599 Egypt. J. Chem. Vol. 67 No. 12 pp. 601 - 611 (2024)

u

Egyptian Journal of Chemistry

http://ejchem.journals.ekb.eg/

Dual Action of Resveratrol: Inhibition of Human Glutathione Transferase
and its Antagonism with Tamoxifen on Breast Cancer Cell Viability

Abeer Shokeer,” Eman R. Zaki,"Nevein Salah El-Din Saleh,” Rasha A. Guneidy® CrossMark

“Molecular Biology Department, Biotechnology Research Institute, National Research Centre, Cairo12622,

Egypt

Abstract

Breast cancer is considered as the second leading cause of death among women. Resveratrol, known as phytoestrogen,
exhibits anti-cancer, anti-oxidant, and anti-inflammatory properties. It is a trans-stilbene and a non-flavonoid polyphenol. This
study examined the impact of resveratrol on human glutathione transferase P1-1 (hGST P1-1) activity and its efficacy when
combined with tamoxifen using MCF-7 breast cancer cells. Steady-state kinetics and molecular docking were demonstrated to
show the effect of resveratrol inhibition on hGST P1-1. Resveratrol acts as a mixed noncompetitive inhibitor for hGST P1-1
by using glutathione (GSH) as a substrate, altering both Vmax and KM. The Ki values were investigated of 71+12.6 uM for
GSH, suggesting that resveratrol can interact with the free enzyme and the enzyme-substrate complex. Molecular docking
studies revealed interactions between both resveratrol and tamoxifen with the dimer interface of hGST P1-1. The combination
of resveratrol and tamoxifen showed an antagonist effect on MCF-7 cell viability, suggesting potential complexities and
challenges in their combined use for therapeutic purposes. The antagonistic effect suggests that resveratrol could interfere
with the therapeutic efficacy of tamoxifen, potentially through molecular mechanisms. This study investigates the importance
of understanding drug interactions at the molecular level and highlights the necessity for careful consideration when
combining therapeutic agents.
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1. Introduction

Breast cancer is the second leading cause of death
among women. It is a hormone-dependent disease,
and estrogen is secreted from mammary tumor cells
[1]. Numerous types of cancer, including breast
cancer, have a significant correlation with dietary
intake and exercise [2, 3]. The stilbene backbone
class of polyphenols exhibits various biological
activities and beneficial effects, including anti-
oxidant and anti-inflammatory properties, mainly due
to its ability to scavenge free radicals. Consequently,
it can positively influence pathologies associated with
oxidative stress, including cancer [4-6]. Resveratrol is
classified as a phytoestrogen because of its similarity
in structure to estrogen diethylstilbestrol which
allows interaction with the human estrogen (o and 8)
receptors and activates estrogen receptor-dependent
transcription in human breast cancer cells [7,8]. It

acts as an anti-tumor agent in breast cancer [9-11] by
affecting several intracellular mediators involved in
cancer initiation, promotion, and progression, as well
as apoptosis and cell-cycle arrest [12-16].
Additionally, resveratrol acts as a potential
multidrug-resistant  inhibitor in different drug-
resistant cancer cells [17].

Due to its important properties, the stilbene scaffold
has been introduced to many synthetic anti-cancer
drugs such as toremifene, raloxifene, and tamoxifen.
The tamoxifen [(z) -1- [4- [2-
(dimethylamino)ethoxy] phenyl] -1,2-diphenyl-1-
butene] is a trans-stilbene synthetic compound [18]. It
is defined as a non-steroidal selective estrogen
receptor modulator that can help in treating early and
advanced human breast cancer. Additionally, it can
potentially prevent breast cancer in humans in
specific cases [19]. It works by blocking the effects
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of estrogen, thereby reducing estrogen production in
breast cancer cells [20].
The relationship between chemical structure and

biological activity has been extensively studied and is
still being debated due to its significance. The
stilbene backbone class includes trans-resveratrol
(3,4',5-trihydroxystilbene, stilbene,
Fig.1). Although resveratrol and tamoxifen share a
stilbene backbone, they have different mechanisms of
action as anti-cancer drugs as shown above.
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Figure 1: Chemical structures of stilbene backbone, tamoxifen,
and trans-resveratrol. The chemical structures were drawn by the
ACD/ChemSketch 2018.2.1 program (ACD/Labs, Toronto, ON,
Canada).

Tamoxifen trans-Resveratrol

Combination treatment with resveratrol has been a
promising strategy to overcome tamoxifen resistance
[21]. Resveratrol is a proven antioxidant that can
protect normal cells from damage that is produced by
anticancer medicines during chemotherapy [22].
Human glutathione transferases (EC 2.5.1.18; GSTs)
belong to the enzymes involved in detoxication
enzymes (phase II). They are divided into three
families according to their sub-cellular distributions
including cytosolic, mitochondrial, and microsomal
[Membrane-Associated Proteins in Eicosanoid and
Glutathione (MAPEG)] [23]. Cytosolic GSTs
represent the large family. They have been divided
into seven classes based on their amino acid
sequences and structural similarities into, Alpha (A).
Mu (M), Pi (P), Theta (T), Sigma (S), Omega (O),
and Zeta (Z) [24-26]. Cytosolic GSTs are made up of
two subunits, each of which is about 25 kDa. Each
subunit of dimeric form constitutes two domains, N-
terminal and C-terminal domains [25-27]. The N-
terminal domain includes a hydrophilic binding site
(G-site) which is specific for GSH [28]. The C-
terminal domain constitutes a hydrophobic substrate
binding site (H-site), allowing the enzyme to interact
with a wide range of electrophilic substances. The
enzyme's active site is formed by the G and H sites
[29-31]. The dimer interface that is located between
the two dimers, is supposed to facilitate the release of
toxic substances from the cell [32].

