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ABSTRACT

Glutathione S-transferase (GST) plays a significant role in the metabolism and detoxification of drugs
used in treatment of melanoma, resulting in a decrease in drug efficacy. Tyrosinase is an abundant
enzyme found in melanoma. In this study, we used a tyrosinase targeted approach to selectively inhibit
GST. In the presence of tyrosinase, luteolin (10 pM) showed 87% GST inhibition; whereas in the absence
of tyrosinase, luteolin led to negligible GST inhibition. With respect to GSH, both luteolin-SG conjugate
and luteolin-quinone inhibited >90% of GST activity via competitive reversible and irreversible mixed
mechanisms with K; of 0.74 uM and 0.02 uM, respectively. With respect to CDNB, the luteolin-SG con-
jugate inhibited GST activity via competitive reversible mechanism and competitively with K; of 0.58 pM,
whereas luteolin-quinone showed irreversible mixed inhibition of GST activity with K; of 0.039 puM.
Luteolin (100 uM) inhibited GST in mixed manner with K; of 53 pM with respect to GSH and non-
competitively with respect to CDNB with K; of 38 pM. Luteolin, at a concentration range of 5—80 uM,
exhibited 78—99% GST inhibition in human SK-MEL-28 cell homogenate. Among the 3 species of intact
luteolin, luteolin-SG conjugate, and luteoline-quinone, only the latter two have potential as drugs with
Ki < 1 uM, which is potentially achievable in-vivo as therapeutic agents. The order of GST inhibition was
luteolin-quinone >> luteolin-SG conjugate >>> luteolin. In summary, our results suggest that luteolin
was bioactivated by tyrosinase to form a luteolin-quinone and luteolin-glutathione conjugate, which
inhibited GST. For the first time, in addition to intracellular GSH depletion, we demonstrate that luteolin
acts as a selective inhibitor of GST in the presence of tyrosinase. Such strategy could potentially be used
to selectively inhibit GST, a drug detoxifying enzyme, in melanoma cells.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

deaths in skin cancer. In 2014, approximately 76,000 new cases of
melanoma and 10,000 melanoma related deaths were expected in

Melanoma is the cancer of melanocytes with propensity of
metastasis to other organs. Melanoma accounts for small propor-
tion of all cases of skin cancer, however it is responsible for 75%
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* Corresponding author. Chemistry and Toxicology, Department of Pathology,
Medical College of Wisconsin, Milwaukee, WI 53226, USA.
E-mail address: mmoridani@mcw.edu (M.Y. Moridani).

http://dx.doi.org/10.1016/j.cbi.2015.08.011
0009-2797/© 2015 Elsevier Ireland Ltd. All rights reserved.

US alone (American Cancer Society, 2014).

Based on severity of symptoms, melanoma is divided to four
stages. If diagnosed at early stages, melanoma is easily cured.
Effective treatment is not available for stage 3 and 4. The available
options at later stages include chemotherapeutics, immunotherapy
such as interleukin-2, inhibitors of CTLA-4 and PD-1 receptors, in-
hibitors of signal transduction pathways such as BRAF inhibitor
sorafenib [1] and radiation treatment. However these treatments
have their limitation and adverse side effects. Only Dacarbazine is
approved as a chemotherapeutic by FDA for treatment of mela-
noma and it is not very effective in preventing metastasis or
enhancing survival [2]. After a patient is diagnosed with metastatic
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melanoma, survival period is only 6—9 months. There is an urgent
need of effective drug against melanoma with minimal adverse
effects.

Tyrosinase enzyme is abundantly present in melanocytes (2000
fold compared with normal cells) and converts flavonoid to
quinone intra-cellularly which is toxic towards melanoma cells.
Hence, tyrosinase is considered an excellent target for prodrug
therapy specific for melanoma [3—5]. Flavonoids are polyphenolic
compounds capable of modulating the activity of many enzymes
such as telomerase [6], histidine decarboxylase [7], cyclo-
oxygenase, lipooxygenase, phospholipase A2 [8]. Some of flavo-
noids can also inhibit detoxifying enzymes such as cytochrome
P450 enzymes, sulphotransferase, glucuronosyltransferase [9] and
glutathione-S-transferase [10,11].

Being a detoxifying enzyme, GST can remove xenobiotics as well
as anti-cancer drugs from malignant cells, contributing to drug-
resistance. The expression and activity of GST-m is multifold
higher in melanoma cells [12]. The GST is responsible for inacti-
vating active drug species. Hence, an ideal drug for melanoma
should be selectively toxic to melanoma cells by selectively inhib-
iting GST in the presence of tyrosinase.

Luteolin (3',4’,5,7-tetrahydroxyflavone) is present in various
dietary sources such as vegetables, fruits, vegetable oils, wines, tea
etc. It possess a catechol group (two adjacent —OH groups on ring C,
see Scheme 1) which can be converted to quinone in presence of
tyrosinase. Recent studies have reported various mechanisms of
anti-cancer effect of luteolin. It is reported to inhibit epithelial
mesenchymal transition in melanoma and regulate B3 integrin. In
other studies luteolin was reported to regulate many other
signaling pathways and induction of apoptosis [13,14]. For instance,
luteolin can inhibit PI3K/Akt/mTor and MAPK pathways, which are
major survival pathways in many cancers including melanoma
[15,16]. All these properties make luteolin potentially a good
candidate as an antineoplastic agent. Current study is aimed at
assessing inhibition of GST by luteolin and the extent of GST inhi-
bition in the presence of tyrosinase. Because luteolin is a substrate
for tyrosinase, we used a tyrosinase targeted approach to selec-
tively inhibit GST. The nature of GST inhibition; competitive, non-
competitive or mixed and reversibility of inhibition were also
investigated. Time- and dose-dependent inhibition of GST and in-
hibition of GST present in melanoma cells were also studied.
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Scheme 1. Summary of tyrosinase mediated selective bio-activation of luteolin.
Luteolin is selectively bio-activated to luteolin-quinone in presence of tyrosinase. In
the presence of glutathione, luteolin-quinone is further metabolized to luteolin-SG-
conjugate. Luteolin-quinone is toxic towards the melanoma cells. GST is responsible
for enhancing drug resistance in melanoma cells. Luteolin-quinone inhibits GST in
irreversible while luteolin-SG-conjugate inhibits GST in reversible mechanism.
Luteolin in absence of tyrosinase inhibits GST in reversible fashion at higher concen-
trations (>40 uM), hence, a weaker inhibitor. Catechol group is the aromatic ring with
two adjacent OH groups on ring C.

