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Abstract
The ability of a number of flavonoids to induce glutathione (GSH) depletion was measured in lung
(A549), myeloid (HL-60), and prostate (PC-3) human tumor cells. The hydroxychalcone (2′-HC)
and the dihydroxychalcones (2′,2-, 2′,3-, 2′,4-, and 2′,5′-DHC) were the most effective in A549
and HL-60 cells, depleting more than 50% of intracellular GSH within 4 h of exposure at 25 µM.
In contrast, the flavones chrysin and apigenin were the most effective in PC-3 cells, depleting 50–
70% of intracellular GSH within 24 h of exposure at 25 µM. In general, these flavonoids were
more effective than three classical substrates of multidrug resistance protein 1 (MK-571,
indomethacin, and verapamil). Prototypic flavonoids (2′,5′-DHC and chrysin) were subsequently
tested for their abilities to potentiate the toxicities of prooxidants (etoposide, rotenone, 2-
methoxyestradiol, and curcumin). In A549 cells, 2′,5′-DHC potentiated the cytotoxicities of
rotenone, 2-methoxyestradiol, and curcumin, but not etoposide. In HL-60 and PC-3 cells, chrysin
potentiated the cytotoxicity of curcumin, cytotoxicity that was attenuated by the catalytic
antioxidant manganese(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin (MnTE-2-PyP).
Assessments of mitochondrial GSH levels mitochondrial membrane potential and cytochrome c
release showed that the potentiation effects induced by 2′,5′-DHC and chrysin involve
mitochondrial dysfunction.
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Introduction
The neuroprotective, cardioprotective, and chemopreventive properties of dietary flavonoids
are now well documented, yet their precise mechanism of action remains unclear [1–3].
Besides their anti- and prooxidant properties in vitro, they appear to exert modulatory effects
in cells through alterations of protein and lipid kinase signaling pathways [2,3]. A number of
flavonoids behave as prooxidants by inhibiting complexes I and II of the mitochondrial
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respiratory chain [4–6]. Moreover, several flavonoids induce glutathione (GSH) depletion
through activation of multidrug resistance protein 1 (MRP1), an ATP-binding cassette
(ABC) transporter [7–12]. Some MRP1 substrates, including daunorubicin, vincristine, and
etoposide, are cotransported with GSH, whereas others, i.e., verapamil and flavonoids, are
not [7,12].

GSH depletion as a potential strategy to sensitize cancer cells has been under investigation
for over a decade [13–19]. Indeed, cancer cells tend to exhibit higher levels of intracellular
GSH, possibly as an adaptive response to a higher metabolism and thus higher steady-state
levels of reactive oxygen species (ROS) [18]. Although GSH is not synthesized in the
mitochondria, these organelles concentrate cellular levels of GSH [20,21]. GSH depletion is
usually achieved using inhibitors of GSH synthesis such as L-buthionine sulfoximine (BSO)
[18]. Another interesting approach to sensitize cancer cells is by inducing MRP1-mediated
GSH depletion, as has been suggested using verapamil [13,14]. It is worth noting that the
expression of ABC transporters does not necessarily represent a barrier to anticancer drugs,
but, depending on the cell type and the drug, may paradoxically potentiate the effect of a
drug [22]. MRP-mediated GSH efflux is likely a “downside” of MRP expression,
particularly in cancer cells, since they tend to exhibit higher levels of ROS and to
overexpress MRPs [18,23]. In fact, it is likely that these two processes may be linked and
exploited as a selective therapeutic target.

A variety of naturally occurring compounds induce programmed cell death (apoptosis) in
cancer cells by enhancing the production of mitochondrial ROS, i.e., superoxide (O2

•−) and
hydrogen peroxide (H2O2), followed by the formation of the mitochondrial permeability
transition pores and the release of cytochrome c [24–28]. This is the case for the endogenous
human estrogen metabolite, 2-methoxyestradiol (2-ME), which is currently being evaluated
as an anticancer agent in multiple tumor types including prostate cancer [29–31]. How 2-ME
stimulates ROS production remains unclear. The most reasonable hypothesis to date is the
uncoupling of the mitochondrial respiratory chain by inhibiting complex I, as in the case of
rotenone [32–34]. Curcumin is another natural compound that has structural similarities with
rotenone and 2-ME (i.e., O-methylated catechol), and has been associated with oxidative
stress in cancer cells [35]. The topoisomerase inhibitor etoposide has also been associated
with mitochondrial-mediated apoptosis, although through activation of caspase 2 rather than
direct interference with the mitochondrial respiratory chain [36,37].

The aims of this study were: (1) to determine the structural requirements of flavonoid-
induced GSH depletion in multiple human tumor cell types; and (2) to explore whether this
effect sensitizes cancer cells to treatment with prooxidants such as etoposide, rotenone, 2-
ME, and curcumin. We measured the intracellular GSH levels and cytotoxicity induced by a
number of selected flavonoids in lung (A549), myeloid (HL-60), and prostate (PC-3) human
tumor cells (Fig. 1). Our results showed that: (1) flavonoids are potent inducers of GSH
depletion in A549, HL-60, and PC-3 cells; (2) flavonoids show unique structural
requirements for affecting GSH depletion; (3) flavonoids can potentiate the cytotoxicity of
prooxidants in tumor cells; and (4) potentiation effects involve mitochondrial dysfunction.