GSTs facilitate the GSH thioether conjugate with
potentially harmful electrophilic intermediates.
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Additionally, GSTs play an important role in post-
translational modifications, c-Jun N-terminal kinase
(JNK) signaling pathways, and Cyclin-dependent
kinase 5 (Cdk5) kinase activity, as well as
mechanisms related to cell death and survival [27].
Elevation of GSTP production has been found in
tumors and is believed to be related to tumor cell
resistance to therapy. For instance, research has
shown that GSTP expression is linked to drug
resistance and poor diagnosis in breast cancer
patients [33]. Numerous studies also indicate that the
presence of GSTP predicts poor pathological
response in estrogen receptor o-negative breast
cancer during neoadjuvant therapy [34, 35]. It was
also suggested that GSTP expression, along with loss
of estrogenic receptor a at the mRNA or protein level
has been linked to poor prognosis in breast cancer as
well as the mechanism of drug resistance [35-37].

This study aims to investigate the effects of
resveratrol on hGST P1-1 catalytic activity as well as
its efficacy in MCF-7 breast cancer cells, both
separately and in combination with tamoxifen.
Furthermore, the study will use molecular docking
techniques to elucidate the molecular interactions
between resveratrol, tamoxifen, and hGST P1-1. The
results of this study may reveal the complexity of
drug interactions at the molecular level and highlight
the necessity for careful consideration when
combining therapeutic agents. Understanding these
interactions is crucial for optimizing breast cancer
treatment strategies and improving patient outcomes.

2. Experimental

Chemicals

In this study, resveratrol, Tamoxifen, reduced
glutathione  (GSH), 1-chloro-2,4-dinitrobenzene
(CDNB), LB broth media, lysozymes, isopropyl-p-D-
thiogalactoside (IPTG), Sodium dodecyl sulphate
(SDS), dimethyl sulfoxide (DMSO), and Ni-IMAC
affinity gel were obtained from Sigma-Aldrich, USA.
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide) (MTT) and human breast
cancer cell lines (human Caucasian breast
adenocarcinoma (MCF-7) were obtained from the
Bioassay-Cell Culture Laboratory, National Research
Centre, Cairo, Egypt.

2.1. Expression and purification of recombinant
human GST P1-1

The wild-type recombinant hGST P1-1 was kindly
provided by Prof. Bengt Mannervik (Stockholm
University, Department of Biochemistry and
Biophysics). The hGST P1-1 was transformed in
XL1- Blue strain of E. coli with the plasmid pKK-D.
The cells had been cultured to reach the absorbance
of 0.2 at OD600 before induction with 0.2 mM IPTG.
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After 18 hours of incubation at 37°C, the cells were
collected by centrifugation at 3000 xg for 10 minutes.
The bacterial pellets were suspended in 20 mM
phosphate buffer, pH 7.4, 1.0 mM EDTA, 0.2 mM
DTT, 0.2 mg of lysozyme\ mL, and kept on ice for 30
minutes. Sonication was performed in three 60-
second treatments, with 60-second intervals. The
resulting suspension was centrifuged at 30,000 xg for
30 minutes at 4°C, and the supernatant containing
hGST P1-1 was saved for further purification.
N-terminal 6XHis-tag hGST P1-1 was purified in a
single step using Ni-IMAC affinity chromatography.
The matrix was equilibrated with 20 mM sodium
phosphate buffer, pH 7.4, 0.2 mM DTT, 500 mM
NaCl, and 100 mM imidazole (buffer A). The bound
GST had been eluted with buffer A which included
500mM imidazole, and dialyzed against 10 mM Tris-
HCI, pH 7.8, containing 0.2 mM DTT, and 1mM
EDTA. All of the procedures had been carried out at
4 °C. The purity of hGST P1-1 protein was checked
by SDS-PAGE [38]. Protein concentration was
determined by Bradford method using Coomassie
brilliant blue (G-250) dye and bovine serum albumin
serving as the standard [39].

2.2. GST P1-1 activity assay

The specific activity of recombinant hGST P1-1 was
determined as described by [40]. The assay mixture,
with a total volume of 1.0 mL, included 0.1 M
potassium phosphate buffer, pH 6.5, 1.0 mM CDNB
in ethanol, 1.0 mM GSH in buffer, and 150 uM
enzyme. The assay was measured at an absorbance of
340 nm, using an extinction coefficient of 9.6 mM-
lem-1 [40].

2.3. Resveratrol inhibition effect on hGST P1-1

The potency (Ki), and the type of inhibition of
resveratrol were followed by using a steady-state
kinetics inhibition study. The apparent KM and
Vmax values for GSH were determined at pH 6.5,
with GSH concentrations ranging from 0.1 to 2.0 mM
with a constant CDNB concentration of 2.0 mM. The
selection of pH 6.5 for the assay was chosen to
optimize hGST P1-1 activity and stability. The
chosen concentration range of GSH was relevant for
assay optimization, as it allows for accurate
measurment of hGST P1-1 specific activity as well as
avoiding substrate inhibition effect that can occur at
high level of concentrations. The experiment was
carried out with three different concentrations of
resveratrol (30, 50, 70uM). The apparent KM, Vmax,
and Ki values were calculated by using Michaelis-
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Menten and Lineweaver—Burk plots. Another method
(Dixon plot) for determining the Ki value was
suggested by [41]. The reaction's initial velocity was
recorded as resveratrol concentrations at three fixed
GSH concentrations.

