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Abstract

Dicoumarol is frequently used as inhibitor of the detoxifying enzyme NAD(P)H:quinone acceptor oxidoreductase 1 (NQOI).
In order to test whether dicoumarol may also affect the cellular glutathione (GSH) metabolism, we have exposed cultured
primary astrocytes to dicoumarol and investigated potential effects of this compound on the cell viability as well as on the
cellular and extracellular contents of GSH and its metabolites. Incubation of astrocytes with dicoumarol in concentrations
of up to 100 uM did not acutely compromise cell viability nor was any GSH consumption or GSH oxidation to glutathione
disulfide (GSSG) observed. However, unexpectedly dicoumarol inhibited the cellular multidrug resistance protein (Mrp)
1-dependent export of GSH in a time- and concentration-dependent manner with half-maximal effects observed at low micro-
molar concentrations of dicoumarol. Inhibition of GSH export by dicoumarol was not additive to that observed for the known
Mrpl inhibitor MK571. In addition, dicoumarol inhibited also the Mrp1-mediated export of GSSG during menadione-induced
oxidative stress and the export of the GSH-bimane-conjugate (GS—B) that had been generated in the cells after exposure to
monochlorobimane. Half-maximal inhibition of the export of Mrpl substrates was observed at dicoumarol concentrations
of around 4 uM (GSH and GSSG) and 30 uM (GS-B). These data demonstrate that dicoumarol strongly affects the GSH
metabolism of viable cultured astrocytes by inhibiting Mrp1-mediated export processes and identifies for the first time Mrp1
as additional cellular target of dicoumarol.
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Introduction

Dicoumarol is a naturally occuring compound that is formed
by fungi during spoilage of sweet clover [1-3]. It has been
initially used as a potent anticoagulant until the mid-1950s
as it lowers vitamin K recycling and blood clotting by
inhibiting the enzyme vitamin K epoxide reductase [4, 5].
Dicourmarol is also well known for its inhibitory potential
on NAD(P)H:quinone acceptor oxidoreductase 1 (NQO1). It
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efficiently inhibits the NQO1 catalysed two-electron reduc-
tion of quinones, thereby avoiding the unwanted one-elec-
tron reduction of organic compounds which would cause
oxidative stress [4, 6]. Accordingly, dicoumarol has been
used to investigate potential cellular functions of NQO1 [7].

The tripeptide glutathione (y-L-glutamyl-L-
cysteinylglycine; GSH) has a pivotal role in the defence
of cells against oxidative stress and in the cellular detoxifi-
cation of harmful endogenous compounds and xenobiotics
[8—12]. For example, GSH delivers electrons for the intra-
cellular reduction of peroxides in reactions catalyzed by
glutathione peroxidases [13, 14]. During such reactions,
GSH is oxidized to GSSG, which is subsequently reduced
to GSH by glutathione reductase in a NADPH-dependent
reaction [15]. In addition, GSH serves with its reactive
thiol-group as substrate for reactions with electrophiles
that are catalyzed in cells by GSH-S-transferases [16, 17].
The GSH-conjugates generated by such enzymes can be
exported from the cells via multidrug resistance proteins
(Mrps). Mrps represent a large family of ATP-dependent
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export pumps that belong to the ABC-transporters and
mediate the ATP-dependent transport of organic anions
from mammalian cells [18, 19]. Among the family of
Mrps, Mrpl is prominently expressed in many cell types
and has been shown to mediate the transport of a large
variety of different intracellular substrates, including GSH
conjugates, GSSG and also GSH [20, 21].

In brain, astrocytes are bidirectional communication
partners with neurons [22]. Astrocytes cover with their
endfeed the brain capillaries almost completely and have
therefore direct access to blood-derived energy substrates
and amino acids [23, 24]. Astrocytes fulfill also very
important functions in the protection of the brain against
oxidative stress and toxins [9-11, 25, 26]. Along this line,
astrocytes supply neighboring neurons with precursors for
GSH synthesis, which involves Mrpl-mediated export of
GSH and subsequent extracellular cleavage of the tripep-
tide [11, 12].

Astrocytes express several Mrp-family members both
in vitro [27-29] and in vivo [29-31]. Among those, Mrpl
appears to be especially important in the antioxidative and
detoxifying pathways of astrocytes, as Mrp1 is predomi-
nantly responsible for the cellular export of GSH [32, 33],
which is involved in the supply of GSH precursors from
astrocytes to neurons [11, 12, 34]. In addition, the rapid
export of GSSG that accumulates during oxidative stress
in astrocytes is exclusively mediated by Mrp1 [33, 35] and
is considered as mechanism that helps to prevent a rapid
oxidation of the intracellular thiol reduction potential during
oxidative stress [33, 36]. Finally, the conjugate of GSH with
bimane (GS-B), that is formed after exposure of astrocytes
to monochlorobimane (MCB) [37] as well as other GSH
conjugates [38, 39] are also exported by Mrpl. All those
astrocytic Mrpl-mediated export processes are efficiently
inhibited by the compound MK571 [32, 33, 35, 37].