2. Materials and methods
2.1. Materials

All the reagents and solvents used in this study including
glutathione (GSH), 1-chloro-2,4-dinitrobenzene (CDNB), gluta-
thione S-transferase (GST), 2-nitro-5-thiobenzoic acid (DTNB),
were of analytical grade with the highest degree of purity and were
purchased from Sigma—Aldrich, St. Louis, MO or Fisher-Scientific,
Pittsburgh, PA. For this study mushroom tyrosinase was used
since purified human tyrosinase is not available for commercial
purchase. The GST w enzyme was derived from human placenta.
Because the compounds were dissolved in DMSO, the final con-
centration of DMSO was 1% v/v in cell culture media of the cells
treated with various compounds. Therefore, the media for control
cells contained 1% v/v DMSO in the experiment. The glutathione
was dissolved in phosphate buffered saline (PBS) (Cat. No.
SH30526.02) from Thermo Scientific (Hyclone®).

2.2. Cell line and culture conditions

The human melanoma SK-MEL-28 cell line for this study was
obtained from ATCC®, Manassas, VA. Modified Eagle Medium Alpha
(MEMQa.) (Cat. no. 32571-036) and fetal bovine serum (FBS) (Cat. No.
10082-139) were purchased from American Type Culture Collection
(ATCC®), Manassas, VA. Versene (1x, 0.2 g EDTA 4Na/L in
phosphate-buffered saline) (1:5000 Cat. No. 15040-066) was ob-
tained from Invitrogen, Grand Island, NY.

2.3. UV—vis spectroscopy of enzyme mediated oxidation

The luteolin oxidation by enzyme tyrosinase was analyzed by a
previously described UV—vis spectroscopy method [17]. Reaction
mixture contained luteolin (200 M) and tyrosinase (20 U/mL) and
spectra was obtained every five minutes with or without gluta-
thione (500 pM) by a GBC UV—visible spectral spectrophotometer
(GBC Scientific, Victoria, Australia). The control spectrum was ob-
tained by adding luteolin (200 uM) to 0.1 M phosphate buffer (pH
6.5) containing 1 mM diethylenetriaminepentaacetic acid (DETA-
PAC). In same manner spectra were recorded in presence of
ascorbic acid (200 uM) and nicotinamide adenine dinucleotide
(NADH) (200 puM).

2.4. Rate of AA and NADH oxidation

The luteolin is metabolized by tyrosinase enzyme which leads to
oxidation of ascorbic acid [18] and NADH. The rate of oxidation of
these compounds was measured as previously described [3,19]. The
reaction mixture consisted of tyrosinase (5 U/mL), luteolin
(100 uM) and AA (50 puM) in the presence and absence of GSH
(200 M) made to a volume of 2 mL in phosphate buffer (0.1 M, pH
7.4, DETAPAC 1 mM) [19]. Similar experiments were performed
with NADH (200 uM). The oxidation of AA and NADH was analyzed
at 266 nm and 340 nm, respectively. The 4-hydroxyanisole (4-HA)
is known to be a substrate for tyrosinase. Following equation was
used to compute oxidation rate [3]:

Rate of AA oxidation (uM/min/Unit tyrosinase/
uM phenolic agent) = [change in AA absorbance/
initial AA absorbance] x [AA (uM)/Luteolin(uM)]
x [1/tyrosinase(U/mL)] x [1/time]
The rate of NADH oxidation was computed in the similar
fashion.
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2.5. Tyrosinase mediated glutathione depletion assay

The extent of GSH depletion due to oxidation of test compound
by tyrosinase enzyme was quantified by a previously described
method [4]. Reaction mixture contained tyrosinase (20 U/mL),
luteolin (200 uM) and GSH (500 uM) in phosphate buffer (0.1 M, pH
6.5) in a final volume of 2 mL. The mixture was incubated for
30 min at 37 °C. A 250 pL aliquot from the reaction mixture was
added to trichloroacetic acid (25 uL; 30% w/v), vortexed and kept at
room temperature for 5 min. Then, 100 uL aliquot was added to tube
containing Ellman's reagent (DTNB) (25 uL; 2 mg/mL) and Tris/HCI
buffer (875 puL; 0.1 M, pH 8.9). The absorbance of mixture was ob-
tained by taking optical density (O.D.) at 412 nm by spectropho-
tometer [20]. The depletion of glutathione indicates the tyrosinase
mediated oxidation of test compound. Similarly, enzymatic oxida-
tion of 4-HA was measured as positive control [19].