24. Molecular docking of resveratrol and
tamoxifen with GST P1-1.

The crystal structure of recombinant hGST P1-1
enzyme (PDB: 6GSS) in complex with a substrate
(GSH) was obtained from the Protein Data Bank
(www.rcsb.org) in PDB format [42]. The information
on the enzyme structure is described in text files
containing crucial information such as the number of
atoms, their names, angles, dihedral angles, bond
distances, and numbers of residue. The three-
dimensional structures of the ligands of interest
(resveratrol and tamoxifen) were obtained from
PubChem(https://pubchem.ncbi.nlm.nih.gov\compou

nds). These ligand structures were optimized through
geometry adjustments and energy minimization, and
then saved as mol2 format. Graphical representations
were created using the UCSF-Chimera program,
which is a visualization system for analysis and
exploratory research [43]. Molecular docking was
employed to predict the optimal orientation of a
protein when attached to another compound in a
stable complex. Most docking programs assume the
target is an inflexible while allowing for ligand
flexibility [44]. The molecular docking was
performed using SwissDock server, an online tool
based on the EADock DSS engine that employs a
multi-objective scoring functions designed around the
CHARMM22 force field and FACTS solvation [45].

2.5. Cell culture for breast cancer cells

MCEF-7 breast cancer cells were utilized in this study.
A laminar flow chamber biosafety class II level
(Baker, SG403INT, Sanford, ME, USA) was used to
perform all procedures in an atmosphere of sterility.
The cells were cultured in DMEM medium HCT116
containing 1%  antibiotic-antimycotic  solution
(10,000U/ml  Potassium Penicillin, 10,000ug/ml
Streptomycin Sulfate and 25ug/ml Amphotericin B)
and 1% L-glutamine at 37°C with 5% CO2. Cells
were cultured in batches to grow for 10 days after
then transfered at a concentration of 10x103
cells/well to new complete growth media in 96-well
microtiter plastic plates at 37°C for 24 hours under
5% CO, through a carbon dioxide incubator
(Sheldon, TC2323, Cornelius, OR, USA). After
aspirating the cultural media, a fresh medium
(without serum) was then added and the cells were
cultured with several concentrations of the sample
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(resveratrol, tamoxifen, and their combination) or
alone (negative control) to achieve the final
concentration of 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50,
and uM/ml.

2.6. Cell viability measurement

To measure the viability of cells, the mitochondria-
dependent reduction in yellow color of MTT into
purple formazan was assessed [45]. The cultural
medium was aspirated after 48 hours of incubation
process, and 40ul of MTT salt with a concentration of
2.5png/ml was added to every well. The mixture was
then incubated further for 4.0 hours at 37°C with 5%
CO,. To terminate the reaction and dissolve the
crystals that had formed, 200uL of 10% SDS solution
was applied to each well and maintained at 37°C
overnight [47]. The absorbance was then determined
at a wavelength of 595nm using a microplate multi-
well reader (Bio-Rad Laboratories Inc., model 3350,
Hercules, California, USA). A statistical significance
was tested between samples and the negative control
(cells containing vehicle) using a t-test (SPSS 11
program). The concentration of DMSO reagent used
for dissolving the tested compounds was less than
0.2%. A probit analysis was performed to determine
IC50 and IC90 using the SPSS 11 program. The
percent change in viability was estimated using the
following formula:

[(Reading of compound/Reading of negative control)
—1] x 100

2.7. Statistical analysis

All tests were done in triplicate, and their results are
displayed as mean =+ standard deviation (SD).
GraphPad Prism version 5.0 (GraphPad Software,
San Diego, CA, USA) had been used for statistical
analysis. The One-way ANOVA test followed by the
Kruskal-Wallis test was used to assess the
significance of differences among samples. A p-value
of 0.05 or less was regarded as a statistical
significance.

3. Results and discussion

3.1. Inhibitory effect of resveratrol on hGST P1-1
Elevated expression of GST P1-1 is linked to drug
resistance in cancer cells, including breast cancer [35,
48, 49]. By inhibiting hGST P1-1 activity, selected
inhibitors, including resveratrol, could potentially
counteract this resistance mechanism, causing the
cancer cells more sensitive to chemotherapy
treatments. Furthermore, resveratrol has anti-oxidant
and anti-inflammatory properties that could provide
additional benefits in cancer treatment [50-51].
Resveratrol's anti-oxidant mechanisms can play a
crucial role in mitigating oxidative stress, which is
linked to many human diseases [52], by reducing
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oxidative stress and inflammation, resveratrol could
protect healthy cells from chemotherapy-induced
damage [53]. Steady-state kinetics inhibition analysis
was used to determine resveratrol’s inhibition
potency (K;) and identify the inhibition type in the
enzymatic reaction.

The data were represented by the Michaelis-Menten,
Lineweaver—Burk plot, and Dixon plot of hGST P1-1
kinetics (Figure 2A, B, and C, respectively). The
results indicated that resveratrol acts as a mixed
inhibitor toward GSH. This suggests that resveratrol
can bind to both free enzyme (E) and enzyme-
substrate (ES) complex, leading to the formation of
enzyme-inhibitor (EI) or enzyme-substrate-inhibitor
(ESI) complexes. The mixed inhibition of resveratrol
was confirmed by altering both Ky; and V. values
among different concentrations of resveratrol (Table
1). Specifically, the V.., and Ky values, which
indicate the maximum reaction velocity and the
Michaelis constant, respectively, were affected. The
K; value was found to be 71 + 12.6 uM using GSH as
a substrate as shown in Table 1.

