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Abstract
Hydroxychalcones are naturally occurring compounds that continue to attract considerable interest
due to their anti-inflammatory and anti-angiogenic properties. They have been reported to inhibit
the synthesis of the inducible nitric oxide (NO) synthase and to induce the expression of heme
oxygenase-1 (HO-1). This study examines the mechanisms by which 2′,5′-dihydroxychalcone
(2′,5′-DHC) induces an increase in cellular glutathione (GSH) levels using a cell line stably
expressing a luciferase reporter gene driven by antioxidant response elements (MCF-7/AREc32).
2′,5′-DHC-induced increase in cellular GSH levels was partially inhibited by the catalytic
antioxidant MnTDE-1,3-IP5+, suggesting that reactive oxygen species (ROS) mediate the
antioxidant adaptive response. 2′,5′-DHC treatment induced the phosphorylation of c-Jun N-
terminal kinase (JNK) pathway that was also inhibited by MnTDE-1,3-IP5+. These findings
suggest a ROS-dependent activation of the AP-1 transcriptional response. However, while 2′,5′-
DHC triggered the NF-E2-related factor 2 (Nrf2) transcriptional response, co-treatment with
MnTDE-1,3-IP5+ did not decrease 2′,5′-DHC-induced Nrf2/ARE activity, showing that this
pathway is not dependent on ROS. Moreover, pharmacological inhibitors of mitogen-activated
protein (MAP) kinase pathways showed a role for JNK and p38MAPK in mediating the 2′,5′-
DHC-induced Nrf2 response. These findings suggest that the 2′,5′-DHC-induced increase in GSH
levels results from a combination of ROS-dependent and ROS-independent pathways.
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Introduction
Hydroxychalcones (HCs) are both the biosynthetic precursors of flavonoids and end-
products associated with a variety of biological activities [1–3]. Their anti-inflammatory and
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anti-angiogenic properties continue to attract considerable interest [4,5]. Along with
flavonoids, HCs can generate oxidative stress by interfering with the mitochondrial
respiratory chain and by inducing glutathione (GSH) efflux through multi-drug resistance-
associated proteins (MRPs) [6–8]. While flavonoids such as chrysin and apigenin induce
GSH efflux through MRP1, HCs-induced GSH efflux is mediated by the breast cancer
resistance protein (BCRP/ABCG2) [9–12]. Another relevant difference between HCs and
chrysin is that HCs also appear to induce a rebound in intracellular GSH (iGSH) levels [13].

Cells adapt to increased levels of reactive oxygen species (ROS) by inducing the expression
of a series of phase II antioxidant enzymes, including heme oxygenase-1 (HO-1) and the
enzymes involved in the synthesis of GSH [14–16]. This antioxidant adaptive response is
mediated by several transcriptional pathways, including NF-E2-related factor-2 (Nrf2) and
activator protein-1 (AP-1) [17–19]. However, a number of protein kinase signaling pathways
have been shown to trigger both the Nrf2 and AP-1 pathways independently from ROS
overproduction [20,21]. Several studies have examined the mechanism of HCs-induced
HO-1 expression, but not of HCs-induced GSH synthesis [22–25]. The non-hydroxylated
chalcone (Fig. 1) has been shown to trigger the Nrf2-mediated response [22], and studies
with 2′-hydroxychalcone (2′-HC, Fig. 1) have associated HO-1 expression with the
phosphatidylinositol 3-kinase (PI3K) pathway and AP-1 activation [23–25]. The
involvement of ROS in these pathways remains unclear.

The aim of this study was to examine the mechanisms by which 2′,5′-dihydroxychalcone
(2′,5′-DHC, Fig. 1) induces elevated cellular levels of GSH using a transformed breast
cancer cell line stably expressing a luciferase reporter gene driven by antioxidant response
elements (MCF-7/AREc32). A powerful tool to study the involvement of oxidative stress in
cellular processes is the catalytic antioxidant MnTDE-1,3-IP5+, a member of a series of
cationic manganese porphyrins that dismute superoxide and hydrogen peroxide, scavenge
peroxynitrite and inhibit lipid peroxidation [26–28]. As shown using MnTDE-1,3-IP5+, 2′,
5′-DHC triggered a ROS-dependent activation of the JNK pathway, which was associated
with both the AP-1- and Nrf2-mediated antioxidant transcriptional responses. However, the
activation of the Nrf2/ARE pathway appeared to be independent from ROS and involved
both JNK and p38MAPK pathways.