2.6. The inhibition of human placenta GST w by luteolin

Placenta GST = inhibition by luteolin was analyzed by UV—vis
spectroscopy method. Human placenta GST 7 was used for this
experiment and throughout the study and inhibition was measured
by the method of Tuna et al. [21]. The reaction mixture consisted of
glutathione (1 mM) and CDNB (1 mM) and 0.1 U/mL human
placenta GST in potassium phosphate buffer (100 mM, pH 6.5) to a
final volume of 2.5 mL [21]. Different concentrations of luteolin (5,
10 and 25 pM) were used to study GST inhibition. The time scan
spectra were taken for 5 min at 340 nm by GBC UV—visible spectral
spectrophotometer (GBC Scientific, Victoria, Australia). The absor-
bance difference between 1 min and 5 min was used to calculate
the decrease in GST activity, which indicates the extent of GST in-
hibition when compared to control. During the scan, reaction
mixture was maintained at constant temperature of 25 °C.

2.7. GST inhibition by luteolin-quinone (formed in the presence of
tyrosinase)

Enzyme tyrosinase metabolizes luteolin to luteolin-quinone. To
study GST inhibition by luteolin-quinone; tyrosinase (20 U/mL),
luteolin (25 uM), and GST (0.4 U/mL) were added to phosphate
buffer (0.1 M, pH 6.5) to final volume of 2.5 mL and incubated for
30 min at 37 °C to enable luteolin metabolism by tyrosinase to
luteolin-quinone. The reaction mixture was filtered through Milli-
pore centrifugal filter units with 10 K molecular weight cutoff to
separate GST from the reaction mixture (UFC801024, Amicon Ultra,
Carrigtwohill, Ireland) to determine the reversible-irreversible
nature of inhibition. Further, glutathione (1 mM) and CDNB
(1 mM) [21] were added to the residual reaction mixture in the
Millipore centrifugal filter unit and was made to final volume of
2.5 mL with phosphate buffer (0.1 M, pH 6.5). The spectra scan of
this reaction mixture was obtained by UV—vis spectroscopy as
mentioned in Section 2.7. Control solutions contained GST and/or
GST/tyrsoinase in the absence of luteolin. GST activity of control
samples was compared with test samples to determine the per-
centage GST inhibition by test compound.

2.8. GSTinhibition by luteolin-SG conjugate (formed in the presence
of GSH and tyrosinase)

Enzyme tyrosinase metabolizes luteolin to luteolin-SG conju-
gate in the presence of glutathione. The GST activity in presence of
luteolin-SG conjugate was assessed by previously described CDNB
method [21]. Tyrosinase (20 U/mL), luteolin (25 pM), glutathione
(500 uM) and GST (0.4 U/mL) were added to phosphate buffer
(0.1 M, pH 6.5) to final volume of 2.5 mL and incubated for 30 min at

37 °C to enable luteolin metabolism by tyrosinase in presence of
glutathione to luteolin-SG conjugate. The reaction mixture was
filtered through Millipore centrifugal filter units with 10 K molec-
ular weight cutoff to separate GST from the reaction mixture
(UFC801024, Amicon Ultra, Carrigtwohill, Ireland) to determine the
reversible-irreversible nature of inhibition. Further, glutathione
(1 mM) and CDNB (1 mM) were added to the residual reaction
mixture in the Millipore centrifugal filter unit and was made to final
volume of 2.5 mL with phosphate buffer (0.1 M, pH 6.5). The spectra
scan of this reaction mixture was obtained by UV—vis spectroscopy
as mentioned in Section 2.7. Control sample contained GST/gluta-
thione/tyrsoinase in the absence of luteolin. GST activity of control
samples was compared with test samples to determine the per-
centage GST inhibition by test compound.

2.9. The nature of GST inhibition: competitive and non-competitive
GST inhibition by luteolin, luteolin-quinone, and luteolin-SG
conjugate

The competitive, non-competitive and mixed nature of GST in-
hibition was determined by CDNB method [21] and the inhibition
constant (Kj) of luteolin, luteolin-quinone, and luteolin-SG conju-
gate were derived by Lineweaver—Burk plots [22].

Tyrosinase enzyme (20 U/mL) was added onto a solution of
luteolin (1 uM), and GSH (1 mM) in phosphate buffer (0.1 M, pH
6.5). The mixture was incubated for 30 min at 37 °C to allow the
formation of luteolin-SG conjugate. Following this, GST (0.02 U/
mL), CDNB (0.2—1 mM) were added to the solution mixture and
UV—uvis spectra of sample was obtained at 340 nm for 5 min. During
scan, temperature of sample was maintained at 25 °C by circulating
temperature maintained water in water-jacket cuvette, powered by
a pump. The rate of reaction was determined by calculating dif-
ference in absorbance between 5 and 1 min. These experiments
were conducted on three different days to consider between-day
variation. All reagents were prepared fresh on the day of study.
The mean of results obtained on three different days was used to
construct Lineweaver—Burk plot and nature of inhibition was
established using these plots. Inhibitory constant values were
derived from Michaelis—Menton constants, maximum reaction
rates and concentration of inhibitory species [22].

The control sample consisted of GSH (1 mM), GST (0.02 U/mL)
and CDNB (0.2—1 mM). The concentration of CDNB varied
(0.2—1 mM) when character of GST inhibition was assessed with
respect to CDNB. Similarly, the GSH concentration varied
(0.2—1 mM), when GST inhibition was determined with respect to
GSH.

In similar manner, the nature of GST inhibition by luteolin-
quinone (0.1 pM) and luteolin (100 uM) was determined in pres-
ence of GSH or CDNB. For quinone experiment, sample mixture was
incubated for 5 min at 30 °C, while for experiments involving only
luteolin, the sample mixture was not incubated with tyrosinase and
GSH.

2.10. Calculations of inhibitory constants

The inhibitory constants (K;j) of inhibition were determined from
Line-weaver Burk plots using the following equations [22].