Dicoumarol has frequently been applied to cells to inves-
tigate NQO1-mediated detoxification processes [40—42].
Concerning the GSH metabolism only few studies have
investigated dicoumarol and reported that dicoumarol has
no or at best little effects on GSH contents in cell lines of
peripheral origin and in hepatocytes [43, 44], while to our
knowledge effects of dicoumarol on the GSH metabolism
of brain cells have not been reported. As dicoumarol has
been shown to diminish cellular resistance of neural cells
towards compounds such as L-dopa [42, 45, 46], we inves-
tigated whether dicoumarol may—in addition to inhibit-
ing NQOI activity—also affect the metabolism of GSH in
cultured brain cells. Here, we show for the first time that
dicoumarol potently inhibits the Mrp1-mediated export of
GSH, GSSG and GS-B from viable astrocytes at least as
efficiently as the frequently used Mrpl-inhibitor MK571.
Thus, Mrp1 has to be considered as additional cellular target
of a dicoumarol treatment.
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Materials and Methods
Materials

Dicoumarol and menadione were purchased from Sigma-
Aldrich (Steinheim, Germany) and MK571 from Biomol
(Hamburg, Germany). Dulbecco’s modified Eagle’s medium
was from Gibco (Darmstadt, Germany), fetal calf serum was
obtained from Biochrom (Berlin, Germany) and penicillin/
streptomycin solution from Invitrogen-Gibco (Darmstadt,
Germany). Bovine serum albumin (BSA), NADPH, NADH
and sulfosalicylic acid were obtained from Applichem
(Darmstadt, Germany) and the enzyme glutathione reductase
was purchased from Roche Diagnostics (Mannheim, Ger-
many). All other chemicals of the highest purity available
were obtained from Merck (Darmstadt, Germany), Sigma-
Aldrich (Steinheim, Germany), Fluka (Buchs, Switzerland),
Roth (Karlsruhe, Germany) or Riedel-de Haén (Seelze, Ger-
many). Sterile cell culture plates, unsterile 96-well microti-
ter plates and unsterile black 96-well microtiter plates were
from Sarstedt (Niimbrecht, Germany).

Astrocyte Cultures

Astrocyte-rich primary cultures were prepared from the
brains of newborn Wistar rats as previously described in
detail [47]. 300,000 viable cells were seeded in 1 mL cul-
ture medium containing 90% Dulbecco’s modified Eagle’s
medium (with 25 mM glucose), 10% fetal calf serum, 18 U/
mL penicillin G, 18 pg/mL streptomycin sulfate, 44.6 mM
NaHCOj; and 1 mM pyruvate in wells of 24-well plates.
The cultures were incubated at 37 °C in the humidified
atmosphere of a Sanyo incubator (Osaka, Japan) with 10%
CO,. The culture medium was renewed every 7 days and
24 h prior to the experiments. The experiments of the pre-
sent study were performed on confluent cultures of an age
between 15 and 21 days.

Experimental Incubation of the Cells

To investigate GSH export from cultured astrocytes, the
cellular and extracellular contents of total glutathione
(GSx =amount of GSH plus twice the amount of GSSG)
and GSSG were determined after the indicated incuba-
tions. The cultures were washed twice with 1 mL pre-
warmed (37 °C) incubation buffer (IB; 20 mM HEPES,
5 mM b-glucose, 145 mM NaCl, 5.4 mM KCI, 1.8 mM
CaCl,, 1 mM MgCl,, 0.8 mM Na,HPO,, pH 7.4) and incu-
bated at 37 °C with 200 pL IB containing 100 uM of the
y-glutamyltranspeptidase inhibitor acivicin [48] in the
absence or the presence of the compounds indicated in the
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figures and the tables. After the given incubation periods, the
incubation media were collected and the cells were washed
with 1 mL ice-cold phosphate-buffered saline (PBS; 10 mM
potassium phosphate buffer, pH 7.4, containing 150 mM
NaCl) before the extracellular and cellular GSx and GSSG
contents were determined.

To investigate the potential reversibility of the inhibition
of the GSH export by dicoumarol from astrocytes, the cells
were pre-incubated for 2 h at 37 °C in 200 pL IB containing
100 pM acivicin in the absence or the presence of 30 pM
dicoumarol. After two washing steps each with 1 mL pre-
warmed (37 °C) IB, the cells were further incubated for
up to 4 h in 200 pL IB containing 100 uM acivicin in the
absence or the presence of 30 UM dicoumarol. The amounts
of extracellular GSx were determined for main incubation
periods of 1 h, 2 h or 4 h, while the cellular GSx content and
the extracellular lactate dehydrogenase (LDH) activity were
determined after the 4 h main incubation.

During oxidative stress, cultured astrocytes oxidize GSH
to GSSG which is subsequently exported via Mrpl [33, 35].
In the current study, menadione was applied to induce cel-
lular oxidation of GSH to GSSG. Cultured astrocytes were
washed twice with 1 mL prewarmed (37 °C) IB and then
incubated with 200 uL of IB containing 100 uM acivicin for
60 min at 37 °C without or with 100 pM menadione in the
absence or the presence of the given concentrations of dicou-
marol and/or MK571. Subsequently, the incubation medium
was harvested for quantification of extracellular LDH aci-
tivty and the contents of extracellular GSx and GSSG, while
the cells were washed with 1 mL of ice-cold PBS before the
cellular contents of GSx and GSSG were determined.

Upon incubation with monochlorobimane (MCB), astro-
cytes have been reported to form the GSH-bimane conjugate
(GS-B), which is exported via Mrpl [37]. To investigate a
potential inhibition by dicoumarol of the GS-B export, cul-
tured astrocytes were washed twice with 1 mL prewarmed
IB and incubated in 500 puL IB containing 100 uM acivicin
and 10 uM MCB without or with other substances as indi-
cated in the figures. After the incubation, the incubation
media were collected and analyzed for LDH activity and
the contents of extracellular GS—B and GSx, while the cells
were washed twice with 1 mL PBS and lysed to determine
cellular GS-B and GSx contents.