Materials and methods
Chemicals and reagents

Chalcone, 2′-hydroxychalcone (2′-HC), 2′,5′-dihydroxychalcone (2′,5′-DHC) were
purchased from Indofine Chemicals Company, Inc (Hillsborough, NJ). Chrysin, L-
buthionine sulfoximine (BSO), L-glutathione, pyruvate (sodium salt), ATP, acivicin, N-
ethylmorpholine, phenylmethanesulfonyl fluoride (PMSF), sulfosalicylic acid, phosphoric
acid, meta-phosphoric acid, sodium phosphate (monobasic), Triton X-100, EDTA, NADH,
NADPH, K2HPO4, KH2PO4, HEPES, KCl, MgCl2, sucrose, D-mannitol, DMSO and DMF
were purchased from Sigma-Aldrich (St. Louis, MO). Tris-HCl, NaCl, 2-mercaptoethanol
and methanol were purchased from Fisher (Pittsburgh, PA). SDS was purchased from Bio-
Rad Laboratories (Hercules, CA). MitoSOX was obtained from Molecular Probes (Eugene,
OR). Phosphate-Buffered Saline (PBS) was obtained from Cellgro (Herndon, VA). Protease
inhibitor cocktail tablets supplemented with EDTA were obtained from Roche Diagnostics
(Indianapolis, IN). SB203580, wortmannin and U0126 were purchased from Biomol
(Plymouth Meeting, PA). SP600125 was purchased from Calbiochem (San Diego, CA).
Manganese(III) meso-tetrakis(N,N′-diethylimidazolium-2-yl)porphyrin (MnTDE-1,3-IP5+)
was prepared as previously described in US patent #6,544,975B1 and was a kind gift from
Aeolus Pharmaceuticals (Mission Viejo, CA).
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Cell lines and culture conditions
Transformed breast cancer cells stably expressing a luciferase reporter gene driven by
antioxidant response elements (MCF-7/AREc32), referred to as AREc32 cells in this study,
were obtained from Dr. C. Roland Wolf (University of Dundee, UK) and were grown in
DMEM (low glucose) supplemented with 10% fetal bovine serum (FBS), 1% pen/strep
(10,000 unit, Cellgro) and geneticin (400 mg/500 ml) at 37°C and 5% CO2 supplemented air
atmosphere [29]. 16HBE cells, a transformed human bronchial epithelial cell line, were
grown in minimal essential medium α + Glutamax (Invitrogen, Carlsbad, CA) supplemented
with 10% with FBS and 1% pen/strep. A Gal4 reporter system (Strategene, Lajolla, CA) was
used to measure the transactivational activity of c-Jun as described previously [30]. This
reporter assay uses a luciferase reporter gene driven by four copies of the Gal4 regulatory
sequence (pGal4-TK-Luc) and an expression vector for the chimeric protein, Gal4-c-Jun
which consists of the DNA-binding domain of Gal4 and the transactivation domain of c-Jun.
Transient transfection of these plasmids in cultured 16HBE cells was carried out using
LipofectAMINE 2000 reagent (Invitrogen-Life Technologies, Carlsbad, CA). A
constitutively active renilla luciferase (pRL-TK-luc) was included to correct for transfection
efficiency and to account for nonspecific effects of treatments on luciferase activity.

Assessment of cytotoxicity
The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay is
commonly used to measure cancer cell survival, yet it has revealed artifacts when measuring
the cytotoxicity of pro-oxidant agents [31]. Another simple method to evaluate drug-induced
cytotoxicity is using membrane integrity as an index, which can be assessed by monitoring
the release of cytosolic lactate dehydrogenase (LDH). AREc32 cells were grown in 24-well
plates and LDH activity was measured after 48 h treatment in the culture medium and cell
lysates (50 mM HEPES, 0.5% Triton X-100, pH 7) using a plate reader format as previously
described [32]. Briefly, 5 μl of cell culture supernatant or lysates were 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 was
followed at 340 nm for 5 min at 30°C. Percent LDH release was calculated by the following
equation: supernatant LDH/(supernatant LDH + lysate LDH) × 100.

Flow cytometry and microscopy
MitoSOX is an analog of hydroethidine and is routinely used to detect mitochondrial ROS
by flow cytometry [33]. The results obtained with this method remain qualitative rather than
quantitative [34]. The oxidation products of MitoSOX were detected using the FL2 channel.
Briefly, AREc32 cells were grown in 24-well plates and treated cells (approximately 5 ×
104) were exposed to 5 μM MitoSOX for 20 min. The supernatant was removed and the
cells scraped in 0.5 ml ice-cold PBS, centrifuged at 2,000 g for 15 min, and re-suspended in
0.5 ml ice-cold PBS. Cells were analyzed within 30 min using a FACS Calibur flow
cytometer (Becton Dickinson Biosciences, San Jose, CA). The total number of gated cells
counted was 10,000. Microscopy images were obtained directly from the culture plate
following MitoSOX treatment and replacement of the culture media with PBS using an
Evos-fl microscope (Advanced Microscopy Group, Bothell, WA).