Competitive Inhibition : K; = Ki x [I] / <1<; - 1<m)

Non — competitive Inhibition : K; = V;;,,, x [I] / (Vmax - V;;ax)

Mixed Inhibition:
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() Ki = Vinax * Kim > [[]/{(Vmax x Kn) = (Viax % Km)}
(b) Ki, = V:nax X [”/(Vmax - V;wx)

here, Kp, and K, values are Michaelis—Menton constants, Vinax and
Vnax Values are maximum reaction rates, and K; and K] are the
inhibition constants. Thus two inhibition constants; K; (inhibitor
binding to enzyme) and apparent K (apparent K; when inhibitor
binds with ES complex) were calculated for mixed inhibition using
formulas provided in ‘Biochemistry’ by Garrett & Grisham 2005
[23]. The K, and Vqnax represents the constant for the assay per-
formed in absence of inhibitor. While, K}, and V;,,,, represents the
constant for the assay performed in presence of inhibitor (luteolin,
luteolin-quinone, or luteolin-SG conjugate). Concentration of in-
hibitor is represented by [I] in above formulas.

2.11. The time and concentration dependent inhibition of GST by
luteolin in the presence of tyrosinase

To appreciate time and concentration dependent inhibition of
GST by luteolin, tyrosinase (20 U/mL) and luteolin (0.25—2.50 uM)
were added to GST (2 U/mL) to a final volume of 1 mL in phosphate
buffer (0.1 M, pH 6.5). The reaction mixture was incubated at 37 °C
with shaking (100 rpm) and tested for GST activity at 30 min, 1 h,
2 h,4 h, 8 h, 24 h and 48 h. An aliquot of 62.5 pL from reaction
mixture was added to GSH (1 mM) and CDNB (200 M) and made to
final volume of 2.5 mL with phosphate buffer (0.1 M, pH 6.5). The
time scan spectra were taken for 5 min at 340 nm as described in
Section 2.7 and difference in absorption at 1 and 5 min denotes GST
activity. The 3 controls were used in this experiment consisted of
GST, GST + tyrosinase, and GST + luteolin.

2.12. Depletion of intracellular GSH by luteolin

Exponentially growing 70% confluent cells were suspended in
MEMo. media enriched with (10%) FBS at 1 x 10° cells/mL in 24-well
plates. Following incubation at 37 °C for 3 h, an additional 1 mL
media containing varying concentrations of luteolin was added and
cells were further incubated for 1, 2 and 3 h, respectively. Quantity
of intracellular GSH was assessed by a previously described method
[3,24,25] in melanocytic SK-MEL-28 cells [17]. Results represent
average of three independent experiments.

2.13. The inhibition of human SK-MEL-28 melanoma GST in cell
homogenate by luteolin

Human SK-MEL-28 melanoma cells were used to study inhibi-
tion of intracellular GST by luteolin [21,26]. The SK-MEL-28 cells
were cultured in MEMa media supplemented by adding 10% FBS.
Exponentially dividing 70% confluent cells were used for this
experiment. GST inhibition in melanoma cells was assessed by
CDNB method [21,27]. About 200,000 cells suspended in 500 pL
media were sonicated for 3—5 seconds and subjected to centrifu-
gation at 13,000 rpm for 15 min at 4 °C. The supernatant was
collected and added onto mixture of glutathione (1 mM), different
concentrations of luteolin (0.1, 0.25, 1, 2.5, 5, 10, 20, 40 and 80 pM),
CDNB (1 mM) and tyrosinase (10 U/mL) made to final volume of
2.5 mL with phosphate buffer saline (100 mM, pH 6.5). The spectra
scan of this reaction mixture was obtained by UV—vis spectroscopy
as mentioned in Section 2.5.

2.14. Docking calculations
AutoDock tools 1.5.2 and AutoDock 4.0 [28,29] were used to

predict the binding modes for both leutolin and leutolin-quinone
with GST, in the presence of GSH. During the calculations, the

protein and ligands were treated as rigid groups. The predicted
bound configuration with the lowest free energy of binding was
chosen for each ligand. Crystal structure of the wild-type GST (PDB
ID 11GS) [30,31] was applied for this study.

2.15. Statistical analysis

All the experiments were performed with at least three repli-
cates. Results are presented as mean + SD.

3. Results

3.1. UV—vis spectroscopy of tyrosinase mediated enzymatic
oxidation of luteolin

The advancement of luteolin oxidation by tyrosinase enzyme
was recorded by UV—vis spectrophotometer. After addition of
tyrosinase, as scans were repeated at 6 min intervals, a pro-
gressive decrease was observed in luteolin peaks at 350 nm
(Fig. 1A). Moreover, the formation of new peaks was observed at
240—270 nm, indicating the generation of new products of
oxidation/metabolism process with different absorption charac-
teristics (Fig. 1A) [32,33]. However, addition of GSH before
commencing oxidation by tyrosinase prevented the formation of
new oxidation product for luteolin as evident from the absence of
new peaks (Fig. 1B). These results suggest that luteolin is a sub-
strate for tyrosinase enzyme forming an o-quinone product,
which could react with glutathione (Fig. 1B). Distinct peaks are
observed in spectra of ascorbic acid (AA) and NADH at 266 nm
and 340 nm respectively. The absorbance at these spectra at
266 nm and 340 nm were decreased significantly upon addition
of luteolin and tyrosinase, indicating the oxidative depletion of
AA and NADH by luteolin-quinone (Fig. 1C and E). When GSH was
added to reaction mixture, the depletion of AA and NADH was
significantly reduced (Fig. 1D and F). Our findings indicate that
luteolin-quinone reacts with GSH, sparing AA and NADH oxida-
tion. Luteolin alone produced a stable spectrum leading to
conclusion that it does not undergo auto-oxidation over the
course of experiment.