Determination of Cell Viability and Cellular Protein
Content

A potential loss in cell viability was monitored by the quan-
tification of the release of the cytosolic enzyme LDH as
described previously in detail [47, 49]. In addition, the mem-
brane integrity of cells was investigated by staining with the
fluorescent dyes propidium iodide (PI) and Hoechst 33342
as described previously [47]. PI-positive staining is only

observed, if a given treatment causes permeabilization of
the cell membrane, while all cell nuclei present are stained
with the membrane permeable Hoechst 33342. The protein
content of the cultures was measured by the Lowry method
[50] using BSA as standard protein.

Determination of the Contents of GSx, GSSG
and GS-B

The extracellular and cellular contents of GSx and GSSG
were determined by a microtiter plate-based modification
of the colorimetric Tietze method as described previously
[47]. For the quantification of extracellular GSx or GSSG
contents, 10 uL. media samples were mixed with 10 L 1%
(w/v) sulfosalicylic acid. The cells were lysed with 200 pL
1% (w/v) sulfosalicylic acid and 10 pL of these lysates were
used for the quantification of the cellular GSx and GSSG
contents.

The amounts of cellular and extracellular GS—B were
determined as described previously [37]. The treated cells
were lysed in 500 pL lysis buffer (1% (w/v) Triton X-100
in 20 mM potassium phosphate buffer, pH 6.5). 200 pL of
cell lysates or of the harvested incubation media were trans-
fered into wells of a black 96-well microtiter plate and the
GS-B fluorescence was recorded at 520 nm after excita-
tion at 390 nm. GS-B was quantified by comparison of the
fluorescence of samples with those of GS—B standards in
incubation buffer or lysis buffer, which had been prepared
as previously described in detail [37].

Visualization of Cellular GS-B by Fluorescence
Microscopy

Astrocytes were incubated with 10 uyM MCB in IB for 5 or
30 min before the cellular GS—B fluorescence was moni-
tored with a Nicon Eclipse TS-100 fluorescence microscope
using a preheated (37 °C) microscope stage and an excita-
tion wavelength of 330-380 nm. The fluorescence emission
was recorded with a long pass filter at wavelengths above
420 nm.

Presentation of Data

The quantitative data shown represent means + standard
deviation (SD) of values that were obtained in at least three
experiments performed on independently prepared astrocyte
cultures. Microscopic images are derived from a representa-
tive experiment that was reproduced twice on independently
prepared cultures with almost identical results. The analysis
of significance between multiple groups of data was per-
formed by ANOVA followed by the Bonferroni post hoc
test, while the ¢ test was used for statistical comparison of
two sets of data. p>0.05 was considered as not significant.
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To investigate potential adverse consequences of a treat- % %
ment of astrocytes with dicoumarol, cultured astrocytes g%
were exposed to this compound in concentrations of up w ':/W
to 30 uM for up to 6 h or to 100 uM dicoumarol for 4 h. = Z/
None of these incubation conditions caused any significant 2 =
increase in the detectable activity of extracellular LDH §g
compared to cells that had been incubated in the absence & E, -~
of dicoumarol but under otherwise identical conditions 8 E
(Fig. 1a, b). This absence of any obvious toxicity of a % E
dicoumarol treatment was confirmed by PI staining which § =
revealed hardly any detectable PI-positive cells after expo- h L
sure of the cultures to 30 uM or 100 pM dicoumarol for o ?/
6 h (Fig. 2d, f) compared to control cultures that had been E z 50 ]
incubated without dicoumarol (Fig. 2a, b). In contrast, s 2 40 . .
many cells in astrocyte cultures that had been exposed to % E, 30
the toxic AgNO; [51] were PI-positive (Fig. 2g, h). OFf
89 20 '\
3 E
8= 10
Effects of Dicoumarol on the Cellular 0 L
and Extracellular GSx Contents of Astrocytes 5= 9 I
During incubation of cultured astrocytes in the absence of 2240
dicoumarol, an almost linear increase in extracellular GSx i'g £ 30 L
content was observed (Fig. 1¢) that was accompanied by a 5 g
corresponding loss in the cellular GSx content (Fig. le). % = 20
Accordingly, the sum of cellular plus extracellular GSx s 10
was not altered during the incubation under such control 5 8 0 L

conditions (Fig. 1g). If dicoumarol was present in concen-
trations of 3 uM, 10 uM and 30 uM during the incubation,
the extracellular GSx accumulation was significantly low-
ered by around 45%, 70% and 90%, respectively (Fig. 1c¢),
while the cellular loss in GSx was reduced (Fig. le) and
the sum of cellular plus extracellular GSx remained almost
constant (Fig. 1g). A more detailed analysis of the concen-
tration dependent effects of dicoumarol on the cellular and
extracellular GSx contents after 4 h of incubation revealed
that half-maximal inhibitory effects on the extracellular
GSx accumulation and on the loss in cellular GSx were
observed at dicoumarol concentrations of around 4 uM
(Fig. 1d, f; Table 1), while 10 uM dicoumarol had to be
present to obtain a maximal inhibitory effect (Fig. 1d, f).