Intracellular levels of GSH
Intracellular GSH levels were determined by HPLC with electrochemical detection (HPLC-
EC) [35]. Cultured AREc32 cells from 24-well plates were washed once with 1 ml of PBS,
re-suspended in 0.5 ml of PBS and sonicated. 10% meta-phosphoric acid (25 μl) was then
added to the samples (1% v/v final concentration), the samples centrifuged at 20,000 g for
10 min, and the supernatants used for HPLC analysis. The HPLC column used was a
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Synergi 4u Hydro-RP 80A (150 × 4.6 mm) from Phenomenex (Torrance, CA) and the
mobile phase was sodium phosphate buffer (125 mM sodium phosphate monobasic, pH
adjusted to 3 with phosphoric acid) and 0.9% methanol. The flow rate was 0.5 ml/min. The
retention time for GSH under these conditions was 7.0 min. The HPLC instrument was from
ESA, Inc. (Chelmsford, MA), and was 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 was 5 μl. The remaining 0.1 ml sample was used to measure
protein content using Coomassie plus protein assay reagent (Thermoscientific, Rockford,
IL).

GCL activity from protein extracts
GCL activity was measured by analyzing γ-glutamylcysteine (γ-GC) production by HPLC
as described previously [36]. AREc32 cells were grown in T-150 flasks and treated with 15
μM 2′,5′-DHC for 16 h. Cells were washed with cold PBS and scraped and sonicated in
0.25 M sucrose containing 1 mM EDTA, 20 mM Tris-HCl (pH 7.4), 50 μg/ml of PMSF and
protease inhibitor cocktail, and sonicated. The samples were then centrifuged at 3000 × g for
10 min at 4°C and the supernatant was centrifuged at 10,000 g for 20 min and then, at
105,000 g for 30 min at 4°C. To remove endogenous inhibitors, acceptors and amino acids,
the supernatant was centrifuged in microcon-10 (Amicon) tubes for 20–30 min at 4°C at
15,000 g and washed twice with 0.3 ml of the lysis solution (0.1 M Tris-HCl, pH 8.2, 150
mM KCl, 20 mM MgCl2, and 2 mM EDTA). Final concentrates were tested for their protein
content. The reaction was initiated by adding protein to the prewarmed (37°C) incubation
mixture, which contained 20 mM glutamic acid, 5 mM cysteine, 10 mM ATP, 0.1 M Tris-
HCl (pH 8.2), 150 mM KCl, 20 mM MgCl2, 2 mM EDTA and 0.04 mg/ml of acivicin. Final
protein concentration in the reaction mixture was between 0.1–1 mg/ml. After 30 min of
incubation, 50 mM N-ethylmorpholine was added to bring pH of the reaction mixture to 8.5,
then 5 mM monobromobimane was added. The derivatization was carried out in the dark for
30 min at room temperature. Sulfosalicylic acid (10%) was added after derivatization and
the reaction mixture centrifuged at 10,000 g for 20 min. The supernatants (derivatized thiols)
were analyzed by HPLC with fluorescence detection as described previously [36], using a
Synergi 4-μM Hydro-RP 80A C18 column (150 × 4.6 mm, Phenomenex, Torrance, CA), a
mixture acetic acid/acetonitrile/water (1:8:91, pH 4.25) as mobile phase, a Hitachi HPLC
instrument (model Elite LaChrom, Hitachi, San Jose, CA) coupled with a fluorometric
detector (model L-2480) and a flow rate of 1 ml/min. Concentrations of γ-GC were
measured using standard curves generated with known amounts of γ-GC. GCL activity was
reported as nmol γ-GC/g protein/min.

Immunoblotting of HO-1, GCLC, GCLM and GCL holoenzyme
AREc32 cells were grown in 24-well plates and, after treatment, washed with PBS. Cells
were then sonicated in 200 μl of PBS. Cell debris was spun down and the supernatant
volume reduced to approximately 30 μl by evaporation using a speed vacuum system. The
resulting cytosolic proteins were resolved in a PAGEr® Gold Precast Polyacrylamide 4–20%
Tris-Glycine gel (Cambrex Bio Science, Rockland, ME). Samples were run at 150 volts for
60 min and transferred to PVDF-plus membrane (Osmonics Inc., Westborough, MA) at 100
volts for one hour. Blocking, washing and stripping solutions were prepared as suggested by
manufacturer for optimal results with the ECL Plus Western Blotting Detection Reagents
Kit (Amersham Biosciences, Buckinghamshire, UK). All wash steps were performed in
triplicate for 10 min in Tris-buffered-saline-Tween (TBS-T). Membranes were blocked for
one hour at RT in TBS-T containing 10% horse serum. The membrane was probed using
heme oxygenase-1 (HO-1) antibody (2.0 μg/ml of monoclonal 34.6 kDa antibody ab13248,
Abcam, Cambridge, MA) applied overnight at 4°C. Secondary antibody (peroxidase-
conjugated AffiniPure goat anti-mouse IgG, Jackson ImmunoResearch Laboratories, Inc.,
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West Grove, PA) was diluted 1:40,000 in TBS-T and applied for 30 min at RT. The
membrane was re-probed using glutamate cysteine ligase catalytic subunit (GCLC) antibody
(2.5 μg/ml of rabbit polyclonal 73 kDa antibody ab17926, Abcam) applied for 2.5 h at RT.
Secondary antibody (goat polyclonal to rabbit IgG, ab6721, Abcam) was diluted 1:40,000 in
TBS-T and applied for 30 min at RT. Glutamate cysteine ligase regulatory subunit (GCLM)
and GCL holoenzyme levels were detected as described previously [37].

