (0.1 mg/ml), penicillin (100 U/
ml) and L-glutamin (3.3 mM) (all from PAN Biotech,
Aidenbach, Germany) [17].

For further studies we used murine myoblasts
C2C12 (a kind gift of P. Kaspar, Institute of Mole-
cular genetics, Academy of Science of the Czech
Republic) and murine leukaemic macrophages RAW
264.7, which were cultivated in DMEM media sup-
plemented with 10% FBS, streptomycin (0.1 mg/ml)
and penicillin (100 U/ml) (all from PAN Biotech).
These cells were processed in the same way as the
HIL-60-based cell lines for all the experiments. Murine
embryonic stem cell lines (designated D3, R1, GWT,
O, W17, X47) were incubated and processed as
described in Vesela et al. [20].

Staining by fluorescent probes

The cell suspensions were aliquoted 100 pl per tube
and cells were stained with the following dyes:
Hydroethidine (HE, 20 uM), 2¢,7¢-dichlorodihydro-
fluoresceine (DCFH, 40 uM), Dihydrorhodamine
123 (DHR, 10 pM), 3,3’-dihexiloxocarbocyanine
iodide [(DiOCy),, 0.5 uM], 5,5%,6,6°-tetrachloro-1-
,193,3-tetraethylbenzimidazolocarbo-cyanine
iodide (JC1, 0.25 pg/ml), Mitosox (2 uM), Tetram-
ethylrhodamine ethyl ester perchlorate (TMRE, 100
uM), Calcein acetoxymethyl ester (Calcein, 0.25
uM) and Hoechst 33342 (5 pg/ml) (all from Invit-
rogene, Carlsbad, CA, USA). Samples were incu-
bated for 15 min at 37°C, washed in HBSS and
analysed using FACScalibur (Becton Dickinson,
Franklin Lakes, NJ, USA). An argon laser (488 nm)
was used to excite the fluorescence of the dyes. Flu-
orescence emission was then measured with a 530/30
(FL-1) filter (DCFH, DHR, JC1, (DiOCy),, Cal-
cein) and a 585/42 BP filter (HE, Mitosox, TMRE).
Hoechst 3342 (Hoechst) fluorescence was measured
using a FACS Aria IT (Becton Dickinson Bioscience,
Franklin Lakes, NJ, USA) using 355 nm excitation
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and a 424/44 emission filter. Exclusion of the dye by
ABC transporters was confirmed by the inhibition
of dye efflux by specific inhibitors of MDRI
(Cyclosporine A (CSA), 50 uM), MRP1 (MK571,
50 uM) and BCRP (Fumitremorgin C (FTC),
5 uM) (all from Sigma Aldrich, St. Louis, MO,
USA). The addition of transport inhibitors preceded
fluorescent probes by 5 min.

Detection of ROS production by non-fluorescent probes

Both intracellularly and extracellularly produced ROS
were determined by luminol- and L-012-enhanced
chemiluminescence (CL), as described previously
[17,18]. In brief, the reaction mixture consisted of
100 pl of cell suspension, 1 mM luminol (Sigma-
Aldrich) (stock solution of 10 mM luminol in 0.2 M
borate buffer) or 40 uM L-012 (8-Amino-5-chloro-
7-phenylpyrido[3,4-d]pyridazine-1,4(2H,3H)dione)
(Wako Pure Chemical Industries, Osaka, Japan). The
total reaction volume of 130 ul was adjusted with
HBSS. The assays were run in duplicate. The CL
emission was measured using a microplate luminom-
eter LM-01T (Immunotech, Marseille, France)
for 90 min at 37°C. The integral value of the CL
reaction, which represents total cell ROS production,
was evaluated.

The extracellular production of superoxide by
HIL-60 cells was determined via spectrophotometric
analysis of cytochrome ¢ reduction (final concentra-
tion 100 uM). Cells were incubated with cytochrome
¢ for 3 h. The reduction was monitored as the increase
in cytochrome ¢ absorbance at 550 nm [19]. The
reduction of cytochrome ¢ was blocked by superoxide
dismutase from 95-97%, which indicated that cyto-
chrome ¢ reduction was almost fully superoxide-de-
pendent. The concentration of superoxide was
calculated using the extinction coefficient of reduced
cytochrome c.