The Dixon plot (Figure 2C) shows the reciprocal of
the reaction velocity (1/v) plotted versus the x-axis,
confirming mixed noncompetitive inhibition. This
intersection point provides the K; value, which
concludes that resveratrol can bind to both the free
enzyme (E) and the enzyme-substrate (ES) complex.
Additionally, the alpha factor value was calculated to
be 2.15 £+ 0.8. The alpha factor indicates that
resveratrol decreases the enzyme’s affinity for GSH.
This alteration in affinity is a characteristic of mixed
inhibition, in which the inhibitor influences the
enzyme’s binding to its substrate and the overall
catalytic activity.

Table 1: Kinetic parameters of hGST PI1-1 with different
concentrations of resveratrol

ay G g, O ¢ “Alpha factor
Resveratrol concentration (uM) . , &
(uM\min\mg protein) (mM) (uM)

0 2024800 0.3800.04
3 185103 0459£0.06

Mel26 | 215£08

30 163699 04692005

0 135£9.66 04726009

“Vmax is the maximum enzyme velocity, expressed in the same
units as uM\min\mg protein.

YKuis the MichaelisMenten constant, expressed in mM

°Kiis the inhibition constant, expressed in uM.

9Alpha factor value determines the degree to which the binding of
resveratrol changes the affinityof the hGST P1-1for substrate. Its
value is always greater than zero.
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Figure 2: Steady-state kinetics for the inhibition of hGST P1-1 by
resveratrol.

(A)Michaelis-Menten plot shows the inhibition of hGSTP1-1 by
resveratrol at three concentrations (0, 30, 50, and 70uM). The
concentration of GSH was varied from 0.1 to 2.0 mM at constant
concentration of CDNB at 2 mM. This plot demonstrates how
resveratrol affects the enzyme's activity in the presence of varying
GSH concentrations.

(B)Lineweaver-Burk plot (double reciprocal plot) indicates mixed
noncompetitive inhibition when a > 1. The value of a is crucial as
it helps determine the mechanism of inhibition exerted by
resveratrol on hGST P1-1.

(C) Dixon plot presents 1\v as a function of inhibitor concentration
for mixed noncompetitive inhibition at three different GSH
concentrations. The K; value for resveratrol is determined from
negative x-axis value at the intersection point of three lines,
providing insight into the potency of resveratrol as an inhibitor of
hGST P1-1.

Both non-competitive and mixed types of inhibition
are similar but have distinct roles in enzyme kinetics.
The similarity is concerned in that the inhibitor can
bind to both the free enzyme to give a complex (EI)
with dissociation constant K;. and also to the enzyme-
inhibitor-substrate complexes (ESI) with
a dissociation constant K;, (Fig. 3). Mixed inhibition
may occur as a result of reversible interaction to the
enzyme-substrate complex (ES) [54,55]. It shows
also increasing or decreasing (Ky;) depending on
whether the inhibitor has more affinity to the enzyme
or the enzyme-substrate complex. In addition to
resveratrol, catechins have also been shown to exhibit
mixed non-competitive inhibition towards hGST P1-
1. Our previous study indicates that catechins, a
group of flavonoids, alterd the values of Vi, and
Ky, suggesting a similar inhibition mechanism as
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observed with resveratrol [56]. This comparative
analysis highlights the potential for a broader
understanding of how various compounds interact
with hGST P1-1, which could inform future
therapeutic strategies. This understanding can also
elucidate the specific binding sites and interactions at
molecular level.

S

EA—‘ES—)-E'I-P

Figure 3: Mechanism that produced mixed inhibition. This figure
illustrates the mixed noncompetitive inhibition mechanism of
resveratrol (I) on human glutathione transferase P1-1 (E).
Resveratrol binds to free enzyme (E) and the enzyme-substrate
complex (ES), resulting in enzyme-inhibitor (EI) and enzyme-
substrate-inhibitor (EIS) complexes. This dual binding results in
alterations to both the maximum reaction velocity (Vi) and the
Michaelis constant (Ky) using glutathione as substrate (S),
indicating mixed inhibition. The inhibition constants (K;;) and (Kj,
) are depicted in the figure. The (Kj ) represents the dissociation
constant for the inhibitor binding to the (E ) while the (Ki,)
represents the dissociation constant for the inhibitor binding to the
(ESI). These constants highlight the ability of (I) to bind to both
forms of the enzyme, thereby interfering with its activity.