Luciferase activity
AREc32 cells were cultured in 12-well plates to ~60% confluence and incubated in the
presence of 10–20 μM of HCs or chrysin for 18 h. In some experiments, the cells were
preincubated with the antioxidants NAC or MnTDE-1,3-IP5+, or inhibitors of JNK
(SP600125), p38MAPK (SB203580), PI3K (wortmannin) or ERK (U0126) for 30 min
followed by exposure to HCs or chrysin. The treated cells were washed with PBS and lysed
with cell lysis buffer (BD Biosciences, San Jose, CA). The cell lysate was centrifuged at
20,000 g for 15 min and the supernatant was used for the assay of firefly luciferase.
Luciferase assays were carried out using enhanced luciferase assay kit (BD Biosciences) on
a Moonlight 2010 luminometer [38]. In the case of 16HBE cells transfected with Gal4-c-Jun
reporter system and treated with 2′,5′-DHC and/or MnTDE-1,3-IP5+, activities of firefly
and renilla luciferases were measured in cell lysates using a dual luciferase assay kit
(Promega, Madison, WI).

Immunoblotting of phospho-c-Jun and c-Jun
Cells were grown in 6-well plates and, after treatment, washed with PBS. Cells were then
scraped in 75 mammalian protein extraction reagent (M-PER, Pierce, Rockford, IL)
supplemented with phosphatase inhibitors (20 mM of sodium fluoride, 1 mM of sodium
orthovanadate and 500 nM of okadaic acid ) and protease inhibitor cocktail. Following
freeze and thaw, cell debris was spun down and the supernatant volume reduced to
approximately 30 μl using microcon-10 (Amicon) tubes for 20–30 min at 4°C at 15,000 g.
The resulting cytosolic proteins were run and transferred to a membrane as described above.
Membranes were blocked for one hour at room temperature in TBS-T plus 5% milk. The
membrane was probed using phospho-c-Jun antibody (#9161, Cell Signaling Technology,
Inc., Danvers, MA), diluted 1:1000 in TBS-T with 5% BSA and applied overnight at 4°C.
Secondary antibody (anti-rabbit IgG HRP-linked antibody, #7074, Cell Signaling
Technology, Inc.) was diluted 1:1000 in TBS-T with 5% and applied for 1 h at room
temperature. The membrane was re-probed using c-Jun rabbit antibody (#9165, Cell
Signaling Technology, Inc.), diluted 1:1000 in TBS-T with 5% BSA and applied overnight
at 4°C. The secondary antibody was the same.

Statistical analysis
Data are presented as means ± standard error. Each experimental group consisted of three to
four wells and the results repeated at least once. Data were subsequently analyzed for
significant differences using ANOVA analysis coupled with a Tukey’s range test where
significance was preset at P < 0.05 (Prizm v.4, GraphPad, San Diego, CA).

Results
2′,5′-DHC-induced cytotoxicity is inhibited by MnTDE-1,3-IP5+

We tested the ability of the catalytic antioxidant MnTDE-1,3-IP5+ to protect AREc32 cells
from 2′,5′-DHC-mediated injury in order to assess the relevance of ROS in 2′,5′-DHC-
induced cytotoxicity. 2′,5′-DHC started to show significant cytotoxicity at 20 μM after 48 h
treatment (not shown). MnTDE-1,3-IP5+ (10–20 μM) protected the cells against 2′,5′-
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DHC-induced toxicity (40 μM), while the inhibitor of GSH synthesis L-S,R-buthionine
sulfoximine (BSO, 20 μM) [39] noticeably increased it (Fig. 2A). Interestingly, the
stochiometric antioxidant N-acetylcysteine (NAC, 5 mM) did not protect the cells against
2′,5′-DHC-induced cytotoxicity. As shown by microscopy using MitoSOX, AREc32 cells
treated for 24 h with 2′,5′-DHC (40 μM) showed an increase ROS levels (Fig. 2B), while
this effect was diminished when cells were co-treated with MnTDE-1,3-IP5+ (10 μM). A
non-toxic concentration of 2′,5′-DHC (10 μM) was then analyzed for its ability to increase
ROS production over time (1, 3, 6 and 24 h treatment) by flow cytometry. 2′,5′-DHC (10
μM) induced a burst of ROS at 1 h treatment (Fig. 2C), while the responses at longer
treatment times (3, 6 and 24 h treatment) where closer to control (not shown).