To analyse whether exposure of astrocyte cultures to
dicoumarol may cause any alteration in the ratio of GSH
to GSSG, the cells were incubated for 4 h without or with
30 uM dicoumarol and the GSx and GSSG contents were
determined for cell lysates and media samples. Compared
to control cells that had been incubated in the absence of
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Fig.1 Time- and concentration-dependent effects of dicoumarol on
the viability and the GSx content of cultured astrocytes. The cells
were incubated for up to 6 h (a, ¢, e, g) or for 4 h (b, d, f, h) with
the indicated concentrations of dicoumarol. The extracellular LDH
activity (a, b) as an indicator for a potential loss of cell vitality, the
extracellular GSx content (¢, d), the cellular GSx content (e, f) and
the sum of the extracellular plus the cellular GSx contents (g, h) were
determined. The initial cellular specific GSx content of the cultures
was 37.3+ 1.8 nmol/mg (a, c, e, g) and 40.4+9.3 nmol/mg (b, d, f,
g) and the cultures contained 120+29 (a, ¢, e, g) and 141 +12 ng
protein per well (b, d, f, g). The data shown represent means +SD
of values that had been obtained in experiments performed on three
independently prepared astrocyte cultures. Statistical analysis of the
significance of differences of data compared to those of the control
incubation (absence of dicoumarol) was performed by ANOVA fol-
lowed by the Bonferroni post hoc test. The levels of significance are
indicated by *p < 0.05, **p <0.01 and ***p < 0.001
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Fig.2 Test for potential effects of dicoumarol on the membrane
integrity of cultured primary astrocytes. The cells were incubated in
the absence (a, b) or the presence of 30 uM (c, d) or 100 uM (e, f)
dicoumarol for 6 h. As positive control for cell toxicity, cells were
alternatively exposed to 100 uM silver nitrate (g, h). Cells with per-
meabilised cell membranes are indicated by a positive fluorescence
signal for propidium iodide (b, d, f, h). The presence of all cell nuclei
is indicated by staining of the cultures with the membrane permea-
ble fluorescent dye Hoechst 33342 (a, c, e, g). The images shown are
derived from a representative experiment performed on a 20 days-old
culture. The results were reproduced twice on independently prepared
cultures with similar results. The scale bar in b indicates 100 um and
applies to all panels

dicoumarol, only the specific extracellular GSx content
was significantly lowered in dicoumarol-treated cells by
around 65%, which was accompanied by a minor but sig-
nificant increase in the cellular GSx content. In contrast,
the cellular and extracellular contents of GSSG were not
altered compared to control cells and remained very low
in both cells and media of dicoumarol-treated cultures
(Table 2).

These data demonstrate that exposure of cultured astro-
cytes to dicoumarol does not alter the high GSH to GSSG
ratio and strongly suggest that dicoumarol inhibits the basal
release of GSH from viable astrocytes.

Table 1 Half-maximal inhibitory concentrations of dicoumarol on the
export of the Mrpl substrates GSH, GSSG and GS-B

Substrate exported Half-maximal

inhibition
(uM)
GSH 43+18
GSSG 3.8+0.8
GS-B 29.7 +7.4%%

The extracellular specific amounts of Mrpl substrates that had been
determined in the experiments investigating the concentration-
dependencies of the inhibitory potential of dicoumarol (Figs. 1d,
Sc, 7b) were used to calculate the half-maximal inhibitory concen-
trations of dicoumarol. The data shown represent means+SD of
values that had been calculated for experiments performed on three
independently prepared astrocyte cultures. Statistical analysis of the
significance of differences of the data was performed by ANOVA
followed by the Bonferroni post hoc test. Values obtained for GS-B
were significantly different (**p < 0.01) from the values obtained for
GSH or GSSG, whereas no significant difference (p>0.05) was found
between the values obtained for GSH and GSSG

Test for Potential Additive Inhibitory Effects
of Dicoumarol and MK571 on the GSH Export
from Cultured Astrocytes

GSH export from cultured astrocytes is predominantly medi-
ated by Mrpl, which can be inhibited by MK571 [32, 33].
The inhibition of extracellular GSx accumulation by MK571
during a 4 h incubation was almost identical to that observed
for 30 uM dicoumarol and a coincubation with both dicou-
marol and MK571 did not further lower the extracellular
GSx accumulation compared to a treatment with one of
the inhibitors alone (Table 2). In addition, none of the sub-
stances caused a substantial increase in cellular or extracel-
lular GSSG levels within 15 min (data not shown) or within
4 h (Table 2) nor was the cell viability compromised, as
indicated by the absence of any significant increase in extra-
cellular LDH activity compared to control cells (Table 2).
These data suggest that dicoumarol inhibits the Mrp1-medi-
ated basal release of GSH from viable astrocytes.

Test for Potential Persistence of the Inhibition
of GSH Export After Removal of Dicoumarol

To investigate whether the presence of dicoumarol is
required to maintain the observed inhibition of astrocytic
GSH export, cultured astrocytes were pre-incubated in
the absence or the presence of 30 uM dicoumarol for 2 h,
washed and subsequently incubated for further 4 h in the
absence or the presence of 30 uM dicoumarol. After the
2 h pre-incubation, the extracellular GSx values were higher
for cultures that had been pre-incubated without dicoumarol
compared to dicoumarol-treated cells (Fig. 3a). Exposure
to dicoumarol of cells that had been pre-incubated without
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Table 2 Consequences of an exposure of astrocytes to dicoumarol and/or MK571 on the cell viability, the GSx content and the GSSG content

Compounds Extracellular LDH Extracellular GSx  Cellular GSx Extracellular Cellular GSSG 2GSSG contents in
activity (% of ini-  content (nmol/mg content (nmol/mg  GSSG content content (nmol % of XGSx contents
tial cellular LDH  protein) protein) (nmol GSx/mg GSx/mg protein)
activity) protein)