Relative expression

cBCRP

Cell line
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gRT-PCR

Total RNA was extracted by the RNeasy Mini Kit
(QIAGEN, Venlo, Netherlands). Complementary DNA
was synthesized according to the manufacturer’s instruc-
tions for M-MLYV reverse transcriptase kit (Sigma-Al-
drich). gRT-PCR was performed on a Light-cycler 480
(Roche, Basel, Switzerland), using the following pro-
gram: initial activation step at 95°C for 5 min, followed
by 45 cycles at 95°C for 10 s, annealing temperature
(see below) for 10 s and 72°C for 10 s. Gene expression
for each sample was expressed in terms of the threshold
cycle normalized to glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), as we described previously [20].
Primers and PCR conditions were as follows (primers
sequence/annealing temperature):

e Human MDR1/ABCBI1
5'-CACCCGACTTACAGATGATG-3",
5'-GTCCAAGAACAGGACTGATG-3'/55°C,

e Human MRP1/ABCCl1
5'- GAGGCTTTGATCGTCAAGTC-3',

5" -TTGATGAGCAACTTTAAGATCTG-
3°/57°C,

e Human BCRP/ABCG2
5'-ATAAATGGAGCACCGCGACC-3/,
5'-TTCCAACCTTGGAGTCTGCC-3/57°C,

e Murine MDR1a /ABCBla
5'-TGGAAGAAGCTAAAAGGCTG-3',
5'-CACGGAAAAGAAGACAGTGA-3'/56°C,

e Murine MDR1b/ABCB1la
5'-AATCAAAGTGGACCCAACAG-3,
5'-CACCAAAGTGAAACCTGGAT-3'/56°C,

e Murine MRP1/ABCCl1
5-TTCCTGTGCAACCATGTATC-3,
5'-CCAAATATTGCTGCACCTTG-3'/58°C,

and

e Murine BCRP/ABCG?2
5'-CCATAGCCACAGGCCAAAGT=3,
5'-GGGCCACATGATTCTTCCAC-3/58°C.

Gene

. MDR1
. MRP1

48 BCRP
S W W [(-actin
Gene g8 ¥ & §&
ay g % o
= g s B
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Figure 1. (A) qRT-PCR analysis of the expression of mRNA for MDR1, MRP1 and BCRP in HL-60 cells and their sub-clones (cMDRI1,
cMRP1 and cBCRP cells). Data are the results from two independent RNA isolations and qRT-PCR analyses presented as means. (B)
Western blotting detection of the total protein level in HL.-60, cMDR1, cMRP1 and cBCRP cells. Western blots are typical representatives

of three independent experiments.
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Western blotting

The total amount of ABC transporters in HL-60
cells and their sub-clones was assessed by Western
blotting, as described in detail in Prochazkova et al.
[21]. Standard 8% polyacrylamide gel electrophore-
sis was followed by wet blotting (100 V/70 min).
Anti-MDR1 (P7965) antibody and secondary anti-
body (A6782) were produced by Sigma-Aldrich;
anti-MRP1 (sc-59607) and anti-BCRP (sc-58224)
were produced by Santa Cruz Biotechnology, Santa
Cruz, CA, USA.

Statistical analysis

Data are expressed as mean * standard error of the
mean (SEM). Groups were compared using a paired
Student’s z-test. Values of p less than 0.05 were con-
sidered significant.

Results

Expression of particular ABC transporter in HL-60
derived cell lines

First, we determined the mRNA expression of MDRI1,
MRP1 and BCRP in HL-60 cells and their sub-clones
over-expressing a particular ABC transporter. Using
qRT-PCR, we confirmed the expected high mRNA
levels of MDR1, MRP1 and BCRP in cMDR, cMRP
and cBCRP sub-clones, respectively. The transcrip-
tion of non-over-expressed ABC transporters in sub-
clones was inconsiderable. Maternal HL.-60 cells also
had a low expression of the mentioned ABC trans-
porter (Figure 1A). These data are consistent with
Western blotting analysis of the total ABC transporter
expression (Figure 1B).