3.2. Rate of AA and NADH oxidation

The rate of AA, GSH, and NADH depletion indicated the extent of
luteolin oxidation by tyrosinase (Fig. 2A and B). The extent of
depletion for three compounds were, AA > NADH > GSH. The GSH
was able to significantly prevent the oxidation of AA and NADH.

Rate of AA and NADH oxidation were found to be 11 and 12 (uM/
min/Unit tyrosinase/uM phenolic agent). In the presence of GSH the
rate of oxidation of AA and NADH oxidation reduced to 1 and 2 (uM/
min/Unit tyrosinase/uM phenolic agent), respectively.

3.3. Tyrosinase mediated glutathione depletion assay

Tyrosinase mediated metabolism of luteolin produced depletion
of GSH in in-vitro experiments. This GSH depletion could be used as
a biomarker of luteolin oxidation. The incubation with luteolin for
15, 30 and 60 min resulted in depletion of 110%, 137% and 170% GSH
(equivalent to 1.1, 1.4 and 1.7 mole ratio), respectively (Fig. 3). This
finding suggests that luteolin can form a mono and bi-glutathione
conjugates as the time progress in the reaction. The GSH depletion
by tyrosinase mediated oxidation of 4-HA (4-hydroxyanisole) was
used as positive control (data not shown) [34]. Negligible gluta-
thione was lost in the absence of tyrosinase enzyme (data not
shown).
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Fig. 1. UV—vis spectroscopy of tyrosinase mediated oxidation. (A) Oxidation of luteolin in the presence of tyrosinase. As luteolin is oxidized by tyrosinase, absorption peak at
350 nm was progressively diminished. (B) Upon addition of glutathione, new peaks were formed at 330 nm indicating the formation of glutathione conjugate with the oxidized
product of luteolin. (C) Ascorbic acid (AA) forms distinctive peak at 266 nm. AA peak height diminished as repeated scans were taken at 5 min intervals indicating the AA oxidation
by the oxidized product of luteolin. (D) Upon addition of glutathione, AA peak height did not decrease in repeated scans indicating the formation of a glutathione conjugate in the
presence of GSH prevented AA oxidation. (E) NADH forms distinctive peak at 340 nm. NADH peak height diminished as repeated scans were taken at 5 min interval indicating the
NADH oxidation by metabolized product of luteolin. (F) Upon addition of glutathione, NADH peak height did not change in repeated scans indicating that the luteolin glutathione
conjugate is unable to oxidize NADH.
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Fig. 2. The rate of AA and NADH oxidation. Kinetic scans for luteolin oxidation by tyrosinase. The oxidation of AA (A) and NADH (B) by luteoline in the presence of tyrosinase was
recorded at 266 nm and 340 nm, respectively. Addition of GSH before adding tyrosinase diminished the rate of oxidation of AA and NADH, indicating that the oxidized product of
luteolin reacted with glutathione preferentially.
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Fig. 3. Tyrosinase mediated GSH depletion by luteolin. The GSH depletion is
demonstrated as % of control at different time points.

3.4. The inhibition of human placenta GST by luteolin, luteolin-
quinone and luteolin-SG conjugate

Luteolin in absence of tyrosinase enzyme was unable to inhibit
the activity of GST enzyme at concentrations less than 25 pM.
Nevertheless, it was able to inhibit GST activity to more than 90% at
100 uM concentration. Neither 4-HA (50 pM), a substrate for
tyrosinase [19] nor tyrosine (25—50 uM), a natural substrate of
tyrosinase [34], were able to produce significant inhibition of GST
activity. Contrary to this, luteolin-quinone, bioactivation product of
luteolin formed by tyrosinase enzyme, showed about 85—90% in-
hibition at 10 and 20 uM concentrations. While GST inhibition by
other tyrosinase substrates such as 4-HA-quinone (50 uM) and
tyrosine-quinone (50 pM) was less than 20%.

Luteolin-SG conjugate, the bio-activation product of luteolin
catalyzed by tyrosine in the presence of GSH, inhibited the GST
activity by 88—95% at concentrations ranging from 5 to 25 uM
(Fig. 4). The 4-HA-SG conjugate and tyrosine-SG conjugate did not
significantly inhibit GST activity at similar concentrations (data not
shown). The extent of GST inhibition in descending order was
luteolin-quinone >> luteolin-SG-conjugate >>> luteolin.
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Fig. 4. Inhibition of human placenta GST. The inhibitory effects of luteolin, luteolin-
quinone and luteolin-SG conjugate on human placenta GST. Luteolin-SG conjugate and
luteolin-quinone at 5—25 pM demonstrated 88—95% GST inhibition. Luteolin alone at
this concentration exhibited negligible GST inhibition.

3.5. Irreversible and reversible inhibition of GST by luteolin-
quinone, luteolin-SG conjugate and luteolin

The GST was separated from reaction mixture by filtering the
solution mixture through 10 K Millipore filter. Luteolin-SG conjugate
(10 uM) was able to significantly inhibit GST (Fig. 5A), the GST activity
was recovered after filtering the reaction mixture through 10 K
Millipore filter (Fig. 5B), suggesting that luteolin-SG conjugate
inhibited GST in a reversible non-covalent binding manner. Similarly
luteolin-quinone exhibited considerable GST inhibition. Filtration of
reaction mixture by 10 K Millipore filter did not recover the GST ac-
tivity for luteolin-quinone leading to conclusion that GST was
inhibited by luteolin-quinone by covalent binding in an irreversible
manner. No inhibition of enzymatic activity of GST was evident in the
presence of tyrosinase enzyme alone (data not shown).

3.6. Competitive and non-competitive GST inhibition by luteolin,
luteolin-quinone, luteolin-SG conjugate

The activity of GST enzyme was determined with respect to
substrates CDNB and GSH (0.2—1 mM) to decipher the mechanism
of GST inhibition by Iluteolin, luteolin-quinone, luteolin-SG
conjugate.