Materials and methods
Chemicals and reagents

Chalcone, 2-, 2′-, 4-, and 4′-hydroxychalcones, 2′,2-, 2′,3-, 2′,4-, 2′,4′-, and 2′,5′-
dihydroxychalcones, 2′,4′,4- and 2′,3′,4′-trihydroxychalcones, flavone, 5-hydroxyflavone, 7-
hydroxyflavone, 7-methoxyflavone, and galangin were purchased from Indofine Chemicals
Company, Inc. (Hillsborough, NJ). Chrysin, apigenin, kaempferol, quercetin, genistein,
biochanin A, naringenin, baicalein, fisetin, morin, myricetin, (−)-epicatechin, rutin,
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resveratrol, 2-methoxyestradiol, 2-hydroxyestradiol, β-estradiol, curcumin, rotenone,
etoposide, (+)-verapamil, indomethacin, digitonin, pyruvate, phosphoric acid, meta-
phosphoric acid, sodium phosphate (monobasic), Triton X-100, phenylmethylsulfonyl
fluoride (PMSF), ammonium acetate, adenosine 5′-diphosphate (ADP), α-ketoglutaric acid,
L-lactic dehydrogenase (LDH), D-mannitol, EDTA, NADH, K2HPO4, KH2PO4, Hepes,
DMSO, and DMF were from Sigma-Aldrich (St. Louis, MO). Tris-HCl, perchloric acid, and
methanol were from Fisher (Pittsburgh, PA). MK-571 was from Biomol (Plymouth Meeting,
PA) and cyanidin from Extrasynthese (Genay, France). Rhodamine 123 was from Kodak
(Rochester, NY) and dihydroethidium (hydroethidine) from Molecular Probes (Eugene,
OR). Phosphate-buffered saline (PBS) was from Cellgro (Herndon, VA).
Monobromobimane (mBBr) was from Calbiochem (San Diego, CA). (Des-Gly)-glutathione
was from Bachem (Torrance, CA). Protease inhibitor cocktail tablets supplemented with
EDTA were from Roche Diagnostics (Indianapolis, IN). Manganese(III) meso-tetrakis(N-
ethylpyridinium-2-yl)porphyrin (MnTE-2-PyP) was prepared as described previously [38].

Cell lines and culture conditions
Human lung epithelial (A549), human leukemia (HL-60), and human prostate (PC-3) tumor
cells were purchased from ATCC (Manassas, VA). A549 and PC-3 cells were grown in
Ham’s F12 medium (F12) and Kaighn’s modification of Ham’s F12 medium (F12K) with 2
mM L-glutamine (ATCC), respectively, supplemented with 10% fetal bovine serum (FBS)
and 1% pen/strep (10,000 unit, Cellgro). HL-60 cells were grown in Iscove’s modified
Dulbecco’s medium with 4 mM L-glutamine (ATCC) supplemented with 20% FBS and 1%
pen/strep. Cells were all grown in T-75 flasks at 37°C and 5% CO2 air atmosphere for
mitochondrial isolation and in 24-well plates for GSH levels and LDH release
measurements. All the compounds were added from 10 mM stock solutions in DMF, except
for kaempferol, quercetin, genistein, biochanin A, naringenin, baicalein, fisetin, morin,
myricetin, (−)-epicatechin, rutin, and resveratrol, which were added from 10 mM stock
solutions in ethanol, and MnTE-2-PyP from a 10 mM stock solution in distilled water.

Mitochondrial isolation and purity
Isolation of HL-60 and A549 mitochondria was achieved through differential centrifugation
as previously described [39]. Following drug treatment, cells were pelleted by centrifugation
(2000g for 10 min at 4°C), resuspended in PBS, and spun (2000g for 10 min at 4°C) to yield
a final cell pellet. The pellet was resuspended in 0.55 ml of ice-cold hypotonic buffer (10
mM NaCl, 1.5 mM MgCl2, 10 mM Tris-HCl, pH 7.5). After 10 min, the cell suspension was
homogenized (Kontes glass homogenizer, Fisher-Scientific, Fair Lawn, NJ). Immediately
after homogenization, 0.4 ml of 2.5× mannitol-sucrose buffer was added (525 mM mannitol,
175 mM sucrose, 12.5 mM Tris-HCl, 2.5 mM EDTA, pH 7.5). The amount of 0.4 ml of ice-
cold single-strength mannitol-sucrose buffer (210 mM mannitol, 70 mM sucrose, 5 mM
Tris-HCl, 1 mM EDTA, pH 7.5) was added and the contents were divided into two 1.5-ml
centrifuge tubes. Cellular debris was pelleted by centrifugation at 1300g for 10 min at 4°C.
Centrifugation was repeated twice. Finally, mitochondria from the supernatant were isolated
by centrifugation at 17,000g for 15 min at 4°C. The mitochondrial pellet was washed and
centrifuged at 17,000g for 15 min at 4°C to reduce any cytosolic contamination. The
cytosolic fraction was used for immunoblotting of cytochrome c.

Mitochondrial enrichment was determined by the relative activity of a cytosolic enzyme
marker (LDH) and a mitochondrial matrix enzyme marker (glutamate dehydrogenase, GDH)
in the respective fractions. LDH activity in the mitochondrial fraction reflects cytosolic
contamination and GDH activity indicates the efficiency of the isolation procedure. LDH
activity was determined using the procedure described below. GDH activity was determined
using an assay based on previously published methods [39]. Briefly, a solution containing
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100 µM NADH and 1 mM ADP were mixed with 100 mM ammonium acetate as a source of
ammonium ions. An aliquot of the sample was added and followed by the addition of 1 unit
of LDH to eliminate pyruvate. The assay quantified GDH activity based on the consumption
of NADH in the transamination of α-ketoglutarate (oxoglutarate). To initiate the reaction,
6.9 mM α-ketoglutarate was added and absorbance at 340 nm monitored. GDH activity in
the samples was calculated based on an extinction coefficient (ε = 6.2 L/mmol × cm) for
NADH where 1 unit of activity is defined as 1 µmol NADH consumed/minute. GDH activity
in the mitochondrial pellet was nearly 10-fold that found in the cytosolic fraction.
Conversely, LDH activity in the mitochondrial pellet represented less than 5% of the total
cellular LDH activity (data not shown). Thus, the mitochondrial preparations used in this
study were greatly enriched in mitochondria and relatively free of cytosolic contamination.