None 49+0.2 9.6+0.5 28.1+1.1 0.6+0.1 0.7+0.1 3.6+0.1

Dicoumarol 5.6+24 3.34+0.2%%* 322+ 1.3%* 0.6+0.1 09+02 44+0.7

MK571 59+15 4.3 +£0.3%** 29.7+1.1 1.1+0.3* 0.7+£0.2 52409

MK571 +dicou- 72+2.6 4.3+0.1%%* 33.3+0.8%* 0.6+0.1 1.1+0.1%* 45+0.2

marol

Cultured astrocytes were incubated for 4 h in the absence or the presence of 30 uM dicoumarol and/or 50 uM MK571 before the extracellular
LDH activity and the specific contents of cellular, extracellular and the sum (X) of cellular plus extracellular GSx and GSSG contents were
determined. The cultures contained an initial cellular GSx content of 42.1 + 11.4 nmol/mg and 133 +20 pg protein per well. The data shown rep-
resent means + SD of values that had been obtained in experiments on three independently prepared astrocyte cultures. Statistical analysis of the
significance of differences of the data compared to those of the control incubation (none) was performed by ANOVA followed by the Bonferroni
post hoc test. Levels of significance are indicated by *p < 0.05, **p < 0.01 and ***p <0.001
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Fig.3 Test for the reversibility of the dicoumarol-mediated inhibi-
tion of extracellular GSx accumulation in cultured astrocytes. The
cells were pre-incubated for 2 h in the absence (—; O uM) or in the
presence (+) of 30 uM dicoumarol. After a washing step, the cells
were further incubated for up to 4 h in the absence (—; 0 uM) or the
presence (+) of 30 uM dicoumarol. After the pre-incubation and at
the indicated time points of the main incubation media samples were
collected for determination of the extracellular GSx content (a), while
the specific cellular GSx content (c¢) and the extracellular LDH activ-
ity (d) as an indicator for a loss in cell viability were determined after
the 4 h main incubation. The rates of extracellular GSx accumulation
(b) were calculated for the almost linear increases in extracellular
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dicoumarol for the main incubation lowered significantly the
extracellular GSx accumulation compared to that of astro-
cytes that had been incubated without dicoumarol during
pre- and main incubation (Fig. 3a). In contrast, the extracel-
lular GSx accumulation was found significantly increased for
cultures that had been pre-incubated with dicoumarol for 2 h
and further incubated in the absence of dicoumarol (Fig. 3a,
b). Accordingly, elevated GSx contents were determined in
cells after incubations with dicoumarol (Fig. 3c). Calcula-
tion of the rate of extracellular GSx accumulation for the
main incubation revealed a high value of around 8.5 nmol
GSx/(mg x h) in cultures that had not been exposed to dicou-
marol during the pre- and main incubation (Fig. 3b). This
rate was significantly lowered by around 60%, if dicoumarol
had been present during the main incubation (Fig. 3b). In
contrast, a low extracellular accumulation rate of around
2 nmol GSx/(mg xh) was observed for astrocytes that had
been incubated with dicoumarol during pre- and main incu-
bation, while compared to this value a doubling of the GSx
accumulation rate was observed after removal of dicoumarol
for the main incubation (Fig. 3b), demonstrating that the
inhibition by dicoumarol of extracellular GSx accumulation
is not irreversible but at least partially reversible. None of
the conditions applied compromised the cell viability as no
substantial LDH release was detectable for the experimental
conditions used (Fig. 3d).

Effects of Dicoumarol on the Menadione-Induced
GSSG Export from Astrocytes

The data described so far strongly suggest that dicoumarol
inhibits Mrpl-mediated GSH export from cultured astro-
cytes. As Mrpl also mediates export of GSSG from astro-
cytes under oxidative stress conditions [33, 35], it was tested
whether dicoumarol may also inhibit Mrp1-mediated GSSG
export from astrocytes. During basal incubation conditions,
cultured astrocytes do only contain minute amounts of
GSSG and also the extracellular GSSG content was very
low even after 4 h of incubation (Table 2). In order to study
GSSG export from astrocytes, conditions had to be estab-
lished which cause intracellular oxidation of GSH to GSSG.
This was achieved for the current study by application of the
electron cycler menadione, which induces oxidative stress
in cells [52, 53].

Exposure of cultured astrocytes to 100 pM menadione
caused a rapid initial loss in cellular GSx content within
5 min that was followed by a slower and almost time propor-
tional further decrease in cellular GSx content (Fig. 4a). This
slower decrease was matched by extracellular GSx accu-
mulation (Fig. 4b). Analysis of the contribution of GSSG
to the GSx values determined for cells and media revealed
that after menadione application GSSG accounted almost
exlusively for the GSx contents determined (Fig. 4a—d). The
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Fig.4 Time-dependent inhibition of the menadione-induced GSSG
export by dicoumarol and/or MK571. Cultured astrocytes were incu-
bated for up to 60 min in the absence or the presence of 100 uM
menadione without or with 30 uM dicoumarol and/or 50 uM MKS571.
The cellular (a) and extracellular (b) GSx contents, the cellular (¢)
and extracellular (d) GSSG contents, the sum of cellular plus extra-
cellular GSx (e) contents and the extracellular LDH activity (f) as
indicator for a potential loss of cell vitality were determined. The
initial cellular GSx content of the cultures was 43.9+2.4 nmol/
mg, the initial cellular GSSG content was 2.0+0.5 nmol GSx/mg
and the cultures contained 101+ 13 pg protein/well. The data rep-
resent means+SD of values that had been obtained in experiments
on three independently prepared astrocyte cultures. Statistical analy-
sis for the significance of differences of data compared to those of
the control incubation (with menadione in the absence of inhibitors)
was performed by ANOVA followed by the Bonferroni post hoc test.
The level of significance is indicated by *p<0.05, **p <0.01 and
*#%p <(0.001. Men menadione, DC dicoumarol, MK MK571

cellular viability was not compromised during the incuba-
tion of astrocytes with 100 uM menadione for up to 60 min
(Fig. 4f), but the total amount of cellular plus extracellular
GSx was lowered by up to 50% in menadione-treated cells
during the 60 min incubation (Fig. 4e). This loss is likely to
be caused either by a direct conjugation of menadione with
GSH as previously described [54] and/or by indirect forma-
tion of GSH-protein mixed disulfides in cells that contain
high concentrations of GSSG [8, 55].