Assessment of total ROS production in HL-60
derived cell lines

Next, we analysed the basal total (both extra- and
intracellular) ROS production by a luminescence
method using two different luminophores, luminol
and L-012 [18]. The detected CL signal was weak;
however, it was detectable in all the tested cell lines.
Importantly, the CL signal collected for 90 min had
the same intensity in HIL-60 cells and all the sub-
clones (Figures 2A and B).

To avoid any doubt regarding the ability of
luminophores to cross the membranes of ABC-rich
cells, we employed the extracellular ROS-induced
cytochrome ¢ reduction assay, which was measured
colourimetrically. This methodological approach
confirmed that all the studied HL-60 sub-clones
produce ROS to the same basal extent (Figure 2C).
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Figure 2. Analysis of ROS production in HL-60 cells and their
sub-clones (ctMDR1, cMRP1 and cBCRP cells). The spontaneous
ROS production was determined by enhanced chemiluminescence
(A, B) and cytochrome ¢ reduction assay (C). Data represent
results from three independent experiments presented as means
and standard errors.

Measurement by fluorescent ROS-sensitive and
mitochondria-related probes, inhibition of ABC
transporter function

In the previous part, we showed that there was no
difference in basal ROS production in the cell lines
employed here. However, the employed cell lines dif-
fered significantly in their expression of ABC trans-
porters. The efficiency of various probes’ exclusion
from a particular HL.-60 sub-clone was analysed by
flow-cytometry (Figure 3). All of these results were
related to the HL-60 cells as a control (100%), which
did not express any ABC transporter (Figure 1). Gen-
erally, we found out that each tested probe was a
substrate for at least one studied ABC transporter.
Excluding DCFH, all tested probes were sub-
strates for MDRI1, as was documented by the low
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Figure 3. Dye exclusion assay of fluorescent ROS- and mitochondrial activity dependent probes in HL-60 cells and their sub-clones
(cMDR1, cMRP1 and cBCRP cells). Calcein AM and Hoechst 33342 dyes were used as positive controls. Black bars represent untreated
cells; shaded bars represent particular inhibitors of ABC transporter activity (CSA, cyclosporine A; MK, MK571; FTC, fumitremorgin
C). Intensity of fluorescence is expressed as a percentage of fluorescence median of untreated HL-60 cells (100%) and presented as the
mean median of fluorescence of three independent experiments and standard errors. *Significant difference between marked sample and

HIL-60 cells without any inhibitor (p < 0.05).

fluorescence signal detected in MDRI1 over-express-
ing cells. The fluorescence signals of DCFH and Cal-
cein, a well known substrate of MRPI1, were
significantly lower in MRP1 over-expressing cells;
HE, MitoSOX and TMRE were also slightly excluded
from these cells. The BCRP over-expressing cells pre-
dominantly excluded DCFH, JC1 and the commonly
used substrate for BCRP, Hoechst. However, the
intracellular levels of DHR and HE were also partly
reduced in these BCRP over-expressing cells. The
observed ability of ABC transporters to efflux fluo-
rescent probes is summarized in Table 1.

To confirm the role of ABC transporters in the
decreased fluorescence of probes, we employed specific
inhibitors of the ABC transporters cyclosporine A
(inhibits MDR1), MK571 (inhibits MRP1) and Fumi-
tremorgin C (inhibits BCRP) [22,23]. The inhibition
of ABC transporter function resulted in an increased
median of fluorescence, caused by a decreased efflux
of the probes. In the majority of combinations, the
fluorescence intensity reverted at least to the level of
un-treated control HL-60 cells. In BCRP over-express-
ing cells, the reversion was achieved only partially,
although significantly in statistical terms (Figure 3).
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Table I. Summary of ABC transporters’ ability to efflux studied probes.

Probe
ABC
transporter DCFH DHR DIOC6 HE JC1 MitoSOX TMRE Calcein Hoechst
MDRI1 - +++ +++ + 4+ + +++ +++ +++
MRP1 + - - + - + + +++ -
BCRP +++ + - + + + - - +++

+++, very strong substrate; +, weak substrate; —, no substrate.