Intracellular levels of GSH
Intracellular GSH levels were determined by HPLC-EC [40]. Cultured cells from 24-well
plates were washed once with 1 ml of PBS and then resuspended in 0.5 ml of distilled water
with 40 µM digitonin (from a 2 mM stock solution in DMSO) for 30 min at room
temperature. Then, 50 µl of 10% meta-phosphoric acid was added (1% final concentration)
to the samples that were sonicated for 2 min and centrifuged at 20,000g for 10 min, and 0.2
ml of supernatant placed in vials for HPLC analysis. The HPLC column used was Synergi
4u Hydro-RP 80A (150 × 4.6 mm) from Phenomenex (Torrance, CA) and the mobile phase
a sodium phosphate buffer (125 mM sodium phosphate monobasic, pH 3, adjusted with
phosphoric acid) and 0.9% methanol. The flow rate was 0.5 ml min−1. The retention time for
GSH under these conditions was 7.5 min. The HPLC instrument was from ESA, Inc.
(Chelmsford, MA), equipped with an autosampler (Model 540) and a Coul array detector
(Model 5600A). The potential applied was +0.75 V vs H/Pd electrode, and the injection
volume 5 µl.

Extracellular and mitochondrial levels of GSH
We could not reliably use the HPLC-EC method to detect extracellular GSH in the culture
media supernatants of A549, HL-60, and PC-3 cells, so we switched to a HPLC-FD method
of GSH analysis after derivatization with mBBr [41]. HPLC-FD also appeared to be more
sensitive and reliable when measuring lower levels of GSH, for instance, from the
mitochondria. Briefly, 90 µl of supernatant or mitochondrial fraction was mixed with 90 µl
of KPBS buffer (50 mM potassium phosphate buffer, 17.5 mM EDTA, 50 mM serine, 50
mM boric acid, pH 7.4), 10 µl of reduced (des-Gly)-glutathione (0.1 mM stock solution) as
internal standard and 10 µl of mBBr (5 mM stock solution in acetonitrile). The mixture was
incubated in the dark at room temperature for 30 min, and the reaction was stopped by the
addition of 10 µl of 70% perchloric acid. The samples were centrifuged at 16,000g for 10
min and 0.18 ml of supernatant was placed in vials for HPLC analysis. The HPLC column
used was Synergi 4u Hydro-RP 80A (C18) (150 × 4.6 mm) from Phenomenex (Torrance,
CA) and the mobile phase a mixture of 1% acetic acid in H2O (pH adjusted to 4.25 using
NH4OH) with 7% acetonitrile. The flow rate was 1 ml min−1 and the injection volume 1 µl.
The detector excitation and emission wavelengths were 390 and 480 nm, respectively. The
retention time for the GSH derivative was 9.5 min. The HPLC instrument was from Hitachi
(San Jose, CA) equipped with an autosampler (Model L-2200) and a fluorometric detector
(Model L-2480).

Immunoblotting of MRP1
Membrane proteins were enriched by differential centrifugation. Briefly, cells were
centrifuged at 2000g for 10 min and the cells resuspended in buffer A (250 mM sucrose, 10
mM Tris base, pH 7.5, supplemented with protease inhibitor cocktail with EDTA). Cells
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were then homogenized and centrifuged at 500g for 10 min. The supernatant was transferred
to an ultracentrifuge tube and centrifuged at 136,000g for 30 min. The pellet was
resuspended in buffer B (300 mM sucrose, 10 mM Hepes, 40 µg/ml PMSF, pH 7.5). A
precast 7.5% SDS PAGE (Bio-Rad Laboratories, Hercules, CA) was loaded with 50 µg
protein per well. Samples were run at 150 V for 60 min and transferred to PVDF-plus
membrane (Osmonics, Westborough, MA) at 100 V for 1 h. Membranes were blocked for 1
h at room temperature in TBS-T and 10% horse serum. Monoclonal anti-MRP1 primary
antibody (2 µg/ml, mouse IgG1 isotype, Sigma-Aldrich, St. Louis, MO) was applied for 2.5
h with gentle rocking. Secondary antibody (peroxidase-conjugated Affini-Pure goat anti-
mouse IgG, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was diluted
1:30,000 in TBS-T and applied for 30 min with gentle rocking. All wash steps were
performed in triplicate for 10 min in TBS-T. MRP1 was detected using ECL Plus Western
blotting detection reagents (Amersham Biosciences, Buckinghamshire, UK).

Immunoblotting of cytochrome c
The cytosolic fractions resulting from the mitochondrial purification were concentrated
using Centricon YM-10 filters (Millipore, Bedford, MA). A precast gradient 4–20% SDS
PAGE (Bio-Rad Laboratories, Hercules, CA) was loaded with 30 µg protein per well. The
samples were run and transferred, and the membranes blocked using the same conditions as
described above. Monoclonal anti-cytochrome c primary antibody (1 µg/ml, mouse IgG2b
isotype, BD Biosciences, San Jose, CA) was applied for 2.5 h with gentle rocking.
Secondary antibody (peroxidase-conjugated AffiniPure goat anti-mouse IgG, Jackson
ImmunoResearch Laboratories, Inc.) was diluted 1:40,000 in TBS-T and applied for 30 min
with gentle rocking. Cytochrome c was detected using ECL Plus Western blotting detection
reagents (Amersham Biosciences). Following cytochrome c detection, membranes were
submerged in stripping buffer (100 mM 2-mercaptoethanol, 2 % SDS, 62.25 mM Tris-HCL,
pH 6.7) and incubated at 55°C for 45 min with occasional agitation. Membranes were
reprobed for β-actin as an internal standard using monoclonal anti-β-actin antibody (1:8000,
mouse IgG1 isotype, Sigma-Aldrich). Identical secondary antibody was diluted 1:40,000 in
TBS-T and applied for 30 min with gentle rocking.