The menadione-induced stress paradigm was used to test
for a potential effect of dicoumarol on the Mrpl-mediated
GSSG export from astrocytes. In menadione-treated astro-
cytes, both dicoumarol and MK571 alone or in combination
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strongly inhibited the cellular loss in GSx and GSSG
(Fig. 4a, c) and the extracellular accumulation of GSx and
GSSG (Fig. 4b, d). In contrast, presence of the inhibitors did
not substantially affect the total amounts of GSx in cells plus
media (Fig. 4e) nor was the cell viability compromised by
any of the treatments (Fig. 4f).

A more detailed analysis of the concentration-dependent
effects of dicoumarol on the cellular and extracellular GSSG
contents of astrocytes after menadione-treatment for 30 min
revealed, that half-maximal inhibition of the extracellular
GSSG accumulation (Fig. 5¢) was observed at dicoumarol
concentrations of around 4 uM (Table 1), while around
30 uM dicoumarol had to be present to obtain maximal
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Fig.5 Concentration-dependent inhibition of the menadione-induced
GSSG export by dicoumarol. Cultured astrocytes were incubated for
30 min in the presence of 100 uM menadione without or with dicou-
marol in the indicated concentrations. The extracellular (a) and cel-
lular (b) GSx contents, the extracellular (c¢) and the cellular (d) GSSG
contents, the sum of extracellular plus cellular GSx contents (e) and
the extracellular LDH activity (f) as indicator for a potential loss of
cell vitality were determined. The initial cellular GSx content of the
cultures was 39.2+5.6 nmol/mg, the initial cellular GSSG content
was 1.8+0.7 nmol GSx/mg and the cultures contained 119+29 ng
protein/well. The data represent means+ SD of values that had been
obtained in experiments on three independently prepared astrocyte
cultures. Statistical analysis for the significance of differences of data
compared to those obtained for the control (with menadione in the
absence of dicoumarol) was performed by ANOVA followed by the
Bonferroni post hoc test and the level of significance is indicated by
**p<0.01 and ***p <0.001
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inhibition of GSSG export from menadione-treated astro-
cytes (Fig. 5).

Effects of Dicoumarol on the Export
of the GSH-Bimane Conjugate from Astrocytes

Mrpl has been reported to mediate the export of the GS-B
conjugate that is formed in astrocytes after application of
MCB [37]. GS-B formation in MCB-treated astrocytes and
its subsequent export was confirmed by fluorescence micros-
copy. After a 5 min incubation of astrocytes with 10 uM
MCB, strong cellular GS-B fluorescence was observed
(Fig. 6b) compared to control cells that had been incubated
in the absence of MCB (Fig. 6a), but this cellular fluores-
cence intensity was almost completely diminished after fur-
ther 25 min of incubation (Fig. 6f). In contrast, the strong
cellular GS-B fluorescence signal detected after 5 min of
incubation in MCB-treated astrocytes that had been co-
incubated with dicourmarol and/or MK571 (Fig. 6¢c—e)
was maintained during a subsequent 25 min incubation
(Fig. 6g—i).

To confirm the fluorescence microscopical results, the
cellular and extracellular contents of GSx and GS-B were
quantified for cultured astrocytes that had been exposed to
MCB and/or the Mrp1 inhibitors. Application of MCB to
astrocytes caused a rapid disappearance of cellular GSx
(Fig. 6j) that was accompanied by a rapid but transient
increase in cellular GS-B fluorescence (Fig. 6m). During
the incubation with MCB, extracellular GSx accumula-
tion was not observed (Fig. 6k) but substantial amounts of
extracellular GS-B were determined (Fig. 6n). None of the
conditions applied lead to any obvious loss in cell viability
as no increase in extracellular LDH was observed (data not
shown). The loss in the sum of cellular plus extracellular
GSx (around 30 nmol/mg) during the incubation with MCB
(Fig. 61) was accompanied by a matching increase in the
respective GS—B values (Fig. 60), leading to an almost con-
stant sum of cellular plus extracellular amounts of GSx plus
GS-B, which was close to the initital cellular GSx content
of untreated cells (44.6 + 7.4 nmol/mg).

Dicoumarol and MK571 alone or in combination did not
affect the initial loss in the cellular GSx content after appli-
cation of MCB to astrocytes (Fig. 6j), but efficiently slowed
down the loss in cellular GS-B fluorescence (Fig. 6m) and
the extracellular accumulation of GS-B (Fig. 6n). The
potential of 30 uM dicoumarol or 50 uM MK571 to pre-
vent extracellular GS—B accumulation was lower than that
observed for the combination of both compounds (Fig. 6n),
while the sum of cellular and extracellular amounts of GSx
(Fig. 61) or GS-B (Fig. 60) was found almost identical for
all conditions applied (Fig. 6j).