Endogenous expression of ABC transporters may affect
the ROS analysis performed by fluorescent probes

First, we performed a search for appropriate cell lines
with the endogenously increased expression of ABC
transporters. Using qRT-PCR, we screened embry-
onic stem, C2C12 and RAW 264.7 cell lines with
supposedly increased ABC transporters levels (Figure
4A). Based on these results, murine myoblasts C2C12
and murine leukaemic macrophages RAW 264.7 were
chosen for further experiments. The level of MDRI1b
mRNA in RAW 264.7 is much higher than in C2C12
cells (relative expression is 5.14 and 0.03, respec-
tively); the same trend was observed for MRP1 mRNA
level (relative expression is 126.6 and 5.3, respec-
tively). On the other hand, RAW 264.7 cells have a
much lower level of the BCRP mRNA (relative expres-
sion is 4.11 and 130.3, respectively). Both cell lines
have an inconsiderably low level of MDR1la mRNA
(relative expression is 0.11 and 0.07, respectively).

Next we stimulated the production of ROS in these
cells by 0.8 uM phorbol 12-myristate 13-acetate
(PMA) for 90 min [24]. We compared the non-stim-
ulated and PMA-stimulated ROS production assessed
by DCFH, DHR123 and cytochrome ¢ reduction
(Figure 4B). Although cytochrome ¢ reduction assay
evidenced increased ROS production in both cell
lines, the fluorescent probes did not. PMA-stimu-
lated C2C12 cells had the same intensity of fluores-
cence as control cells. RAW 264.7 stimulated by
PMA and analysed by DCFH showed a statistically
significant increase in fluorescence intensity. How-
ever, when using DHR, RAW 264.7 cells failed to
increase their fluorescence in reaction to PMA in
contrast to C2C12 cells.

Discussion

In the presented study we discovered that each of the
tested ROS and mitochondria sensitive fluorescent
probes (DCFH, HE, DHR-123, (DiOCy),, Mito-
SOX red, JC1 and TMRE) is a substrate for at least
one MDR-associated ABC transporter. We also dem-
onstrated that the ability of these probes to detect
PMA-stimulated ROS production could be negatively
affected in cell lines endogenously over-expressing
ABC transporters.

First, we compared our results with previously
published data in the context of the ability of ABC

transporter efflux-tested fluorescent probes. Although
widely used for the determination of intracellular
ROS, particularly hydrogen peroxide, the DCFH
probe has not yet been described as a substrate of
ABC transporters [25]. Here, we observed a signifi-
cant efflux of DCFH in cells expressing MRP1 and
BCRP transporters. In contrast, HE (oxidized mainly
by superoxide) was previously shown to be cleared
from cells resistant to adriamycin, a substrate of
MDRI1 [26]. In our study, this was confirmed by
observation that HE was most efficiently excluded by
cells over-expressing the MDRI transporter. More-
over, the HE efflux was also mediated by MRP1 and
to a lesser extent by the BCRP transporter. MitoSOX
red dye (derivate of HE) was newly evidenced in our
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Figure 4. False negative assessment of ROS production by
fluorescent probes. (A) Screening of murine embryonic stem cell
lines (O, D3, GWT, R1,W17, X47), C2C12 and RAW 264.7 cells
for endogenous ABC transporter expression performed by
gRT-PCR. (B) C2C12 and RAW 264.7 cells were incubated with
0.8 UM PMA for 90 min before undergoing analysis of ROS
production by cytochrome ¢ reduction assay, DCFH and DHR
assays. Results of PMA treated cells are expressed as a percentage
of control cells untreated with PMA (100%) and presented as the
mean of three independent experiments and standard errors.
*Significant difference between marked sample and untreated
control (p < 0.05).
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study to be a good substrate of MDRI1, and was also
partially effluxed by MRP1. For the detection of
intracellular ROS, non-fluorescent DHR is widely
used, which is then oxidized to fluorescent rhodamine
123. DHR was established as the model compound
for MDR1 mediated transport [27-29] and our data
confirmed this observation. Importantly, we discov-
ered that rhodamine 123 was also partially excluded
by BCRP. (DiOCy),, the fluorescent membrane dye
used for detection of mitochondrial membrane poten-
tial in living cells [30], was demonstrated to be a
substrate of MDRI1 [31-33]. Our results also demon-
strated that (DiOC), had a high specificity for MDRI
and, thus, could be recommended as a reliable marker
in studies of MDRI activity. JC1, the cationic dye
initially used for analysis of mitochondrial potential
[34], was shown to be an even more effective sub-
strate of MDRI1 than classical DHR123 assay [35].
Here, we newly showed that JC1 is also a substrate
for BCRP. TMRE, the membrane potential-depen-
dent dye that selectively stains mitochondria with an
intact membrane [36], was shown to be excluded
from MDRI1 over-expressing cells, but not from
MRP1 and BCRP ones [37,38]. Our experiments
confirmed TMRE as a substrate of MDRI1; but, in
contrast to Rajagopal and Simon [38], we observed
that TMRE may also be slightly effluxed from cells
by MRP1. Probes affinity to particular ABC trans-
porters tested here are summarized in Table I. To
demonstrate accuracy of the used model system we
included two classic dyes generally used for the assess-
ment of ABC transporters function. Our results are
in concordance with the common knowledge that
Calcein AM is a substrate of MRP1 and MDRI1 [39]
and Hoechst 33342 of BCRP and MDRI1 [40].