Assessment of cytotoxicity
Membrane integrity of A549, HL-60, and PC-3 cells was used as an index of drug-induced
cytotoxicity, and was assessed by monitoring the release of cytosolic lactate dehydrogenase.
LDH activity was measured in the culture medium and cell lysates (50 mM Hepes, Triton
X-100 0.5%, pH 7) using a plate reader format as previously described [42]. Briefly, 5 µl of
cell culture supernatant and lysates was incubated with 0.24 mM NADH in a Tris/NaCl, pH
7.2, buffer in 96-well plates for 5 min at 25°C. The reaction was started by the addition of
9.8 mM pyruvate and the consumption of NADH followed at 340 nm for 5 min at 30°C.
Percentage LDH release was calculated by the following: (supernatant LDH/supernatant
LDH + lysate LDH) × 100.

Flow cytometry
The dye rhodamine 123 (Rh123) is currently used to assess changes in the mitochondrial
membrane potential [43]. Hydroethidine (HE) has been widely used to detect intracellular
O2

•− by flow cytometry, although it has been shown recently that this method is not
quantitative [44]. Briefly, untreated and treated HL-60 and A549 cells (approximately 106

and 2 × 105, respectively) were exposed to either 2 µM Rh123 or 1 µM HE (from 1 mM
stock solutions in DMSO) for 30 min and then washed once with 1 ml ice-cold PBS. Cells
were resuspended in 0.5 ml ice-cold PBS, and analyzed within 30 min using the FL1 (530 ±
30 nm) and FL2 (485 ± 42 nm) channels for the detection of Rh123 and the oxidation
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products of HE, respectively, and a FACSCalibur flow cytometer from Becton Dickinson
Biosciences (San Jose, CA). The total number of cell counts were 25,000 and 10,000 for
HL-60 and A549 cells, respectively.

Statistical analysis
Data are presented as means + standard error. Each experimental group consisted of an n ≥ 3
and the results were duplicated at least once. Data were subsequently analyzed for
significant differences using ANOVA analysis coupled with a Tukey’s range test where
significance was set at P < 0.05 (Prizm v.4, GraphPad, San Diego, CA).

Results
Flavonoid-mediated modulation of intracellular GSH levels

Depletion of intracellular GSH levels induced by a number of flavonoids (Fig. 1) and other
compounds (MK-571, indomethacin, and verapamil) in A549, HL-60, and PC-3 cells are
reported in Tables 1, 2, and 3. The ability of flavonoids to induce GSH depletion varied
dramatically from one cancer cell type to another. Using chrysin as a flavone example, 50%
depletion of intracellular GSH required 25 µM of chrysin and 2 h of treatment in A549 cells,
24 h using the same concentration in PC-3 cells, and 50 µM of chrysin and 24 h in HL-60
cells.

The tumor cell response to hydroxychalcones (HCs) and dihydroxychalcones (DHCs) was
higher in A549 than HL-60 cells, showing that structural requirements can also dramatically
vary from one cell type to another (Tables 1 and 2). 2′-HC, and 2′,2-, 2′,4- 2′,3-, and 2′,5′-
DHC were the most effective HCs for depleting intracellular GSH in A549 and HL-60 cells.
In A549 cells, 2 h of exposure to 10 µM of these compounds resulted in 75 to 90% depletion
(Fig. 2A), and in HL-60 cells, 25 µM and 4 h resulted in 55 to 70% depletion (Table 2). It is
worth noting that in hepatocytes, a similar effect was obtained with higher amounts of HCs
(over 100 µM and 2 h of treatment), and that 2′,3′,4′-trihydroxychalcone was the most
effective [10]. The lack of hydroxyl groups (chalcone) or the presence of more than two
hydroxyl groups decreased this effect in the three cell types (Tables 1 and 2). These data
reveal the importance of a hydroxyl group in the 2′ position on chalcones. In contrast, a
hydroxyl group in position 4′ markedly decreased the effect in A549 cells (Table 1), and
actually produced an increase in intracellular GSH levels in HL-60 and PC-3 cells (215 and
164% compared to control, respectively, using 25 µM 4′-HC and 24 h of treatment) (Fig.
2B). In addition, the cell response to chalcones was lowered by the addition of more than
two hydroxyl groups.

Chrysin was the most effective flavone-like structure for inducing GSH depletion in A549
and HL-60 cells, whereas in PC-3 cells, apigenin was most effective (Tables 1, 2, and 3). 7-
Hydroxyflavone (7-HF) was almost as effective as chrysin, whereas 5-hydroxyflavone (5-
HF) was much less effective, thus revealing the importance of one hydroxyl group in
position 7. 7-Methoxyflavone (7-MF) was less effective than 7-HF but more effective than
flavone (Table 1). The cell response to hydroxyflavones (HFs) was generally lowered by:
(1) the addition of hydroxyl groups (Table 1, Fig. 2C); (2) the loss of the ketone group in
position 4 (catechins or cyanidins); (3) the loss of the double bond in position 2–3
(flavanones); and (4) O-glycosylation (rutin) (data not shown).

The MRP1 substrates MK-571, indomethacin, and verapamil were also tested and appeared
less effective for inducing intracellular GSH depletion than HCs in A549 and HL-60 cells
(Tables 1 and 2) [13,14,45,46]. In A549 cells, MK-571 was also less effective than chrysin
and 7-HF. In PC-3 cells, apigenin was more effective than chrysin, MK-571, indomethacin,
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and verapamil (Table 3). Overall, in the three tumor cell types, at least one flavonoid was
more effective than the three MRP1 substrates tested.

In order to verify that the GSH depletion induced by HCs in A549 cells was due to GSH
efflux, we measured extracellular GSH levels in A549 cells after 2 h of treatment with
chalcone and 2′-HC (25 µM), and the results showed increased levels of GSH in the
supernatants (Fig. 2D). The difference of total GSH between the untreated and the treated
samples may result from intracellular GSH oxidation into glutathione disulfide (GSSG),
glutathione-protein adducts, but also from hydrolysis of extracellular GSH by γ-glutamyl
transpeptidase [47].