To explore the concentration-dependent inhibitory effect
of dicoumarol on the export of GS-B from MCB-treated
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astrocytes, the cells were incubated for 30 min with dicou-
marol in concentrations of up to 100 uM. After this incuba-
tion, extracellular GSx was not observed (Fig. 7a) and the
GSx content of the MCB-treated cultures was not signifi-
cantly different in cultures that had been incubated without
or with up to 100 uM dicoumarol (Fig. 7c,e). In contrast,
the strong accumulation of extracellular GS-B in MCB-
treated astrocytes in the absence of dicoumarol (around
20 nmol/mg) was inhibited by dicoumarol in a concentra-
tion-dependent manner (Fig. 7b) while the cellular GS-B
content was found to be increased (Fig. 7d). None of the
conditions applied compromised the cell viability as dem-
onstrated by the absence of any increase in the extracellular
LDH activity (data not shown). Half-maximal inhibition
of the extracellular accumulation of GS-B was observed
for a dicoumarol concentration of around 30 uM (Table 1),
while around 100 uM dicoumarol was required to almost
completely inhibit the extracellular accumulation of GS-B
and the cellular loss of GS-B in MCB-treated astrocytes
(Fig. 7b, d).

Discussion

Dicoumarol is a well-known inhibitor of the protective
enzyme NQO1 and has frequently been used to investigate
a potential involvement of NQOI1 in the protection of cells
against various compounds and oxidants [42, 45, 46, 56].
Here we report for the first time that dicoumarol also inhib-
its efficiently already in low micromolar concentrations the
Mrpl-mediated cellular export of GSH, GSSG and GSH
conjugates.

Exposure of cultured astrocytes to dicoumarol in concen-
trations of up to 100 uM did not cause any obvious alteration
of cell morphology nor any increase in extracellular LDH
activity or increased PI staining, confirming the low toxic
potential of this compound previously reported for cultured
neural cells [42, 57]. Concerning the cellular GSH metab-
olism, dicoumarol does not directly interact with GSH as
no disappearance of GSH was observed in the presence of
dicoumarol in cell-free experiments (data not shown) and
during cell incubations, nor does dicoumarol cause oxidative
stress in cells, which would lead to an increase in the low
ratio of cellular GSSG to GSH. This contrasts the situations
observed for treatments of astrocytes with compounds induc-
ing oxidative stress [35, 58] or conjugating to GSH [12, 59,
60]. Dicoumarol did also not stimulate the export of GSH
as shown for various structurally very diverse compounds
including formaldehyde [61], arsenicals [62, 63] or antiret-
roviral protease inhibitors [64, 65]. In contrast, dicoumarol
caused an unexpected time- and concentration-dependent
inhibition of the Mrp1-mediated export of GSH, GSSG and
GS-B from astrocytes.

Unstressed astrocytes export GSH efficiently with a Km-
value of around 25 mM [66] in a process that is predomi-
nantly mediated by Mrp1 [32, 33]. As shown by comparison
with the frequently used Mrpl inhibitor MK571 [32, 33],
also dicoumarol lowered extracellular GSH accumulation
in a concentration-dependent and at least partially revers-
ible manner. However, in contrast to MK571, which shows a
biphasic modulation of astrocytic GSH export with a stimu-
lation of GSH export at low micromolar concentrations of
around 3 pM and an inhibition of GSH export at a high
MKS571 concentration of 50 uM [32, 33], no stimulation
of GSH export was observed for astrocytes that had been
exposed to low dicoumarol concentrations. For dicoumarol
a classical concentration-dependent inhibition of astrocytic
GSH export was observed with a half-maximal inhibition
determined for 4 pM dicoumarol. Thus, dicoumarol appears
to be a more potent inhibitor of astrocytic Mrpl-mediated
GSH export than MK571 as it inhibits this export already
efficiently at very low micromolar concentrations, while
such low concentrations of MK571 stimulate GSH export
from astrocytes [32, 33].

GSSG export in oxidatively stressed astrocytes is exclu-
sively mediated by Mrpl [33, 35]. As under unstressed
conditions hardly any GSSG is detectable in cultured astro-
cytes [67], the cells have to be exposed to conditions which
strongly induce cellular GSH oxidation to GSSG before
GSSG export can be studied. For the current study, oxida-
tive stress was induced in astrocytes by the application of the
naphthoquinone menadione, which is known to cause severe
oxidative stress in cultured astrocytes [52] and other cells
[53]. As the cell membrane integrity was not impaired by
the menadione treatment and as MK571 almost completely
inhibited the export of GSSG from menadione-treated cells,
it can be concluded that the extracellular GSSG determined
under such conditions had been exported from viable cells
via Mrpl, consistent with literature data on the GSSG export
from astrocytes during oxidative stress [33, 35, 68]. The
observed menadione-induced GSSG export from astro-
cytes was strongly inhibited in the presence of dicoumarol
in a time- and concentration-dependent manner with half-
maximal inhibition observed for around 4 uM dicoumarol.
Thus, also concerning inhibition of GSSG export, dicou-
marol appears to be even more potent than MK571, which
has to be applied in a concentration of 50 uM to efficiently
inhibit GSSG export form astrocytes during oxidative stress
[33, 35, 67]. The rapid accumulation of GSSG in menadi-
one-treated astrocytes was not affected by the presence of
dicoumarol, nor was the rapid formation of reactive oxygen
species that we observed for such conditions prevented by
dicoumarol (data not shown). These data suggest that the
enzyme NQOI, which is efficiently inhibited by dicoumarol
[4, 6], is not involved in the generation of reactive oxygen
species and oxidative stress in menadione-treated astrocytes.
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«Fig.6 Time-dependent inhibition of GS-B export by dicoumarol
and/or MK571. Astrocyte cultures were incubated with 10 uM MCB
for O min (a) or for 5 min (b—e), 30 min (f-i) or the indicated time
periods (j—o) in the absence (a, b, f, j—0) or the presence of 30 uM
dicoumarol (¢, g, j—0), 50 UM MKS571 (d, h, j-o0) or 30 uM dicou-
marol plus 50 uM MK571 (e, i, j—0), before fluorescence microscopic
pictures were taken (a—i) or the cellular and extracellular amounts of
GSx and GS-B were determined (j—o). The size bar in panel a repre-
sents 50 pm and applies to the panels a—i, which show fluorescence
images from a representative experiment, while the data shown in
panels j—o are means + SD of values that had been obtained in experi-
ments on three independently prepared astrocyte cultures. The initial
cellular GSx content of the cultures was 44.6 +7.4 nmol/mg and the
cultures contained 145+ 13 pg protein/well. Statistical analysis for
the significance of differences of the quantitative data compared to
those of control incubations (absence of inhibitors) was performed by
ANOVA followed by the Bonferroni post hoc test. The level of sig-
nificance is indicated by *p <0.05, **p<0.01 and ***p <0.001