Double reciprocal plot of 1/rate versus 1/[GSH] lines in presence
and absence of inhibitor did not intercept at 1/[rate] axis or 1/[GSH]
axis, indicating the mixed inhibition of GST by luteolin with K; of
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Fig. 5. Reversible and irreversible inhibition of human placenta GST. (A) Activity of
human placenta GST before filtration through 10 K Millipore filter. Luteolin-SG conjugate
and luteolin-quinone demonstrated significant GST inhibition at both 10 and 20 uM
concentrations. (B) Activity of human placenta GST after separating the GST by filtration
through 10 K Millipore filter. Note, irreversible inhibition of human placenta GST.
Luteolin-quinone produced significant irreversible inhibition of GST by luteolin-quinone;
however the GST activity was recovered after removing luteolin-SG conjugate through
filtration, indicating luteolin-SG conjugate was not bound to GST covalently.
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53 pM and K; of 97 pM (Fig. 6A) with respect to GSH. Luteolin-
quinone demonstrated a mixed inhibition with 0.02 pM K; and
0.05 uM K; (Fig. 6B). Luteolin-SG conjugate demonstrated compet-
itive inhibition as the lines with inhibitor and without inhibitor
intercepted y-axis (1/rate axis) with a K; of 0.74 uM (Fig. 6C; Table 1).

Luteolin inhibited GST, with respect to CDNB (0.2—1 mM), in a
non-competitive fashion with K;j of 38 uM (Fig. 6D), while luteolin-
quinone demonstrated mixed inhibition with K; value of 0.04 pM
and K{ value of 0.08 uM (Fig. 6E). The competitive inhibition was
found to be generated by luteolin-SG conjugate with respect to
CDNB with 0.58 puM K; (Fig. 6F; Table 1). Ethacrynic acid, a known
inhibitor of GST [35], demonstrated competitive inhibition with
respect to CDNB and non-competitive inhibition with respect to
GSH with K;j values of around 5 pM and 10 pM, respectively (data
not shown).

3.7. Time and concentration dependent inhibition of GST by luteolin

Luteolin in the presence of tyrosinase formed luteolin-quinone
which inhibited GST both in a concentration- and time-

(A) Mixed Inhibition of GST by Luteolin

8 -

D
2
©
€ 4
s

Table 1

Summary data for GST inhibition and mechanism of inhibitions. Nature of in-
hibition of GST inhibition by luteolin, luteolin-quinone, and luteolin-SG conjugate
with respect to CDNB and GSH. In mixed inhibition, inhibitor binds to both enzyme
(E) and enzyme substrate complex (ES) with different affinities. Thus two inhibition
constants; K (inhibitor binding to enzyme) and apparent K; (when inhibitor binds to
ES complex) were calculated for mixed inhibition using formulas provided in
‘Biochemistry’ by Garrett & Grisham 2005 [23].

Inhibitor Inhibition Ki (uM) Ki (uM)
With respect to GSH (0.2—1 mM)

Luteolin Reversible mixed 53 97
Luteolin-quinone Irreversible mixed 0.02 0.05
Luteolin-SG Conjugate Reversible competitive 0.74  Not applicable

With respect to CDNB (0.2—1 mM)

Luteolin Reversible non-competitive 38 Not applicable
Luteolin-quinone Irreversible mixed 0.039 0.08
Luteolin-SG Conjugate Reversible competitive 0.58  Not applicable

dependent manner (Fig. 7). Luteolin was tested at various con-
centrations of 0.25, 0.625, 1.25, and 2.50 pM. GST inhibition was
measured at 0.5, 1, 2, 4, 8 and 24 h incubation. At 0.25 pM
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Fig. 6. Lineweaver—Burk plots of the GST inhibition by luteolin, luteolin-quinone and luteolin-SG conjugate. (A) Mixed GST inhibition by luteolin with respect to GSH. (B)
Mixed GST inhibition by luteolin-quinone with respect to GSH. (C) Competitive GST inhibition by luteolin-SG conjugate with respect to GSH. (D) Non-competitive GST inhibition by
luteolin with respect to CDNB. (E) Mixed GST inhibition by luteolin-quinone with respect to CDNB. (F) Competitive GST inhibition by luteolin-SG conjugate with respect to CDNB.
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Fig. 7. Time and concentration dependent inhibition of GST by luteolin. Luteolin in
presence of tyrosinase inhibited GST both in a concentration- (0.25—2.50 pM) and
time-dependent manner (0.5-24 h).

concentration luteolin-quinone inhibited 21% GST activity. The in-
hibition diminished as incubation progressed and only 9% inhibi-
tion was observed after 24 h. At 0.625 uM luteolin-quinone, 49% of
GST activity was inhibited at 0.5 h time point and inhibition
increased progressively to 95% at 24 h incubation time. At higher
luteolin-quinone level of 1.25 and 2.50 pM > 99% inhibition was
observed at 0.5 h and all other subsequent time points.

3.8. Intracellular GSH depletion in human melanoma SK-MEL-
28 cells

40 uM luteolin depleted 16% intracellular GSH at 1 h incubation
with human melanocytic SK-MEL-28 melanoma cells. Depletion
increased to 20% and 24% after 2 h and 3 h incubation, respectively.
At 80 uM luteolin, GSH depletion was 20%, 22% and 27% at 1 h, 2 h,
and 3 h, respectively. At 200 uM luteolin caused GSH depletion of
32%, 35% and 37% respectively (Fig. 8). Luteolin caused
concentration-dependent and time-dependent GSH depletion in
human melanoma cells. Most of the depleted GSH occurred at first
hour of incubation.