To validate the function of particulate ABC trans-
porters, we used the following specific inhibitors.
Cyclosporine A inhibits MDRI1 function [27] and
prevents the mitochondrial permeability transition
pore from opening [41]. Cyclosporine A inhibits
MDRI1 effectively (Figure 3); however, in samples
stained by mitochondria-related dyes, it also increased
the stainability, probably through the up-regulation of
the mitochondrial potential. MK571 is a selective,
competitive antagonist of the leukotriene D4 recep-
tor, so it is not believed to affect ROS production in
mitochondria [42]. Its ability to block MRP1 function
is often used in ABC function assays [43]. We proved
that, in MRP1 over-expressing HL-60 cells treated
with MK571, fluorescence reverted to the level of
HIL-60 control. Fumitremorgin C (FTC) is a fungal
toxin that causes cell cycle arrest [44]. Recently it was
shown to be a potent and specific inhibitor of BCRP
[45]. Although we inhibited BCRP function by a con-
centration of FTC widely used by other authors, the
fluorescence intensity did not reach the level of con-
trol HL-60 cells. The incomplete blocking of FTC
efflux could be explained by the inability of FTC to
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reach the BCRP protein that is present on the mito-
chondrial membrane [46].

Second, we aimed to show that ROS detection
could be affected by the endogenous expression of
ABC transporters. We showed that DCFH is a sub-
strate of BCRP and, therefore, PMA-stimulated
C2C12 myoblasts highly expressing BCRP revealed
the same intensity of fluorescence as control cells. In
contrast, RAW 264.7 with a relatively low expression
of BCRP stimulated by PMA showed a significant
increase in DCFH fluorescence intensity. However,
when using DHR, a substrate of MDR1, the RAW
264.7 cells expressing high levels of MDRI1b failed to
increase DHR fluorescence in response to PMA in
contrast to C2C12 cells. Thus, we proved that an
inappropriate combination of selected dyes and cells,
endogenously expressing a high amount of ABC
transporter, could generate a false negative result
when detecting ROS production or mitochondrial
membrane potential.

In light of the presented data, the probes discussed
here, and probably also other similar probes, must be
used very carefully when analysing intercellular ROS
and mitochondrial potential with regard to analysed
cell type. Considering the described flaws of ROS and
mitochondria-sensitive dyes, some results could pos-
sibly be affected by the combination of used cell type
and dye [47-50]. In cancer and stem cells, the ROS
production and mitochondrial potential need to be
determined by at least two fluorescent probes and
verified by different methodological approaches. A
parallel analysis of the level and activity of the respon-
sible ABC transporters should be presented. Substan-
tial attention needs to be paid to experimental design
with regard to the changing expression and activity of
ABC transporters (e.g. by differentiation).

Acknowledgement

This study was supported by grants GACR
301/08/0717, AVOZ50040507, AVOZ50040702 of
the Academy of Science, and the grant MUNI/
A/0975/2009 from the Ministry of Education.

Declaration of interest

The authors report no conflicts of interest. The
authors alone are responsible for the content and
writing of the paper

References

[1] Ma Q. Transcriptional responses to oxidative stress: patho-
logical and toxicological implications. Pharmacol Ther 2010;
125:376-393.