3.2. Molecular docking of resveratrol and
tamoxifen with GST P1-1

The docking results provide detailed structural
insights into the binding interactions. Both resveratrol
and tamoxifen exhibited affinity binding to hGST P1-
1. Tamoxifen showed a slightly higher binding score
(delta G= -7.6 Kcal\mol) than resveratrol (delta G= -
6.9 Kcal\mol) which indicating a stronger interaction
of tamoxifen with hGST P1-1 as shown in figure 4
and 5. This observation is in line with a previous
study that has demonstrated the potent anticancer
effects of tamoxifen through its ability to modulate
estrogen receptor expression and induce apoptosis
[57]. On the other hand, both resveratrol and
tamoxifen formed hydrogen bonds and hydrophobic
interactions with key residues in the dimer interface
of hGST P1-1 including Argl3, Glu65, Ser66, Arg70,
Glu97, Asp94, Cys101, Lys102, and Trp108 (Fig. 4,
5). Glu65 and Ser66 reidues were highly conserved
among GSTs. Arg70 is invloved in key structural
region of GST PIl-1. The conservations of the
residues is thought to play an impotant role in
maintaing stability of that regions as well as keep
correct folding [58] Trp108 residue that lies within
H-site has been identified as crucial for the activity of
GST PI-1 [59]. The hydrogen bonds and
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hydrophobic interactions observed suggest that both
resveratrol and tamoxifen fit well within the GST P1-
1 interface, leading to the stabilization of the enzyme-
inhibitor complex. These results support the mixed
inhibition of resveratrol and un-competitive
inhibition of gossypol with hGST P1-1 as shown
earlier [56]. The change in inhibition type suggests
that while both reveratrol and gossypol may bind
similarly [56], they could induce different
conformational changes in the enzyme. This could
indicates the complexity of enzyme-ligand
interactions and emphasize the need to discover how
different structural feactures affect the inhibition
mechanisms.

A)

B)

Previous study has shown that resveratrol interacts
with different proteins and enzymes, demonstrating
its multifunctional therapeutic potential. For instance,
resveratrol’s interaction with insulin has been studied
using molecular docking, revealing significant
binding interactions that contribute to its anti-diabetic
properties [60]. They had shown the versatility of
resveratrol in modulating different molecular targets,
which is consistent with its observed inhibitory
effects on hGST P1-1 in the current study.

Figure 4: Interaction of trans- resveratrol with hGST P1-1 enzyme. (A) Binding site of the hGST P1-1 (PDB ID: 6GSS) and position of
resveratrol at the enzyme interface. (B) Docking pose of resveratrol in hGST P1-1 showing the different amino acid residues of hGST P1-1
interacting with resveratrol, depicted in green, glutathione is shown in blue.

A)

. —GSH (G-site)

Figure 5: Interaction of tamoxifen with hGST P1-1 enzyme. (A) Binding site of the hGST P1-1 (PDB ID: 6GSS) and position of tamoxifen at
the enzyme interface. (B) Docking pose of tamoxifen in hGST P1-1 showing the different amino acid residues of hGST P1-1 interacting with

tamoxifen, depicted in green, glutathione is shown in blue.
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3.3. Cytotoxicity and cell viability

Resveratrol has been demonstrated to increase the
effectiveness of some anticancer drugs such as
docetaxel, paclitaxel, cisplatin, and doxorubicin,
through synergistic effects. This effect can be
explained by different mechanisms such as
the induction of apoptotic pathways which make
cancer cells more susceptible to drug-induced cell
death [61]. Additionally, resveratrol has been found
to sensitize cancer cells to chemotherapeutic drugs to
overcome drug resistance [62]. Resveratrol can also
enhance the efficacy of anticancer drugs by
modulating various signaling pathways, making them
more effective at lower doses [16, 63].

This study investigated the effects of resveratrol and
tamoxifen on the cytotoxicity and viability of MCF7
cells across a range of concentrations (0.78 to 100
uM). Both compounds demonstrated a dose-
dependent reduction in cell viability. At higher
concentrations (100 and 50 uM), both resveratrol and
tamoxifen significantly reduced cell viability. As the
concentration decreased, resveratrol maintained a
higher efficacy in reducing cell viability compared to
tamoxifen. At the lowest concentration tested (0.78
uM), both compounds showed a slight increase in
cell viability compared to some  higher
concentrations, suggesting a dose-response or
adaptive effect (Fig. 6).

1004
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O O O ® D P D Ao b
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tran-Resveratrol E3 Tamoxifen

Figure 6: Comparison of cell viability (%) at varying
concentrations of resveratrol and tamoxifen. Bars filled with
diagonal gray lines represent resveratrol, while bars filled with
black dots represent tamoxifen. The x-axis shows concentration
values in [pug/mL], and the y-axis indicates the percentage of cell
viability. Statistical significance was determined using a one-way
ANOVA followed by Kruskal-Wallis test. The value of (p) 0.016,
(*p < 0.05).
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Interestingly, it was found that the combination of
resveratrol and tamoxifen showed an antagonistic
effect on MCF-7 cell viability (Fig. 7). This
antagonistic interaction resulted in higher cell
viability in comparison to tamoxifen alone,
suggesting that resveratrol reduces the cytotoxic
effects of tamoxifen when used in combination. The
antagonistic effect observed with the combination of
two compounds was calculated using combination
index (CI) values, where CI > 1 indicates antagonism.

Tamoxifen

100+

80+

60+

’-“-*\.

% Cytotoxcity

0 20 40 60 8 100
Concentration [pM\ml]

Figure 7: Cytotoxicity percentage as a function of concentration
[uM/mL] for resveratrol, tamoxifen, and their combined effect on
MCF7 cells. Combined treatment of resveratrol and tamoxifen
shows an antagonistic effect compared to the individual treatments.
. Statistical significance was determined using a one-way ANOVA
with a p-value of 0.016, (*p < 0.05).

Previous studies have shown that resveratrol can act
as an antagonist for estrogen receptors, which may
further complicate its interaction with tamoxifen [7].
Additionally, resveratrol’s ability to modulate various
molecular targets, including drug- and carcinogen-
metabolizing enzymes, supports its multifunctional
therapeutic potential. However, this also highlights to
the need for careful consideration when designing
combination therapies [64].