2′,5′-DHC induces a biphasic modulation of intracellular GSH levels
In order to examine the role of ROS in triggering the 2′,5′-DHC-induced increase in iGSH
levels, the response of the cells was examined over time using non-toxic concentrations of
2′,5′-DHC and MnTDE-1,3-IP5+ (10 μM, respectively). The response of the cells to 2′,5′-
DHC treatment was biphasic with 2′,5′-DHC inducing a significant drop (6 h) followed by
a sharp increase (24 h) in iGSH levels (Fig. 3A). In contrast, chrysin (Fig. 1) induced a drop
in iGSH levels with no iGSH rebound. MnTDE-1,3-IP5+ significantly inhibited the 2′,5′-
DHC-induced increase in iGSH levels (Fig. 3B), suggesting that the response is mediated by
ROS. In contrast, the precursor of GSH synthesis NAC (1 mM) further increased iGSH
levels, presumably by increasing cysteine availability. When compared to 2′,5′-DHC, the
non-hydroxylated chalcone and 2′-HC had intermediate effects in inducing increased iGSH
levels (chalcone < 2′-HC < 2′,5′-DHC) (Fig. 3C), indicating a role for the hydroxyl groups.

2′,5′-DHC induces increased synthesis of GSH
To test whether the HC-induced increase in iGSH levels was due to increased GSH
synthesis, protein extracts of 2′,5′-DHC-treated cells were analyzed for their ability to
catalyze the formation of γ-glutamyl-cysteine (γ-GC). This reaction is catalyzed by
glutamate cysteine ligase (GCL), the rate-limiting enzyme in the overall synthesis of GSH
[16]. 2′,5′-DHC treatment (15 μM, 16 h) increased GCL activity by 20% (Fig. 4A). A
common marker of antioxidant adaptive responses is the expression of the antioxidant
enzyme heme oxygenase-1 (HO-1) [19]. Cytosolic fractions of 2′,5′-DHC-treated AREc32
cells were analyzed by immunoblotting for both the catalytic subunit of GCL (GCLC) and
HO-1. MnTDE-1,3-IP5+ (10 μM) clearly inhibited the 2′,5′-DHC-induced expression of
HO-1 (Fig. 4B). However, we could not detect an up-regulation of GCLC or GCLM, nor an
increase in GCL holoenzyme formation in 2′,5′-DHC-treated cells (Fig. 4C).

2′,5′-DHC induces the Nrf2/ARE transcriptional response
In order to determine whether HCs induce the activation of the Nrf2/ARE response, the
luciferase activity of AREc32 cells was measured after 18 h treatment with HCs. 2′-HC and
2′,5′-DHC (10–20 μM) clearly induced a Nrf2/ARE response (Fig. 5A). Higher
concentrations did not significantly increase the effect, reaching a plateau at 20 μM (not
shown). The intensity of the response induced by the non-hydroxylated chalcone (10–20
μM) was lower as compared to 2′-HC (Table 1). These data shows that hydroxyl groups in
the chalcone moiety improve, but are not crucial for the Nrf2/ARE response. Compared to
the chalcones, chrysin had only a modest effect (Table 1). The HCs-induced Nrf2/ARE
response was not inhibited by NAC (5 mM) nor by MnTDE-1,3-IP5+ (10 μM) (Fig. 5B),
indicating that the Nrf2/ARE response is not dependent on ROS. The latter result also
confirms that MnTDE-1,3-IP5+ does not interfere with 2′,5′-DHC transport into the cell.
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2′,5′-DHC-induced Nfr2/ARE response activity is mediated by p38MAPK and JNK
In order to examine the signaling pathways that are involved in the 2′,5′-DHC-induced
Nrf2/ARE response, pharmacological inhibitors of various protein kinase pathways were
used, namely SP600125, SB203580, wortmannin and U0126 for the JNK, p38MAPK, PI3K,
and ERK pathways, respectively [21]. Treatment of cells with SP600125 (20 μM) or
SB203580 (20 μM) inhibited 2′,5′-DHC-induced luciferase activity by 43% and 61%,
respectively, while wortmannin (100 nM) had no significant effect (Fig. 6A–C).
Interestingly, U0126 (10 μM) itself induced Nrf2/ARE activity which was enhanced by 2′,
5′-DHC (Fig. 6D). SB203580 (20 μM), SP600125 (20 μM) and wortmannin (100 nM) were
also tested in their ability to inhibit 2′,5′-DHC-induced GSH synthesis (24 h treatment).
SB203580 and SP600125 inhibited the 2′,5′-DHC-induced increase in iGSH (Fig. 6E),
while wortmannin had a partial inhibitory effect. U0126 (10 μM) alone or in combination
with 2′,5′-DHC had no significant effects on iGSH levels (not shown). Overall, these
results show that 2′,5′-DHC-induced Nrf2/ARE activity involves p38MAPK and JNK, and
suggest a possible but less important role for PI3K.