Although a differential uptake of flavonoids by A549, HL-60, and PC-3 cells cannot be
discarded, the differential response of the three cell types to HCs vs HFs suggests that these
two groups of molecules are preferentially recognized by different MRPs. MRP1 expression
was compared in A549, HL-60, and PC-3 cells. Running the same amount of membrane
enriched proteins (50 µg), MRP1 was abundantly detected in A549 cells, whereas barely
detected in PC-3 cells, and not detected in HL-60 cells (Fig. 3). This result suggests a
correlation between MRP1 expression and GSH depletion induced by HFs, and lends
support to our hypothesis that HC-induced GSH depletion is mediated by distinct MRPs.

In addition to 4′-HC, other compounds examined in this study had differential effects on
cellular GSH levels within the three tumor cell types. For instance, morin, cyanidin, and (−)-
epicatechin (50–75 µM) stimulated an increase in intracellular GSH in PC-3 cells, but not in
A549 or HL-60 cells (data not shown). 2-HE was unexpectedly effective for inducing
intracellular GSH depletion in A549 cells, whereas in HL-60 and PC-3 cells it produced an
increase of intracellular GSH levels (data not shown). Curcumin also markedly increased
intracellular GSH levels in HL-60 and PC-3 cells (Table 4).

Potentiation of tumor cell cytotoxicity
GSH depletion by itself is not a major cause of cytotoxicity. Chrysin, for instance, was a
very potent inducer of intracellular GSH depletion in A549 cells, but showed relatively low
toxicity after 48 h of treatment. Apigenin and genistein, which were reported to be inhibitors
of complex I of the mitochondrial respiratory chain, were relatively toxic in the three cell
types, whereas kaempferol was not an inhibitor of complex I and was less toxic (Table 4)
[5]. However, the contribution of MRP-mediated GSH depletion to the toxicity of
flavonoids and other prooxidants cannot be discarded. For instance, rotenone and etoposide
were relatively effective for depleting GSH as well as toxic in HL-60 cells (Table 4). HCs
were markedly more toxic than HFs in the three tumor cell types, although this effect did not
necessarily rely on GSH efflux, since they induced little or no GSH depletion in PC-3 cells
(Table 4). The toxicities of 2′-HC and 2′,5′-DHC (10 µM) were attenuated by the catalytic
antioxidant MnTE-2-PyP (25 µM) in the three cell types, supporting that the toxicity of HCs
relies on their ability to trigger oxidative stress (data in HL-60 cells shown in Fig. 4) [10,48].

The abilities of 2′,5′-DHC and chrysin to potentiate the toxicities of etoposide, rotenone,
curcumin, and 2-ME were examined in A549, HL-60, and PC-3 cells after 48 h of treatment.
Although curcumin-glutathione adducts have been reported to be substrates of MRP1 and
MRP2 [49], curcumin produced an accumulation of intracellular GSH in HL-60 and PC-3
cells, thus making it a valuable tool to study the effects of inducers of GSH depletion (Table
4). Chrysin (25 µM) potentiated the toxicity of curcumin (25 µM) in HL-60 cells, whereas
this toxicity was attenuated by MnTE-2-PyP (25 µM) (Fig. 5A). Chalcone and MK-571 had
a similar effect as chrysin on the toxicity of curcumin (data not shown). When measuring
intracellular GSH levels, chrysin also induced GSH depletion in the presence of curcumin
(Fig. 5B). PC-3 cells were particularly sensitive to curcumin-induced toxicity, which was
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also potentiated by chrysin (Fig. 5C). The combination of curcumin and chrysin resulted in
GSH depletion in PC-3 cells as well (data not shown). Apigenin potentiated the toxicity of
curcumin, but unexpectedly less than chrysin. Chrysin (10–20 µM) potentiated the toxicities
of rotenone (20 µM), 2-ME (50 µM), and etoposide (40 µM) in PC-3 cells. In A549 cells, 2′,
5′-DHC (10 µM) potentiated the toxicities of rotenone (50 µM), curcumin (50 µM), and 2-
ME (50 µM), but not of etoposide (10 µM) (Fig. 5D). Chrysin also failed to potentiate
etoposide’s toxicity in this cell type. HCs were relatively toxic in HL-60 cells and may
explain why they did not further potentiate prooxidant toxicities.

We further examined the involvement of the mitochondria in the potentiation effects
observed between prooxidants and flavonoids in A549 and HL-60 cells. We first assessed
whether the observed flavonoid-mediated cellular GSH depletion affected mitochondrial
GSH levels, which are known to be at least as high as cytosolic levels [21]. Treatment of
A549 cells with 2′,5′-DHC (10 µM) for 24 h decreased mitochondrial levels of GSH by
50%, whereas 48 h of treatment of HL-60 cells with chrysin (25 µM) were needed to detect
a 10% decrease in mitochondrial levels of GSH (Fig. 6). The delay between the decrease in
cytosolic and mitochondrial levels of GSH is known as the “mitochondrial resistance” to
decreased levels of cytosolic GSH [21]. In order to determine whether the potentiation
effects observed in A549 and HL-60 cells were mediated by the mitochondria, we assessed
the effects of the combinations of 2′,5′-DHC and rotenone in A549 cells, and chrysin and
curcumin in HL-60 cells, on two markers of mitochondrial-mediated apoptosis, i.e., the
mitochondrial membrane potential (MMP) and cytochrome c release from the mitochondria.
The MMP was assessed using flow cytometry and rhodamine 123 as dye, whereas the
cytochrome c release was detected by immunoblotting. The analyses of A549 cells by flow
cytometry showed a decrease in rhodamine 123 fluorescence when combining 2′,5′-DHC
(10 µM) and rotenone (50 µM) within 24 h of treatment, indicating a loss of MMP. In
contrast, combining chrysin and curcumin (25 µM) in HL-60 cells induced a major shift in
fluorescence between 24 and 48 h of treatment (Fig. 7). Also, an increase in cytochrome c
release was observed when combining 2′,5′-DHC (10 µM) and rotenone (50 µM) in A549
cells after 48 h treatment (Fig. 8A). Similar effects were seen when combining chrysin (25
µM) and curcumin (25 µM) in HL-60 cells (Fig. 8B).