While resveratrol in the present study exhibited an
antagonistic effect on cell viability when combined
with tamoxifen, oxyresveratrol in another study by
[65] showed the synergistic effects of when
combined with anticancer agents doxorubicin and
melphalan. They reported that oxyresveratrol not
only enhanced cytotoxicity but also altered cell
morphology and induced apoptosis  without
generating cardiotoxic metabolites [65]. The differing
effects of resveratrol and oxyresveratrol provide
valuable thoughts relating to the potential for
developing innovative therapeutic strategies that
influence the strengths of both related compounds
and decreasing their weaknesses.

Incorporating conjugation techniques and
nanoparticle delivery methods, could be also
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explored to improve the delivery and efficacy of
compounds like resveratrol in cancer treatments [66-
69]. This approach may further optimize therapeutic
outcomes by enhancing target specificity and
reducing off-target effects, a concept aligned with our
findings on the selective inhibition of hGST P1-1 by
resveratrol. Therefore, the current study highlights the
importance of careful consideration when combining
therapeutic agents, as interactions can vary
significantly depending on the specific drugs and
involved mechanisms.

4. Conclusion

This study aimed to show the effects of resveratrol on
the catalytic activity of hGST P1-1, as well as its
efficacy on MCF-7 breast cells. This effect was used
individually and in combination with tamoxifen.
Additionally, the combined treatment of resveratrol
and tamoxifen was studied to investigate its
antagonistic effect on cell viability. The results of the
present study provide new insights into the drug
design efforts targeting GSTs and elucidate the
structure-function relationship of resveratrol and
tamoxifen through molecular docking, providing a
deeper understanding of their interactions with hGST
P1-1. Resveratrol exhibited a mixed type of
inhibition, which adds to the complexity of its
interaction with tamoxifen. The outcome of the study
may contribute to understanding of drug interactions
at the molecular level and highlight the necessity for
careful consideration when combining therapeutic
agents. Future studies should focus on elucidating the
precise molecular mechanisms underlying the
antagonistic effects observed in the current study.
Additionally, in vivo studies and clinical trials are
necessary to evaluate the therapeutic potential and
safety of combining resveratrol with tamoxifen in
breast cancer treatment.

5. Conflicts of interest
On behalf of all authors, the corresponding author
states that there is no conflict of interest.

6. Formatting of funding sources
Research is funded by the National Research Center,
Cairo, Egypt under grant number 121104.

7. Acknowledgment

We thank Prof. Bengt Mannervik (Department of
Biochemistry and Biophysics, Stockholm University,
Sweden) for the kind donation of E. coli clones that
express human recombinant GST P1-1.

8. References
[1] Clusan, L., Ferriere, F., Flouriot, G., and Pakdel,
F. (2023) A Basic Review on Estrogen Receptor

Egypt. J. Chem. 67, No. 12 (2024)

Signaling Pathways in Breast Cancer. Int. J. Mol.

Sci.

24, 6834.

https://doi.org/10.3390/ijms24076834

(2]

(31

(4]

(5]

(6]

(71

(8]

(9]

Britten, O., and Tosi, S. (2024) The role of
diet in cancer: the potential of shaping
public policy and clinical outcomes in the
UK. Genes Nutr. 19,15.
https://doi.org/10.1186/s12263-024-00750-9
Banoon, S.R., Jasim, S.A., Ghasemian, A.
(2023) Effect of 12-week Aerobic Exercise
on the Tumor Size and Expression of HIF-
la, BCL-2, Mir-15a, and VEGF Genes in
BALB/C Female Mice with Breast Cancer.
J. Chem. Health Risks 13, 283.

Graf, B.A., Milbury, P.E., and Blumberg,
J.B. (2005) Flavonols, flavones, flavanones,
and human  health: epidemiological
evidence. J. Med. Food 8, 281-90. doi:
10.1089/jmf.2005.8.281.

Salehi, B., Mishra, A.P., Nigam, M., Sener,
B., Kilic, M., Sharifi-Rad, M., Fokou,
P.V.T., Martins, N., and Sharifi-Rad, J.
(2018) Resveratrol: A Double-Edged Sword
in Health Benefits. Biomedicines 6, 9. doi:
10.3390/biomedicines6030091.

Kaur, G., Kaur, R., Sodhi, G.K., George, N.,
Rath, S.K., Walia, H.K., Dwibedi, V., and
Sanjai Saxena, S. (2024) Stilbenes: a
journey from folklore to pharmaceutical
innovation. Arch Microbiol 206, 229.
https://doi.org/10.1007/s00203-024-03939-z
Bowers, J.L., Tyulmenkov, V.V., Jernigan,
S.C., and Klinge, C.M. (2000) Resveratrol
acts as a mixed agonist/antagonist for
estrogen receptors alpha and Dbeta.
Endocrinology 141, 3657-3667.

Singh, B., Shoulson, R., Chatterjee, A.,
Ronghe, A., Bhat, N. K., Dim, D.C., and
Bhat, H.K. (2014) Resveratrol inhibits
estrogen-induced  breast  carcinogenesis
through induction of NRF2-mediated
protective pathways, Carcinogenesis 35,
1872- 1880.

Gerszon, J., Rodacka, A., and Puchata M.
(2014) Antioxidant properties of resveratrol
and its protective effects in neurogenerative
diseases. Adv. CELL Biol. 4, 97-117.

[10]Sinha, D., Sarkar, N., Biswas, J., and

Bishayee, A. (2016) Resveratrol for breast
cancer prevention and therapy: Preclinical
evidence and molecular mechanisms. Semin.
Cancer Biol. 40-41, 209-232. doi:
10.1016/j.semcancer.2015.11.001. Epub
2016 Jan 13. PMID: 26774195.