2′,5′-DHC-induced phosphorylation of c-Jun is ROS-dependent
Previous studies have shown that JNK mediates the activation of both the Nrf2/ARE and
AP-1 transcriptional responses [17–19]. In order to determine whether 2′,5′-DHC-induced
activation of the JNK pathway was mediated by ROS, AREc32 cells were treated with 2′,
5′-DHC (15 μM) and/or MnTDE-1,3-IP5+ (10 μM) for 2 h and analyzed by
immunoblotting. 2′,5′-DHC induced the phosphorylation of c-Jun and this effect was
inhibited by MnTDE-1,3-IP5+ (Fig. 7A). To examine this further, cultured 16HBE cells
were transiently transfected with a luciferase reporter gene driven by four copies of the Gal4
regulatory sequence (pGal4-TK-Luc) along with the expression vector for the chimeric
protein Gal4-c-Jun, which is activated by JNK-mediated phosphorylation of c-Jun. 2′,5′-
DHC (30 μM) induced c-Jun-responsive luciferase reporter activity (24 h treatment), an
effect that was inhibited by MnTDE-1,3-IP5+ (20 μM) (Fig. 7B). This data confirms in
another cell line the ROS-dependent activation of the JNK pathway by 2′,5′-DHC.

Discussion
Our results demonstrate that non-toxic concentrations of 2′,5′-DHC induce a burst of ROS
(Fig. 2A and 2B), which plays a crucial role in triggering an increase in iGSH levels, as
shown using the catalytic antioxidant MnTDE-1,3-IP5+ (Fig. 3B). Moreover, ROS are
involved in triggering the AP-1 transcriptional response, as shown using the inhibitor of the
JNK pathway SP600125 (Fig. 6E), immunoblotting of phospho-c-Jun (Fig. 7A) and c-Jun
responsive reporter activity (Fig. 7B). However, while JNK and p38MAPK were important
mediators of 2′,5′-DHC-induced Nrf2/ARE transcriptional activity and the increase in
iGSH levels (Figs. 6A, 6B and 6E), activation of this pathway appeared independent from
ROS production (Fig. 5B). Our findings suggest that 2′,5′-DHC induces an increase in
iGSH levels through at least two transcriptional pathways: 1) a ROS-dependent and JNK-
mediated activation of the AP-1 transcriptional response, and; 2) a ROS-independent and
JNK- and p38MAPK-mediated activation of the Nrf2/ARE transcriptional response.
Previous studies suggest that induction of HO-1 expression by 2′-HC and by synthetic
chalcone and curcumin analogs involves the PI3K pathway [24,25,40]. Our results also
indicate that this pathway is involved in the 2′,5′-DHC-induced increase in iGSH levels, but
to a lesser extent than the JNK and p38MAPK pathways (Figs. 6C and 6E).

The 2′,5′-DHC-induced increase in iGSH levels (Figs. 3 and 7) was accompanied by a
small (~20%) but significant increase in GCL enzymatic activity (Fig. 4A). Surprisingly,
while the relative levels of the GCL subunits are a major determinant of cellular GCL
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activity and both GCL subunits are highly regulated at the transcriptional level [16], 2′,5′-
DHC-induced Nrf2/ARE and AP-1 transcriptional activity was not accompanied by an
increase in GCL subunit expression levels (Fig. 4B). Increased GCL holoenzyme formation
could also account for the increased GCL activity. Indeed, we and others have demonstrated
that oxidative stress can increase GCL holoenzyme formation and/or GCL activity in the
absence of increased GCL subunit protein expression [41–43]. However, no increase in
GCL holoenzyme was detected in response to 2′,5′-DHC treatment (Fig. 4C). Such findings
suggest that 2′,5′-DHC-induced GCL activity may involve a post-translational regulatory
mechanism [16]. We have recently demonstrated that 4-hydroxy-2-nonenal (4-HNE), an
α,β-unsaturated aldehyde produced during lipid peroxidation, can activate GCLC via direct
covalent modification [37]. However, it remains to be determined whether 2′,5′-DHC-
induced ROS production is associated with increased lipid peroxidation and formation of 4-
HNE. 2′,5′-DHC may also increase GCL activity by altering GCL enzyme kinetics by a
mechanism independent of GCL holoenzyme formation, such as GSH negative feedback
regulation or increased cysteine availability. Consistent with this hypothesis, 2′,5′-DHC
induces a transient reduction in iGSH (Fig. 3), which could increase GCL activity by
relieving the negative feedback regulation of GCL by GSH [44]. Nrf2 also regulates the
expression of the Xc- glutamate/cystine antiporter [45] and 2′,5′-DHC-induced Nrf2/ARE
activity could increase Xc- expression and indirectly enhance GSH biosynthesis via
increased cysteine uptake and availability. Irrespective of the molecular mechanism(s)
mediating 2′,5′-DHC-induced activation of GCL, it is likely that additional mechanisms
contribute to the increase in iGSH. In this regard, increased iGSH could result from
increased glutathione synthetase (GS) activity and/or decreased utilization or reduced
extrusion of iGSH. Interestingly, many enzymes involved in the synthesis, metabolism, and
export of GSH are regulated by Nrf2 [45]. Thus, while it is unclear why increased Nrf2/ARE
and/or AP-1 activity in response to 2′,5′-DHC does not result in increased GCL subunit
expression in this cell system, increased GCL activity in conjunction with other molecular
mechanisms are likely to account for the increase in iGSH.