[2] Hensley K, Robinson KA, Gabbita SP, Salsman S, Floyd RA.
Reactive oxygen species, cell signaling, and cell injury. Free
Radic Biol Med 2000;28:1456-1462.

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

786 ¥. Prochazkova et al.

[3] Hernandez-Garcia D, Wood CD, Castro-Obregon S,
Covarrubias L. Reactive oxygen species: a radical role in
development? Free Radic Biol Med 2010;49(2):130-43.

[4] Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE.
Mitochondria and reactive oxygen species. Free Radic Biol
Med 2009;47:333-343.

[5] Soh N. Recent advances in fluorescent probes for the detec-
tion of reactive oxygen species. Anal Bioanal Chem 2006;386:
532-543.

[6] Dickinson BC, Srikun D, Chang CJ. Mitochondrial-targeted
fluorescent probes for reactive oxygen species. Curr Opin
Chem Biol 2009;14:50-56.

[7] Ozben T. Mechanisms and strategies to overcome multiple
drug resistance in cancer. FEBS Lett 2006;580:2903-2909.

[8] Raaijjmakers MH. ATP-binding-cassette transporters in

hematopoietic stem cells and their utility as therapeutical

targets in acute and chronic myeloid leukemia. Leukemia
2007;21:2094-2102.

Stavrovskaya AA, Stromskaya TP. Transport proteins of

the ABC family and multidrug resistance of tumor cells.

Biochemistry (Mosc) 2008;73:592—-604.

[10] Haraguchi N, Utsunomiya T, Inoue H, Tanaka F, Mimori K,
Barnard GF, Mori M. Characterization of a side population
of cancer cells from human gastrointestinal system. Stem
Cells 2006;24:506-513.

[11] Huls M, Russel FG, Masereeuw R. The role of ATP binding
cassette transporters in tissue defense and organ regeneration.
J Pharmacol Exp Ther 2009;328:3-9.

[12] Abbott BL. ABCG2 (BCRP) expression in normal and malig-
nant hematopoietic cells. Hematol Oncol 2003;21:115-130.

[13] Li X, Leder P. Identifying genes preferentially expressed in
undifferentiated embryonic stem cells. BMC Cell Biol 2007;
8:37.

[14] Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath
J, Morris JJ, Lagutina I, Grosveld GC, Osawa M, Nakauchi
H, Sorrentino BP. The ABC transporter Bcrpl/ABCG2 is
expressed in a wide variety of stem cells and is a molecular
determinant of the side-population phenotype. Nat Med
2001;7:1028-1034.

[15] Apati A, Orban TI, Varga N, Nemeth A, Schamberger A,
KrizsikV, et al. High level functional expression of the ABCG2
multidrug transporter in undifferentiated human embryonic
stem cells. Biochim Biophys Acta 2008;1778:2700-2709.

[16] Ozvegy-Laczka C, Hegedus T, Varady G, Ujhelly O, Schuetz
JD, Varadi A, et al. High-affinity interaction of tyrosine kinase
inhibitors with the ABCG2 multidrug transporter. Mol Phar-
macol 2004;65:1485-1495.

[17] Soucek K, Pachernik J, Kubala L, Vondracek J, Hofmanova J,
Kozubik A. Transforming growth factor-betal inhibits all-
trans retinoic acid-induced apoptosis. Leuk Res 2006;30:
607-623.

[18] Pavelkova M, Kubala L. Luminol-, isoluminol- and lucigenin-
enhanced chemiluminescence of rat blood phagocytes stimu-
lated with different activators. Luminescence 2004;19:37-42.

[19] Rudolph TK, Rudolph V, Edreira MM, Cole MP, Bonacci G,
Schopfer FJ, et al. Nitro-fatty acids reduce atherosclerosis in
apolipoprotein E-deficient mice. Arterioscler Thromb Vasc
Biol 2010;30:938-945.

[20] Vesela I, Kotasova H, Jankovska S, Prochazkova J, Pachernik
J. Leukaemia inhibitory factor inhibits cardiomyogenesis of
mouse embryonic stem cells via STAT3 activation. Folia Biol
(Praha) 2010;56:165-172.