[11]Fenga, C., Costa, C., Caruso, E., Raffa, L.,

Alibrando, C., Hangemi, S., Docea, A., and



DUAL ACTION OF RESVERATROL: INHIBITION OF HUMAN GLUTATHIONE.. 609

Tsatsakis, A. (2016) Current evidence on the
protective effect of dietary polyphenols on
breast cancer. Farmacia. 64, 1-12.

[12] Stagos, D., Amoutzias, G.D., Matakos, A.,
Spyrou, A., Tsatsakis, A.M., and Kouretas,
D. (2012) Chemoprevention of liver cancer
by plant polyphenols. Food Chem.Toxicol.
50, 2155-2170.

[13] Huang, Z., Huang, Q., Ji, L., Wang, Y., Qi,
X., Liu, L., Liu, Z., and Lu, L. (2016)
Epigenetic regulation of active Chinese
herbal components for cancer prevention
and treatment: A follow-up review.
Pharmacol. Res. 114, 1-12.

[14]Chimento, A., Sirianni, R., Saturnino, C.,
Caruso, A., Sinicropi, M.S., and Pezzi V.
(2016) Resveratrol and its analogs as
antitumoral agents for breast cancer
treatment. Mini Rev Med Chem. 16, 699-
709.

[15]Dztiirk, Y., Giinaydin, C., Yal¢in, F,,
Naziroglu, M., and Braidy N. (2019)
Resveratrol enhances apoptotic and oxidant
effects of paclitaxel through TRPM2
channel activation in DBTRG glioblastoma
cells. Oxidative Med. Cell. Longev. 2019,
4619865. doi:10.1155/ 2019/4619865.

[16] Behroozaghdam, M., Dehghani, M.,
Zabolian, A., Kamali, D., Javanshir, S.,
Hasani Sadi, F., Hashemi, M., Tabari, T.,
Rashidi, M., Mirzaei, S., Zarepour, A.,
Zarrabi, A., De Greef, D., Bishayee, A.
(2022) Resveratrol in breast cancer
treatment: from cellular effects to molecular
mechanisms of action. Cell Mol. Life Sci.
79, 539. doi: 10.1007/s00018-022-04551-4

[17] Choi, C.Y., Lim, S.C., Lee, T.B., and Han,
S.I. (2022) Molecular basis of resveratrol-
induced resensitization of acquired drug-
resistant cancer cells. Nutrients 14, 699. doi:
10.3390/mu14030699.

[18]Tian, J., Jin, L., Liu, H., and Hua, Z. (2023)
Stilbenes: a promising small molecule
modulator for epigenetic regulation in
human diseases. Front Pharmacol. 14,
1326682. doi: 10.3389/fphar.2023.1326682.
PMID: 38155902; PMCID: PMC10754530.

[19] Teunissen, S.F., Rosing, H., Schinkel, A.H.,
Schellens, J.H., and Beijnen, J.H. (2010)
Bioanalytical methods for determination of
tamoxifen and its phase I metabolites: a
review. Anal. Chim. Acta 683, 21-37.

[20] Ali, S., Rasool, M., Chaoudhry, H.N.,
Pushparaj, P., Jha, P., Hafiz, A., Mahfooz,
M., Abdus, S. G., Azhar, K.M., Bashir, S.,
Ali, A., and Sarwar, J. M. (2016) Molecular
mechanisms and mode of tamoxifen

Egypt. J. Chem. 67, No. 12 (2024)

resistance in breast cancer. Bioinformation
12, 135-139.

[21]Shi, X.P., Miao, S., Wu, Y., Zhang, W.,
Zhang, X.F., Ma, H.Z., Xin, H.L., Feng, J.,
Wen, A.D., and Li, Y. (2013) Resveratrol
sensitizes tamoxifen in antiestrogen-resistant
breast cancer cells with epithelial-
mesenchymal transition features. Int. J. Mol.
Sci. 14, 15655-15668.

[22] Srisudha, M., and Patel, U. (2023) In vivo
and In vitro studies on chemo protective
efficacy of resveratrol in breast cancer.
Health Sci. J. 17, 1018-1024.

[23]Hayes, J.D., Flanagan, J.U., and Jowsey,
I.R. (2005) Glutathione transferases. Annu.
Rev. Pharmacol. Toxicol. 45, 51-88.

[24] Townsend, D., and Tew, K. (2003) Cancer
drugs, genetic variation and the glutathione-
S-transferase  gene family. Am. J.
Pharmacogenomics 3, 157-172.

[25]Mannervik, B., Board, P.G., Hayes, J.D,
Listowsky, 1., and Pearson, W.R. (2005)
Nomenclature for mammalian soluble
glutathione transferases. Methods Enzymol.
401, 1-8.

[26]Josephy, P.D., and Mannervik, B. (2006)
Molecular Toxicology. Oxford University
Press on Demand: New York, NY, USA.

[27] Tew, K.D., and Townsend, D.M. (2011)
Regulatory functions of glutathione S-
transferase P1-1 unrelated to detoxification.
Drug Metab. Rev.43, 179-193.

[28] Shishido, Y., Tomoike, F., Kuwata, K.,
Fujikawa, H., Sekido, Y., Murakami-
Tonami, Y., Kameda, T., Abe, N., Kimura,
Y., Shuto, S., and Abe, H. (2019) A
Covalent Inhibitor for Glutathione S-
Transferase Pi (GSTP1-1) in Human Cells.
Chembiochem. 20, 900-905.