The production of superoxide (O2
•−) induced by the presence of curcumin in HL-60 cells

was also analyzed by flow cytometry [44]. Curcumin (10 µM), an inducer of increased
levels of GSH in HL-60 cells, induced an increase in fluorescence, and thus an apparent
elevation in O2

•− production, within 1 h of treatment (Fig. 9A). This early event was
previously observed with 2-ME in HL-60 cells and believed to trigger the apoptotic cascade
of events [30]. As shown in Fig. 9B, the increased O2

•− levels induced by curcumin
gradually decreased over time. When cells were pretreated with the catalytic antioxidant
MnTE-2-PyP (30 µM) for 2 h, lower levels of O2

•− were detected (Fig. 9A), which may
explain the protective effect of MnTE-2-PyP (Fig. 5A). Chrysin was also reported to inhibit
complex I of the mitochondrial respiratory chain [5]; yet, at 25 µM, it induced little change
in O2

•− levels and was not toxic (Figs. 5A and 9B). Rotenone (5 µM) also induced an
increase in O2

•− levels in HL-60 cells (not shown), but much less markedly in A549 cells
(using up to 50 µM), making this model difficult to analyze (data not shown). If the
potentiation effects induced by chrysin in HL-60 cells were due to inhibition of the efflux of
curcumin, higher levels of O2

•− would be expected from adding the chrysin. However, no
increase in O2

•− levels was observed, but rather a decrease at 4 h treatment (Fig. 9B),
suggesting that the potentiation effect was not solely mediated by O2

•−.
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Discussion
Depletion of intracellular GSH can result from a number of mechanisms including inhibition
of cysteine uptake, inhibition of glutathione synthesis, MRP-mediated efflux, GSH
oxidation, and transthiolation reactions leading to glutathione-protein adducts [7,18,50].
Although hydroxyflavones are not cotransported with GSH by MRP1 [7,12], the active
efflux of glutathione-hydroxychalcone adducts cannot be discarded. As shown in this study,
flavonoid-induced GSH efflux can dramatically vary from one cell type to another. The
tumor cell response to structures within one group of molecules (HCs vs HFs) was similar,
whereas the response of the three tumor cell types to each group of molecules was different,
suggesting the existence of at least two distinct transport systems that preferentially
recognize one of the two groups of molecules (including MRP1 for HFs). A novel chalcone-
based pharmacophore requiring hydroxyl substitution in position 2′ and a novel flavone-
based pharmacophore requiring hydroxyl substitution in position 7 were identified (Fig. 1).
In the three cell lines, at least one flavonoid was found more effective than three classical
substrates of multidrug resistance protein 1 (MK-571, indomethacin, and verapamil).
Conversely, some compounds such as 4′-HC, curcumin, and 2-HE elevated intracellular
GSH levels in HL-60 and PC-3 cells. This accumulation is likely due to stimulation of GSH
synthesis, as has been shown with apocynin and curcumin in A549 cells [51,52].
Interestingly, curcumin, 4′-HC and apocynin have in common the presence of a hydroxyl
group in position 4 of a phenolic moiety.

The antioxidant properties of flavonoids have been associated with their cardioprotective
and neuroprotective properties, yet such association is much less certain concerning their
cancer preventive properties. Low intake of selenium, an indispensable cofactor of
glutathione peroxidase, has been associated with a higher risk of cancer, suggesting that
catalytic antioxidants prevent the angiogenesis of cancer cells [53]. In the case of flavonoids,
however, their chemopreventive properties may rather rely on eliminating precancerous cells
due to their prooxidant properties in vivo. This is likely the case of HCs, apigenin, genistein,
and chrysin, where their cytotoxicity may result from a combination of interference with the
mitochondrial respiratory chain and MRP-mediated GSH depletion [4–6,10]. It is worth
noting that the bee product propolis, which is known to exert antimicrobial, antiviral, and
cancer preventive properties, contains chrysin, a poor antioxidant, as one of its major
components [54].

The precise mechanism by which H2O2 induces the formation of the mitochondrial
permeability transition pores and the release of cytochrome c remains unclear, i.e., direct
oxidation of the pores and/or facilitation by oxidized cardiolipin [35,55]. However, the
overproduction of ROS as a central event in mitochondrial-mediated apoptosis is now well
documented [24–37]. The stoichiometric antioxidant N-acetyl-L-cysteine (NAC) is
commonly used at high concentrations (5 to 50 mM) to show whether the anticancer activity
of a compound relies on its prooxidant properties [27,28]. At 30 µM, the catalytic
antioxidant MnTE-2-PyP showed no toxicity in HL-60 cells; yet it clearly decreased the
toxicity of HCs and curcumin. Moreover, MnTE-2-PyP decreased O2