Several structure-activity relationship studies have been previously carried out on the ability
of HCs and synthetic analogs to: 1) inhibit the synthesis of the inducible nitric oxide (NO)
synthase and induce the expression of heme oxygenase-1 (HO-1) [23–25,46]; 2) inhibit P-
glycoprotein- and BCRP-mediated xenobiotic efflux [47–49], and; 3) induce GSH efflux
[8,9]. However, while antioxidant adaptive responses have been examined for curcumin,
some flavonoids and other polyphenols [21,50,51], the ability of 2′,5′-DHC to increase
iGSH levels was never previously examined. Chrysin and other flavonoids are known to
trigger GSH efflux through MRP1 and to inhibit BCRP-mediated drug efflux [11,52]. In
contrast, 2′,5′-DHC-induced GSH efflux is mediated by BCRP/ABCG2 and naturally
occurring chalcones are poor inhibitors of BCRP-mediated drug efflux [12,52]. Another
relevant difference between 2′,5′-DHC and chrysin is that only 2′,5′-DHC is able to induce
a significant rebound in iGSH levels, as shown in this study. The evidence associating
aging-related diseases with oxidative stress is mounting, renewing the interest in
understanding the mechanisms of the antioxidant adaptive responses [53–55]. However, as
the data increases, so does the complexity of the system. The Nrf2/ARE transcriptional
pathway is most studied by its known triggers, which include oxidative stress, electrophiles
and multiple protein kinase signaling pathways, yet ROS may or may not be required
[17,18,20,21]. Cross-talk between pathways is also at play, since JNK- and ERK-mediated
pathways have been associated with both Nrf2/ARE and AP-1 transcriptional responses [17–
19]. Recent results showed a synergistic effect between several natural compounds, and that
such effects rely on several signaling pathways [21,56]. Further studies are needed to
determine whether hydroxychalcones can contribute to similar synergistic effects.
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AP-1 activator protein-1

ARE antioxidant response element

BCRP breast cancer resistance protein

BSO L-buthionine sulfoximine

2′,5′-DHC 2′,5′-dihydroxychalcone

ERK extracellular-signal-regulated kinase

GCLC glutamate cysteine ligase catalytic subunit

GCLM glutamate cysteine ligase regulatory subunit

GSH reduced glutathione

HO-1 heme oxygenase-1

2′-HC 2′-hydroxychalcone

HCs hydroxychalcones

HPLC-EC HPLC with electrochemical detection

JNK c-Jun N-terminal kinase

LDH lactate dehydrogenase

MAP mitogen-activated protein

MnTDE-1,3-IP5+ manganese(III) meso-tetrakis(N,N′-diethylimidazolium-2-
yl)porphyrin

MRP multidrug resistance-associated protein

NAC N-acetylcysteine

PI3K phosphatidylinositol 3-kinase

ROS reactive oxygen species

Nrf2 NF-E2-related factor-2
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Fig. 1.
Structures of chalcone, 2′-hydroxychalcone (2′-HC), 2′,5′-dihydroxychalcone (2′,5′-DHC)
and the flavonoid chrysin.
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Fig. 2.
2′,5′-DHC induces oxidative stress. (A) 2′,5′-DHC (40 μM)-induced cytotoxicity was
increased by the GSH synthesis inhibitor BSO (20 μM) and diminished by the catalytic
antioxidant MnTDE-1,3-IP5+ (MnP, 10–20 μM) (48 h treatment). N-acetyl cysteine (NAC,
1 mM) did not protect the cells against 2′,5′-DHC-induced cytotoxicity. Bars with different
letters were statistically different from one another (n = 4, P < 0.05). (B) As shown by
microscopy using MitoSOX as dye, 2′,5′-DHC (40 μM) induced an increase in ROS-
induced fluorescence that was diminished by MnTDE-1,3-IP5+ (MnP, 10 μM) (24 h
treatment). (C) As shown by flow cytometry using MitoSOX as dye, a non-toxic
concentration of 2′,5′-DHC (10 μM) induced a temporary increase in fluorescence at 1 h
treatment (n = 3).
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Fig. 3.
2′,5′-DHC-induced increase in iGSH levels is inhibited by MnTDE-1,3-IP5+. (A) 2′,5′-
DHC (10 μM) induced a drop (6 h) followed by an increase (24 h) of iGSH levels, whereas
chrysin (Chr, 10 μM) induced only a drop of iGSH levels (n = 3). (B) MnTDE-1,3-IP5+