[21] Prochazkova J, Stixova L, Soucek K, Hofmanova J, Kozubik A.
Monocytic differentiation of leukemic HL-60 cells induced by
co-treatment with TNF-alpha and MK886 requires activation
of pro-apoptotic machinery. Eur J] Haematol 2009;83:35-47.

[22] Hollo Z, Homolya L, Davis CW, Sarkadi B. Calcein accumu-
lation as a fluorometric functional assay of the multidrug
transporter. Biochim Biophys Acta 1994;1191:384—-388.

[9

—

[23] Robey RW, Honjo Y, van de Laar A, Miyake K, Regis JT,
Litman T, Bates SE. A functional assay for detection of the
mitoxantrone resistance protein, MXR (ABCG2). Biochim
Biophys Acta 2001;1512:171-182.

[24] Ambrozova G, Pekarova M, Lojek A. Effect of polyunsatu-
rated fatty acids on the reactive oxygen and nitrogen species
production by raw 264.7 macrophages. Eur J Nutr 2010;49:
133-139.

[25] LeBel CP, Ischiropoulos H, Bondy SC. Evaluation of the
probe 2°,7’-dichlorofluorescin as an indicator of reactive oxy-
gen species formation and oxidative stress. Chem Res Toxicol
1992;5:227-231.

[26] Bucana CD, Giavazzi R, Nayar R, O’Brian CA, Seid C,
Earnest LE, Fan D. Retention of vital dyes correlates inversely
with the multidrug-resistant phenotype of adriamycin-selected
murine fibrosarcoma variants. Exp Cell Res 1990;190:
69-75.

[27] Masereeuw R, Moons MM, Russel FG. Rhodamine 123
accumulates extensively in the isolated perfused rat kidney
and is secreted by the organic cation system. Eur J Pharmacol
1997;321:315-323.

[28] van der Sandt IC, Blom-Roosemalen MC, de Boer AG,
Breimer DD. Specificity of doxorubicin versus rhodamine-123
in assessing P-glycoprotein functionality in the LLC-PKI1,
LLC-PK1:MDRI1 and Caco-2 cell lines. Eur J Pharm Sci
2000;11:207-214.

[29] Nare B, Prichard RK, Georges E. Characterization of rhod-
amine 123 binding to P-glycoprotein in human multidrug-
resistant cells. Mol Pharmacol 1994;45:1145-1152.

[30] Kataoka M, FukuraY, ShinoharaY, BabaY. Analysis of mito-
chondrial membrane potential in the cells by microchip flow
cytometry. Electrophoresis 2005;26:3025-3031.

[31] Hasmann M, Valet GK, Tapiero H, Trevorrow K, Lampidis T.
Membrane potential differences between adriamycin-sensitive
and -resistant cells as measured by flow cytometry. Biochem
Pharmacol 1989;38:305-312.

[32] Hendrich AB, Wesolowska O, Pola A, Motohashi N, Molnar J,
Michalak K. Neither lipophilicity nor membrane-perturbing
potency of phenothiazine maleates correlate with the ability
to inhibit P-glycoprotein transport activity. Mol Membr Biol
2003;20:53-60.

[33] Vasconcelos FC, Cavalcanti GB, Jr, Silva KL, de Meis E,
Kwee JK, Rumjanek VM, Maia RC. Contrasting features
of MDR phenotype in leukemias by using two fluorochromes:
implications for clinical practice. Leuk Res 2007;31:
445-454.

[34] Cossarizza A, Baccarani-Contri M, Kalashnikova G, Franc-
eschi C. A new method for the cytofluorimetric analysis of
mitochondrial membrane potential using the J-aggregate
forming lipophilic cation 5,5°,6,6’-tetrachloro-1,1’,3,3’-tetra-
ethylbenzimidazolcarbocyanine iodide (JC-1). Biochem Bio-
phys Res Commun 1993;197:40-45.

[35] Kuhnel JM, Perrot JY, Faussat AM, Marie JP, Schwaller MA.
Functional assay of multidrug resistant cells using JC-1,
a carbocyanine fluorescent probe. Leukemia 1997;11:
1147-1155.