Thus, as previously reported for MK571 [32, 33, 35]
also dicoumarol was found to inhibit the export of the three
Mrpl substrates GSH, GSSG and GS—B from cultured astro-
cytes. The substantial differences in the concentrations of
dicoumarol required to inhibit the export of GSH, GSSG
and GS-B by 50% are consistent with the different transport
efficiencies of Mrpl1 for its three substrates, as demonstrated
by the reported Km-values of Mrpl (25 mM for GSH [66],
93 uM for GSSG [39] and 35 nM for GS-B [69]). Thus,
assuming that dicoumarol binds to Mrpl at the substrate
binding site with a given affinity, efficient inhibition of a
high affinity Mrpl substrate such as GS-B will require the
presence of higher concentrations of dicoumarol compared
to an inhibition of the export of a substrate with a higher Km
value such as GSSG or GSH.

Dicoumarol has frequently been applied in cell culture
studies to investigate protective functions of NQO1 against

toxins and oxidants and an accelerated damage in presence
of dicoumarol has been interpreted as evidence for a protec-
tive function of NQOI1 in the investigated stress paradigm
[41, 45,70, 71]. However, as our new data demonstrate that
already low micromolar concentrations of dicoumarol effi-
ciently inhibit Mrp1-mediated export processes, a potential
contribution of an inhibition of Mrpl by dicoumarol in the
effects reported has to be considered. For example, the inhi-
bition of the Mrpl-mediated export of cellular GSSG under
oxidative stress conditions will lead to a drastic oxidation
in the cellular thiol-reduction potential, which will in turn
render the cells more vulnerable towards oxidative stress.
Furthermore, since dicoumarol not only inhibits the Mrp1-
mediated export of GSH and GSSG, but also of the GSH
conjugate GS—B, the export of other GSH conjugates and/
or potentially toxic compounds that are substrates of Mrpl,
such as 4-hydroxynonenal [72], are likely to be also inhibited
by dicoumarol, thereby accelerating cytotoxicity.

In conclusion, our study demonstrates for the first time
that Mrps have to be considered as cellular target of dicou-
marol and that dicoumarol inhibits the Mrpl-mediated
export of GSH, GSSG and GS-B at least in cultured astro-
cytes. This inhibitory potential of dicoumarol should be
considered for future experiments and for the interpreta-
tion of literature data of studies investigating the protective
role of NQO/1 in cellular defence processes. In addition, as
dicoumarol inhibits Mrp1-mediated export processes already
in low micromolar concentrations, it appears to be a good
and cheap alternative to the frequently used Mrp1 inhibitor
MKS571 for experiments studying Mrpl-mediated export
mechanisms, at least for such studies that are not influenced
by the strong inhibitory potential of dicoumarol towards
NQOL1.

@ Springer



344

Neurochemical Research (2019) 44:333-346

GSx GS-B

w
o

20

10 |

Extracellular content
(nmol/mg protein)

o
\E
a2 &

w
o
(2]

20 ;,\

-
o

Cellular content
(nmol/mg protein)

o
SR

7
7
e

w
o

0%

-
o

Extracellular + cellular
content (nmol/mg protein)

0 7/
0 01 1 10 1000 0.1 1 10 100
[Dicoumarol] (uM) [Dicoumarol] (uM)

Fig.7 Concentration-dependent inhibition by dicoumarol of the
GS-B export from astrocytes. The cells were incubated for 30 min
with 10 uM MCB in the absence or the presence of the indicated
concentrations of dicoumarol before the extracellular and cel-
lular amounts of GSx (a, ¢) and GS-B (b, d) were determined and
the sum of cellular plus extracellular GSx (e) or GS-B (f) contents
was calculated. The initial cellular GSx content of the cultures was
43.4+3.4 nmol/mg and the cultures contained 125+ 18 ug protein/
well. The data represent means + SD of values that had been obtained
in experiments on three independently prepared astrocyte cultures.
Statistical analysis for significance of differences of the data com-
pared to those of control incubations (absence of dicoumarol) was
performed by ANOVA followed by the Bonferroni post hoc test. The
level of significance is indicated by **p <0.01 and ***p <0.001
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