(MnP, 10 μM) significantly inhibited the 2′,5′-DHC-induced increase in iGSH levels, while
NAC (1 mM) did not (n = 3). (C) When compared to 2′,5′-DHC (DHC, 10 μM), the non-
hydroxylated chalcone (Cha, 10 μM) and 2′-HC (10 μM) had intermediate effects in
increasing iGSH levels. Bars with different letters were statistically different from one
another (n = 3, P < 0.05).
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Fig. 4.
2′,5′-DHC induces an increase in GCL activity. (A) Cytosolic fractions of untreated (Con)
and 2′,5′-DHC-treated AREc32 cells (15 μM, 16 h) were analyzed in their ability to
catalyze the formation of γ-glutamyl-cysteine (γ-GC). 2′,5′-DHC induced a 20% increase
in GCL activity. The reaction time was 30 min. Bars with different letters were statistically
different from one another (n = 3, P < 0.05). (B) As shown by immunoblotting, 2′,5′-DHC
(10 μM) induced the expression of HO-1 (34 kDa) (24 h treatment), an effect that was
inhibited by MnTDE-1,3-IP5+ (MnP, 10 μM). 2′,5′-DHC had no significant effect on
GCLC (73 kDa) levels. The experiment was repeated once. (C) As shown by
immunoblotting, AREc32 cells treated (24 h) with 2′,5′-DHC (10 μM) alone or in
combination with MnTDE-1,3-IP5+ (MnP, 10 μM) had no apparent effect on GCLC, GCLM
nor GCL holoenzyme (holo-GCL) levels.
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Fig. 5.
2′,5′-DHC-induced Nfr2/ARE response activity is ROS-independent. (A) The
hydroxychalcones 2′-HC and 2′,5′-DHC (10 and 20 μM) induced the Nrf2/ARE response
in AREc32 cells, as assessed by measuring luciferase activity (18 h treatment). (B) The
Nrf2/ARE response was not inhibited by the antioxidants NAC (5 mM) nor MnTDE-1,3-
IP5+ (MnP, 20 μM). Bars with different letters were statistically different from one another
(n = 3, P < 0.05).
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Fig. 6.
2′,5′-DHC-induced Nfr2/ARE response activity is inhibited by inhibitors of protein kinase
pathways. (A-D) Luciferase activity was measured in 2′,5′-DHC-treated AREc32 cells co-
treated with pharmacological inhibitors of various protein kinase pathways, namely
SP600125 (JNK), SB203580 (p38MAPK), wortmannin (PI3K) and U0126 (ERK) (18 h
treatment). (A) SP600125 (SP, 20 μM) and (B) SB203580 (SB, 20 μM) inhibited 15 μM 2′,
5′-DHC-induced luciferase activity by 43% and 61%, respectively, while (C) wortmannin
(Wort, 0.1 μM) had no significant effect. (D) The inhibitor of the ERK pathway U0126 (10
μM) induced the activation of the Nrf2/ARE pathway and this effect was additive to 2′,5′-
DHC co-treatment. (E) SB203580 (SB, 20 μM) and SP600125 (SP, 20 μM) and
wortmannin (Wort, 0.1 μM) were tested in their ability to inhibit 2′,5′-DHC-induced GSH
synthesis (24 h treatment). Both SB203580 and SP600125 had an important inhibitory
effect, while wortmannin had a slight effect. Bars with different letters were statistically
different from one another (n = 3, P < 0.05).
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Fig. 7.
2′,5′-DHC-induced phosphorylation of c-Jun is ROS-dependent. (A) 2′,5′-DHC (DHC, 15
μM) induced the phosphorylation of c-Jun (48 kDa) while c-Jun levels remained the same
(39 kDa) in AREc32 cells treated for 2 h, an effect that was inhibited by MnTDE-1,3-IP5+

(MnP, 10 μM), as shown by immunoblotting. The experiment was repeated once. (B) 2′,5′-
DHC (DHC, 30 μM) induced an increase in luciferase activity in transformed 16HBE cells,
an effect that was inhibited by MnTDE-1,3-IP5+ (MnP, 20 μM) (24 h treatment). Bars with
different letters were statistically different from one another (n = 3, P < 0.05).
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Table 1

Relative luciferase activity (% compared to control) in AREc32 cells treated with 2′,5′-DHC, 2′-HC,
chalcone and chrysin (18 h treatment).*

10 μM 20 μM

2′,5′-DHC 596.5 ± 49.3 892.8 ± 36.5

2′-HC 412.5 ± 16.5 717.3 ± 65.3

Chalcone 372.4 ± 40.7 636.3 ± 45.6

Chrysin 127.1 ± 11 49.7 ± 4.7**

*
Results are expressed in mean ± SEM (n = 3).

**
Chrysin was toxic at 20 μM.
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