[36] Cregan SP, Fortin A, MacLaurin JG, Callaghan SM, Cecconi
F, Yu SW, et al. Apoptosis-inducing factor is involved in the
regulation of caspase-independent neuronal cell death. J Cell
Biol 2002;158:507-517.

[37] Rajagopal A, Pant AC, Simon SM, ChenY. Iz vivo analysis of
human multidrug resistance protein 1 (MRP1) activity using
transient expression of fluorescently tagged MRP1. Cancer
Res 2002;62:391-396.

[38] Rajagopal A, Simon SM. Subcellular localization and activity
of multidrug resistance proteins. Mol Biol Cell 2003;14:
3389-3399.

[39] Olson DP, Taylor BJ, Ivy SP. Detection of MRP functional
activity: calcein AM but not BCECF AM as a Multidrug

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

[40]

[41]

[42]

[43]

[44]

[45]

Resistance-related Protein (MRP1) substrate. Cytometry
2001;46:105-113.

Krejcova D, Prochazkova J, Kubala L, Pachernik J. Modula-
tion of cell proliferation and differentiation of human lung
carcinoma cells by the interferon-alpha. Gen Physiol Biophys
2009;28:294-301.

Walter DH, Haendeler J, Galle J, Zeiher AM, Dimmeler S.
Cyclosporin A inhibits apoptosis of human endothelial cells
by preventing release of cytochrome C from mitochondria.
Circulation 1998;98:1153-1157.

Cirino M, Motz C, Maw ], Ford-Hutchinson AW, Yano M.
BQ-153, a novel endothelin (ET)A antagonist, attenuates the
renal vascular effects of endothelin-1. J Pharm Pharmacol
1992;44:782-785.

Gekeler V, Ise W, Sanders KH, Ulrich WR, Beck J. The leu-
kotriene L'TD4 receptor antagonist MK571 specifically mod-
ulates MRP associated multidrug resistance. Biochem Biophys
Res Commun 1995;208:345-352.

Cui CB, Kakeya H, Okada G, Onose R, Osada H. Novel
mammalian cell cycle inhibitors, tryprostatins A, B and other
diketopiperazines produced by Aspergillus fumigatus. I. Tax-
onomy, fermentation, isolation and biological properties. J
Antibiot (Tokyo) 1996;49:527-533.

Boumendjel A, Nicolle E, Moraux T, Gerby B, Blanc M,
Ronot X, Boutonnat J. Piperazinobenzopyranones and

This paper was first published online on Early Online on 13 May
2011.

ROS probes are substrates of ABC transporters 787

phenalkylaminobenzopyranones: potent inhibitors of breast
cancer resistance protein (ABCG2). J] Med Chem 2005;48:
7275-7281.

[46] Solazzo M, Fantappie O, D’Amico M, Sassoli C, Tani A,
Cipriani G, et al. Mitochondrial expression and functional
activity of breast cancer resistance protein in different
multiple drug-resistant cell lines. Cancer Res 2009;69:
7235-7242.

[47] Jeong JM, Choi CH, Kang SK, Lee IH, Lee JY, Jung H.

Antioxidant and chemosensitizing effects of flavonoids with

hydroxy and/or methoxy groups and structure-activity rela-

tionship. J Pharm Pharm Sci 2007;10:537-546.

Dvorakova K, Payne CM, Tome ME, Briehl MM, Vasquez

MA, Waltmire CN, et al. Molecular and cellular characteriza-

tion of imexon-resistant RPMI8226/I myeloma cells. Mol

Cancer Ther 2002;1:185-195.

Bustamante ], Caldas Lopes E, Garcia M, Di Libero E,

Alvarez E, Hajos SE. Disruption of mitochondrial membrane

potential during apoptosis induced by PSC 833 and CsA in

multidrug-resistant lymphoid leukemia. Toxicol Appl Phar-
macol 2004;199:44-51.

[50] Sun W, Wang W, Kim J, Keng P, Yang S, Zhang H, et al. Anti-
cancer effect of resveratrol is associated with induction of
apoptosis via a mitochondrial pathway alignment. Adv Exp
Med Biol 2008;614:179-186.

(48

—

[49

—

RIGHTS LI N Kdx