3.9. Inhibition of GST in human SK-MEL-28 melanoma cell
homogenates by luteolin

Luteolin (0.1-80 uM), in the presence of tyrosinase, demon-
strated significant degree of selective inhibition (0—97%) of GST in
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Fig. 8. Intracellular GSH depletion in human melanoma SK-MEL-28 cells. Luteolin
(40—200 uM) demonstrated time and concentration dependent depletion of intra-
cellular GSH in human melanoma SK-MEL-28 cells.

SK-MEL-28 cell homogenate (Fig. 9). This inhibition was found to be
concentration dependent. The observation that luteolin at minimal
concentration of 1 uM produced 50% inhibition of GST indicates the
GST inhibitory potency of luteolin in presence of tyrosinase.
Compared to this both 4-HA and tyrosine, known tyrosinase sub-
strates [36] produced negligible GST inhibition at similar concen-
trations (data not shown).

3.10. Docking calculations

The docking results show that both luteolin and luteolin-
quinone dock perfectly to the H-site in the GST active site in the
presence of GSH. However, the calculated free energy of binding
significantly favors luteolin-quinone over luteolin.

CYS101 site is a known catalytic site of GST [37]. It is a cysteine
group which first reacts reversibility with GST substrates facili-
tating the reaction of this intermediate with GSH. After reaction of
intermediate with GSH, the CYS101 will be released to regenerate
functional GST. On the other hand luteolin-quinone when in close
proximity of the catalytic CYS101 site (Fig. 10), reacts irreversibility
with thiol group of CYS101, suggesting permanent inactivation of
the enzyme. The fact that the GST activity is not regenerated in-
dicates that the reaction with CYS101 is irreversible and GSH
cannot release CYS101.

4. Discussion

Luteolin is a bioflavonoid and its antioxidant, anti-inflammatory
properties and chemopreventive use in traditional medicine were
reported previously [38,39]. Many studies have affirmed its prop-
erties such as induction of cell growth arrest, activation of caspase
7, apoptosis of multi-drug resistance proteins [40], which poten-
tially could be useful in treatment of different types of cancer.

Our lab has focused on tyrosinase as a molecular target in
melanoma for past 10 years. We previously showed that a number
of compounds that are oxidized by tyrosinase such as acetamino-
phen and caffeic acid phenyl ester [41] are highly and selectively
toxic towards melanoma cells both in-vivo and in-vitro [3,5,17,42].
Because tyrosianse is found abundantly in melanoma, using a
tyrosianse targeted approach offers an advantage for selective
toxicity in melanoma versus non-melanoma cancers.

Many factors such as GST causes drug resistance to chemo-
therapy in cancer cells rendering many therapeutic approaches
ineffective [2,25,43]. GST is highly expressed in melanocytic cells
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Fig. 9. Inhibition of the human SK-MEL-28 melanoma GST by luteolin. Luteolin
(0.1-80 uM) demonstrated concentration-dependent GST inhibition ranging from 0 to
97% in human melanoma SK-MEL-28 cells homogenates.
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Fig. 10. Computational docking of luteolin and luteolin-quinone in the active sites of GST (green surface), in the presence of GSH (orange stick). (A) GSH occupies the G site
and luteolin (gray and red stick) overlaps with the H site in the active site of GST. The sulfur atom in GSH and residue CYS;o; are shown in yellow color. (B) GSH occupies the G site
and luteolin-quinone (gray and red stick) overlaps with the H site in the active site of GST. The sulfur atom in GSH and residue CYS;¢; are shown in yellow color. The quinone, the
reactive group of luteloin—quinone, is close to CYSqo; in active site. The figures on the right are close ups of the active site highlighted by the box. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

and is known to contribute to drug resistance [44,45| by converting
active drug to inactive form. GST isoform GSTm catalyzes the glu-
tathiolynation of cellular proteins, thus provides protection from
oxidative stress. Inhibition of GST= could be an effective strategy to
reduce drug resistance in melanoma. GST contains thiol molecule
which could be depleted by flavonoid [46]. Unsaturated aldehydes
and ketones can alter the Cys47 residue of GSTw leading to loss of
GST function [18,47,48]. Many studies reported GST inhibition by
glutathione conjugates [49,50]|. For instance, glutathione conju-
gated form of anti-cancer drug doxorubicin demonstrated GST in-
hibition and enhanced cytotoxicity towards cancer cell [49]. Hence,
it would be interesting to identify compounds capable of selectively
inhibiting GST in melanoma cancer cells as supplementary drug
along with main anti-cancer drug to enhance therapeutic outcome.
Previously, we have reported that CAPE is a substrate of tyrosinase
and CAPE-quinone and CAPE-SG-conjugate significantly inhibited
GST in human and mouse melanoma cell lines [26].

In this study, with the hope of identifying a lead compound, we
screened rutin, querecetin, catechin and luteolin for their ability to
inhibit GST in the presence of tyrosinase. All the four compounds
were reported previously to be substrates for tyrosinase [51]. The
depletion of AA, GSH, and NADH are used as the biomarkers of
luteolin oxidation by tyrosinase. In addition, luteolin via auto-
oxidation in presence of oxygen and in biological specimens due
to one electron reduction can potentially form superoxide and
hydrogen peroxides (not investigated in this study, for additional
discussion see Refs. [5,52]).

Among rutin, querecetin, catechin and luteolin, only luteolin
was able to inhibit GST selectively at a low concentration in the
presence of tyrosinase (Table 2). Many studies reported anti-cancer
effects of luteolin. However, there is no report on effect of luteolin
on GST activity. We have earlier showed that luteolin is able to form
conjugate in presence of tyrosinase [52]. Hence, in the present
study, we sought to investigate the GST inhibition by luteolin,
luteolin-quinone and luteolin-SG-conjugate, the extent and nature
of GST inhibition.