•− levels in HL-60 cells
treated with curcumin, thus making this metalloporphyrin a valuable tool to study
prooxidants in vivo (Figs. 4, 5A and 9A). Knowing that MnTE-2-PyP exerts a substantial
superoxide dismutase activity and a residual catalase activity, the protective effect of
MnTE-2-PyP suggests that the toxicities of HCs and curcumin are mediated by ROS, likely
as a result of interference with the mitochondrial respiratory chain, as in the cases of
rotenone, 2-ME, and a number of flavonoids [4–6,30–35,49]. However, the delay between
the initial oxidative burst induced by curcumin in HL-60 cells (Fig. 9) and the major change
in MMP (over 24 h) (Fig. 7) suggests that this initial oxidative burst may not be fully
responsible for curcumin’s mitochondrial-mediated cytotoxicity.
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Our study showed that effective inducers of GSH depletion (2′,5′-DHC or chrysin,
depending on the cell type) were able to potentiate the toxicity of known prooxidants
(rotenone, 2-ME, and curcumin). To what direct extent GSH depletion is responsible for the
potentiation effect remains to be determined. In previous studies, the ability of verapamil to
sensitize cancer cells was associated with MRP-mediated GSH efflux [13,14], and in the
three cell types studied herein, 2′,5′-DHC and chrysin were more effective for depleting
GSH than verapamil. However, since an inducer of MRP1-mediated GSH depletion is also
expected to be an inhibitor of MRP1-mediated drug efflux, one technical difficulty is to
determine the relative importance of each mechanism in the potentiation effect. This study
showed that flavonoid treatment lowered GSH levels in the mitochondria and that the
potentiation effect was mediated by the mitochondria, thus supporting the importance of
GSH depletion per se. These observations were particularly clear using 2′,5′-DHC (10 µM)
in A549 cells, in which the GSH depletion response was most important. In these cells, the
toxicity of etoposide was not potentiated by 2′,5′-DHC nor by chrysin, suggesting that the
potentiation effect is likely limited to drugs that induce oxidative stress through direct
interference with the mitochondrial respiratory chain [36]. Other approaches are however
needed to validate our working hypothesis, for instance, blocking MRPs. Attempts to down-
regulate MRP1 expression and identifying MRPs that are involved in HC-induced GSH
efflux are currently underway in our laboratory. Also, the growing knowledge of ABC
transporters and their substrates will allow one to match inducers of GSH depletion with
anticancer drugs that are not substrates of the same transporter.

A major limitation in the treatment of human cancer is the relatively narrow therapeutic
window between the dose of drug that kills a tumor cell and that which results in adverse
toxicity. Targeting the mitochondrial respiratory chain as an anticancer strategy, for
instance, requires some selectivity, since rotenone and other complex I inhibitors have been
associated with irreversible neuronal damage and Parkinson’s disease [56]. MRPs tend to be
overexpressed in cancer cells, conferring resistance to anticancer drugs, but also providing a
selective opportunity for cancer cell sensitization by stimulating GSH efflux [18,23]. In
addition to being MRP inhibitors, some flavonoids are potent inducers of GSH efflux
([11,12], and this study). Since the response of cancer cells to flavonoids varies from one
cell line to another (a variation from a same cell type from two individuals cannot be
discarded), as well as toward one group of flavonoids to another (i.e., HCs vs HFs), the key
to such strategy would be: (1) to determine the optimum flavonoid (or another inducer of
GSH depletion) for a particular cancer cell, and (2) to evaluate to what extent that flavonoid
sensitizes the cancer cell to anticancer agents that interfere with the mitochondrial
respiratory chain. This approach could be used to tailor a drug therapy to the genetic profile
of an individual’s own tumor’s expression of MRPs. As shown in this study, nontoxic
concentrations of chrysin (25 µM) were able to sensitize HL-60 cells, yet lower
concentrations of 2′,5′-DHC (10 µM) effectively sensitized A549 cells. Such effect was
likely due, at least partly, to MRP-mediated GSH depletion, although the MRPs responsible
for 2′,5′-DHC-induced GSH depletion remain to be identified.

Abbreviations

DHC dihydroxychalcone

DMSO dimethyl sulfoxide

FBS fetal bovine serum

GSH glutathione

HC hydroxychalcone
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2-HE 2-hydroxyestradiol

HF hydroxyflavone

HPLC-EC high-pressure liquid chromatography with electrochemical detection

HPLC-FD HPLC with fluorometric detection

LDH lactate deshydrogenase

mBBr monobromobimane

2-ME 2-methoxyestradiol

7-MF 7-methoxyflavone

MMP mitochondrial membrane potential

MnTE-2-PyP manganese(III) meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin

MRP multidrug resistance protein

Rh123 rhodamine 123

ROS reactive oxygen species
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Fig. 1.
Flavonoids tested.
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Fig. 2.
Modulation of GSH levels by flavonoids. (A) Intracellular GSH levels (% compared to
control) induced by hydroxychalcones (HCs) in A549 cells (10 µM, 2 h treatment) (n = 3).
(B) Intracellular GSH levels (% compared to control) induced by chalcone (Cha) and HCs in
HL-60 cells (25 µM, 24 h treatment); 4′-HC produced an accumulation of GSH. (C) In A549
cells, as shown using chrysin (Chr), apigenin (Api), kaempferol (Kae), and quercetin (Que)
(25 µM), additional hydroxyl groups decreased the GSH depletion effect. (D) Intracellular
and extracellular GSH concentrations (1 ml final volume) of A549 cells with chalcone (Cha)
and 2′-HC (25 µM, 2 h treatment). Bars with different letters were statistically different from
one another (P < 0.05).
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Fig. 3.
Immunoblotting of multidrug resistance protein 1 (MRP1) in A549, HL-60, and PC-3 cells
(50 µg of membrane-enriched protein load per well).
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Fig. 4.
In HL-60 cells, the metalloporphyrin MnTE-2-PyP (Por, 30 µM) attenuate the toxicity of the
hydroxychalcones 2′-HC and 2′,5′-DHC (10 µM). MnTE-2-PyP alone had no effect.
Percentage of LDH release was used as an index of cytotoxicity (48 h treatment) (n = 4).
Bars with different letters were statistically different from one another (P < 0.05).
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Fig. 5.
Inducers of GSH depletion potentiated the toxicities of prooxidants; percentage of LDH
release was used as an index of cytotoxicity (48 h treatment). (A) In HL-60 cells, the
metalloporphyrin MnTE-2-PyP (Por, 25 µM) attenuated the toxicity of curcumin (Cur, 25
µM), whereas chrysin (Chr, 25 µM) potentiated it (n = 4). (B) Intracellular GSH was
measured using the same concentrations and time; curcumin induced an accumulation of
GSH, whereas the addition of chrysin induced a depletion of GSH (n = 3). (C) In PC-3 cells,
chrysin (Chr, 10 µM) potentiated the toxicity of curcumin (Cur, 20 µM) and rotenone (Rot,
20 µM) (n = 4). (D) In A549 cells, 2′,5′-DHC (DHC, 10 µM) potentiated the toxicity of
rotenone (Rot, 50 µM), but not of etoposide (Eto, 10 µM) (n = 4). Bars with different letters
were statistically different from one another (P < 0.05).
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Fig. 6.
2′,5′-DHC (10 µM) induced a 50% decrease in mitochondrial levels of GSH in A549 cells
after 24 h treatment (A), whereas chrysin (Chr, 25 µM) induced a 10% decrease in
mitochondrial levels of GSH in HL-60 cells after 48 h treatment (B). Bars with different
letters were statistically different from one another (P < 0.05).
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Fig. 7.
Assessment of the mitochondrial membrane potential (MMP) by flow cytometry using
rhodamine 123 (Rh123) fluorescence measured on channel FL1. Treatments of A549 cells
with rotenone (Rot, 50 µM) and HL-60 cells with curcumin (Cur, 25 µM) induced a decrease
in Rh123 fluorescence (left shifted), indicating a loss of MMP as compared to controls
(shadowed). In the first case, a major change occurred within 24 h treatment, whereas in the
second, a major change occurred between 24 and 48 h treatment. Treatments of A549 cells
with 2′,5′-DHC (DHC, 10 µM) or HL-60 cells with chrysin (Chr, 25 µM) did not induce any
change in MMP (doted lines); the combination of 2′,5′-DHC and rotenone, and the
combination of chrysin and curcumin (semidotted lines), further decreased the MMP.
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Fig. 8.
Immunoblotting of the cytochrome c released by the mitochondria in A549 cells treated with
rotenone (rot, 50 µM) and rotenone + 2′,5′-DHC (DHC, 10 µM) (A), and in HL-60 cells
treated with curcumin (cur, 25 µM) and curcumin + chrysin (chr, 25 µM) (B) (48 h
treatment, n = 3). Rotenone and chrysin alone (in A549 and HL-60 cells, respectively) had
no effect (not shown). β-Actin was used as protein loading control.
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Fig. 9.
Assessment of O2

•− production by flow cytometry using hydroethidine (HE) as dye on
channel FL2 (PE). (A) The metalloporphyrin MnTE-2-PyP (Por, 30 µM), added 1 h prior to
curcumin, attenuated the overproduction of O2

•− induced by 1 h of treatment with curcumin
(Cur, 10 µM). (B) Chrysin (Chr, 25 µM) did not induce overproduction of O2

•−, nor
increased the overproduction of O2

•− induced by curcumin (n = 3). These results suggest
that toxicity of curcumin was mediated by O2

•−, whereas the potentiation effect induced by
chrysin was not.
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Table 1

Intracellular GSH levels in A549 cells after 2 and 4 h treatmenta

Compound [25 µM] 2 hb 4 h

2′,2-DHC <5 <5

2′-HC <5 <5

2′,5′-DHC <5 <5

2-HC <5 <5

4-HC 5.5 ± 0.4 <5

2′,4′,4-THC 6.8 ± 0.2 <5

2′,4′-DHC 22.0 ± 1.8 <5

4′-HC 35.6 ± 2.9 <5

Chrysin 47.2 ± 4.0 5.2 ± 0.5

Chalcone 48.5 ± 2.1 nd

7-HF 58.1 ± 1.4 nd

MK-571 62.6 ± 4.9 <5

Galangin 62.9 ± 0.4 nd

2-HE 69.0 ± 0.5 nd

Indomethacin 71.4 ± 2.8 7.8 ± 1.2

7-MF 78.2 ± 2.4 nd

Apigenin nd 17.1 ± 1.4

Kaempferol nd 29.6 ± 0.9

Flavone 89.7 ± 0.6 29.7 ± 4.8

Genistein nd 34.8 ± 1.1

Biochanin A nd 36.8 ± 0.9

5-HF nd 44.7 ± 3.4

Quercetin nd 51.0 ± 0.7

a
Values reported as % compared to control ± standard error (n = 3) (nd, not determined).

b
See Fig. 2A using 10 µM.
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Table 2

Intracellular GSH levels in HL-60 cells after 4 and 24 h treatmenta

Compound [25 µM] 4 h 24 h

2′-HC 29.7 ± 5.2 <5

2′,5′-DHC 31.2 ± 3.5 <5

2′,2-DHC 44.0 ± 2.5 <5

2-HC 52.2 ± 1.7 <5

MK-571 nd 39.6 ± 1.8

Indomethacin nd 48.6 ± 1.2

Verapamil nd 63.5 ± 3.4

2′,4′-DHC nd 88.8 ± 6.4

Chalcone nd 100.1 ± 2.5

a
Values reported as % compared to control ± standard error (n = 3) (nd, not determined).
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Table 3

Intracellular GSH levels in PC-3 cells after 24 h treatmenta

Compound [25 µM] 24 h

Apigenin 32.8 ± 6.3

Chrysin 57.6 ± 2.5

MK-571 57.7 ± 4.4

7-HF 62.7 ± 1.2

2′,5′-DHC 67.0 ± 9.3

Indomethacin 75.0 ± 9.0

Verapamil 77.7 ± 2.9

Flavone 83.5 ± 0.8

2′-HC 93.5 ± 11.5

a
Values reported as % compared to control ± standard error (n = 3).
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