For the first time, we demonstrated that luteolin (K; > 40 uM),
luteolin-SG conjugate (K; < 0.75 uM), and luteolin-quinone (K; <
0.05 pM) considerably inhibit GST. We observed that luteolin is a
weak GST inhibitor, while luteolin-SG-conjugate and luteolin-
quinone are potent inhibitors of GST (Scheme 1, Tables 1 and 2).
With respect to GSH, the Lineweaver—Burk plots indicated that the
GST inhibition by luteolin and luteolin-quinone is mixed inhibition,
while GST inhibition by luteolin-SG-conjugate is competitive in
nature. With respect to CDNB substrate, GST inhibition by luteolin
is non-competitive. Inhibition by luteolin-quinone and luteolin-SG-
conjugate with respect to CDNB are mixed and competitive,
respectively. Among the 3 species of intact luteolin, luteolin-SG
conjugate, and luteolin-quinone, only the latter two have poten-
tial as drugs with Kj < 1 uM, which is potentially achievable in-vivo
as therapeutic agents. The order of GST inhibition was luteolin-
quinone >> luteolin-SG conjugate >>> luteolin.

The potency of GST inhibition by flavonoid is dependent on
hydroxylation pattern and number of hydroxyl groups [53]. The
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Table 2

Tyrosinase mediated bio-activation of a number of flavonoids and GST inhibition by their quinone and glutathione-conjugate products. Various flavonoids were
screened to determine their bio-activation by tyrosinase and ability of their quinones and SG-conjugates to inhibit GST. Rutin, catechin, querecetin and luteolin were found to
be metabolized by tyrosinase, hence, substrate for tyrosinase. Among these only luteolin-quinone and luteolin-glutathione conjugate were found to inhibit GST.

Compound Tyrosinase substrate GST inhibition by compound alone GST inhibition by quinone GST inhibition by conjugate
4-HA Yes No No No

Tyrosine Yes No No No

Rutin Yes No 96% inhibition No

Catechin Yes No 99% inhibition No

Querecetin Yes No 99% inhibition No

Luteolin Yes Weak inhibitor 99% inhibition 80% inhibition

presence of a catechol group (two —OH groups) and unsaturated
bonds makes luteolin a potential candidate to inhibit GST. In
addition, luteolin mediated GSTm depletion might be due to
depletion of thiol content of GSTT or enhancement of oxidative
stress. Ethacrynic acid (EA) [36] is a known GSTm inhibitor in-vitro.
Presence of unsaturated carbonyl functional group at a,  positions
makes EA a highly efficient GST inhibitor [54,55]. EA[32] is a known
GSTm inhibitor in-vitro. Presence of unsaturated carbonyl functional
group at a, B positions, known as allyl ketone, makes EA a highly
efficient GST inhibitor [46,47]. Hence chemicals with similar
structures may potentially exhibit GST inhibition. Likewise, after
oxidation by tyrosinase, luteolin structure is transformed to a
chemical structure with carbonyl functional group adjacent to
unsaturated bonds, similar to allyl ketone group, providing a
similar reactive functional group which could inhibit GST. One
should note that such allyl ketone structure is generated after
metabolism by tyrosinase.

In addition, docking results suggest that both luteolin and
luteolin-quinone dock perfectly to the H-site in the GST active site
in the presence of GSH. However, the calculated free energy of
binding significantly favors luteolin-quinone over luteolin, which is
consistent with the lower K; value observed in this study. One
should also note that the reactive group of luteolin-quinone is close
to the catalytic CYS101, suggesting a possible irreversible reaction
with CYS101, supporting current experimental data that luteolin-
quinone irreversibly inhibit GST.

One explanation that luteolin-SG conjugate inhibited GST in
competitive and reversible manner with respect to both GSH and
CDNB is that it fits well in the active site of GST and binds to both
binding sites of GST. On the other hand, luteolin-quinone with low
Ki of less than 0.05 puM inhibited GST via irreversible mixed
mechanism. This could be because luteolin-quinone is chemically a
highly reactive species, which could modify other cysteine groups
outside the GST active site as well as CYS101 in active site (GST
has 4 cysteine groups). High K; value for luteolin suggests that
luteolin is a non-selective non-specific inhibitor of GST in the
absence of tyrosinase and may bind non-specifically to other un-
specified regions of GST (not investigated).

In addition to the role of GST in drug metabolism, one should
note that xenobiotic metabolism and elimination is a complex
process involving cross interaction of transcription factors,
signaling pathways, phase I and phase I drug metabolizing en-
zymes and drug transporters. For instance, flavonoids have been
reported to induce pregnane x receptor (PXR), which in turn in-
duces activity of drug metabolizing enzymes such as CYP and GST
[56], but none of these studies investigated the role of luteolin on
the expression of PXR in presence of tyrosinase.

Although there are reports indicating that luteolin increases GST
activity in intestine of control rat following 30 weeks administra-
tion [57,58], these observations were in healthy tissue and there are
no tyrosinase activity present in intestine. Hence our findings are
not in contrast with these studies, as the focus of this study was

selective inhibition of GST in presence of tyrosinase present in
melanoma cells.

In conclusion, we have shown for first time that in the presence
of tyrosinase, luteolin is selectively bio-activated to its -quinone
and -SG-conjugate metabolites. These bio-activated forms are
capable of inhibiting GST at a very low concentration of 1 uM which
is clinically achievable. Because high expression of tyrosinase and
GST in melanoma, and that GST is partly responsible for resistance
to anti-melanoma agents, suppression of GST activity by luteolin
could be an effective strategy for anti-melanoma chemotherapy.
These findings could help in designing more efficacious novel an-
alogs for melanoma treatment.
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