[29] Mcllwain, C.C., Townsend, D.M., and Tew,
K.D. (2006) Glutathione S-transferase
polymorphisms: cancer incidence and
therapy. Oncogene 25, 1639-1648.

[30]Laborde, E. (2010) Glutathione transferases
as mediators of signaling pathways involved
in cell proliferation and cell death. Cell
Death Differ. 17, 1373-1380.

[31] Lannutti, F., Marrone, A., and Re, N.
(2012) Binding of GSH conjugates to m-
GST: a cross-docking approach. J. Mol.
Graph Model. 32, 9-18.

[32]1Bocedi, A., Gambardella, G., Cattani, G.,
Notari, S., Pedersen, J.Z., and Ricci, G.
(2023) Erythrocyte Glutathione Transferase
P1-1 as a Biomarker in Environmental
Toxicology: A New Narrative. In: Patel,
V.B., Preedy, V.R., Rajendram, R. (eds)



610

Abeer Shokeer et. al.

Biomarkers in Toxicology. Biomarkers in
Disease: Methods, Discoveries  and
Applications. Springer, Cham.

[33]Su, F., Hu, X., Jia, W., Gong, C., Song, E.,
and Hamar, P. (2003) Glutathion S
transferase pi  indicates chemotherapy
resistance in breast cancer. J. Surg. Res. 113,
102-108.

[34] Bjornstrom, L., and Sjoberg, M. (2005)
Mechanisms of estrogen receptor signaling:
convergence of genomic and nongenomic
actions on target genes. Mol. Endocrinol. 19,
833-842.

[35]Liu, X., An, B.H., Kim, M.J., Park, J.H.,
Kang, Y.S., and Chang, M. (2014) Human
glutathione S-transferase P1-1 functions as
an estrogen receptor a signaling modulator.
Biochem. Biophys. Res. Commun. 452, 840-
844.

[36] Frasor, J., Danes, J.M., Komm, B., Chang,
K.C., Lyttle, C.R., and Katzenellenbogen,
B.S. (2003) Profiling of estrogen up- and
down-regulated gene expression in human
breast cancer cells: insights into gene
networks and  pathways  underlying
estrogenic control of proliferation and cell
phenotype. Endocrinology 144, 4562-74.

[37]O'Lone, R., Frith, M.C., Karlsson, E.K., and
Hansen, U. (2004) Genomic targets of
nuclear estrogen receptors. Mol. Endocrinol.
18, 1859-1875.

[38] Davis, B.J. (1964) Disc electrophoresis-II.
Method and application to human serum
proteins. Ann. N.Y. Acad. Sci. 121, 404—
427.

[39]Bradford, M.M. (1976) A rapid and
sensitive method for the quantitation of
microgram quantities of protein utilizing the
principle of protein-dye binding. Anal.
Biochem. 72, 248-54.

[40]Habig, W.H., Pabst, M.J., and Jakoby, W.B.
(1974) Glutathione S-transferases. The first
enzymatic step in mercapturic acid
formation. J. Biol. Chem. 249, 7130-7139.

[41]1Dixon, M. (1953) The determination of
enzyme inhibitor constants. Biochem. J. 55,
170-171.

[42]Rossjohn, J., McKinstry, W.J., Oakley, A.J.,
Parker, M.W., Stenberg, G., Mannervik, B.,
Dragani, B., Cocco, R., and Aceto, A.
(2000) Structures of thermolabile mutants of
human glutathione transferase P1-1. J. Mol.
Biol. 302, 295-302.

[43] Pettersen, E.F., Goddard, T.D., Huang,
C.C., Couch, G.S., Greenblatt, D.M., Meng,
E.C., and Ferrin, T.E. (2004) UCSF

Egypt. J. Chem. 67, No. 12 (2024)

Chimera--a  visualization  system for
exploratory research and analysis. J.
Comput. Chem. 25, 1605-1612.

[44]Pagadala, N.S., Syed, K., and Tuszynski, J.
(2017) Software for molecular docking: a
review, Biophys. Rev. 9, 91-102.

[45] Grosdidier, A., Zoete, V., and Michielin, O.
(2011) SwissDock, a protein-small molecule
docking web service based on EADock
DSS. Nucleic Acids Res. 39, 270-277.

[46]Mosmann, T. (1983) Rapid colorimetric
assay for cellular growth and survival:
application to proliferation and cytotoxicity
assays. J. Immunol. Methods 65, 55-63.

[47] Thabrew, M.I.,, Hughes, R.D., and
McFarlane, 1.G. (1997) Screening of
hepatoprotective plant components using a
HepG2 cell cytotoxicity assay. J. Pharm.
Pharmacol. 49, 1132-1135.

[48]Su, F., Hu, X., Jia, W., Gong, C., Song, E.,
Hamar, P. (2003) Glutathion S transferase pi
indicates chemotherapy resistance in breast
cancer. J. Surg. Res. 113,102-108.

[49] Guneidy, R.A., Gad, A.M., Zaki, ER.,
Ibrahim, F.M., and Shokeer, A. (2020)
Antioxidant or pro-oxidant and glutathione
transferase P1-1 inhibiting activities for
Tamarindus indica seeds and their cytotoxic
effect on MCF-7 cancer cell line. J. Genet.
Eng. Biotechnol. 18, 74-89.

[50]Ko, J.H., Sethi ,G., Um, J.Y., Shanmugam.
MK., Arfuso, F., Kumar, A.P., Bishayee,
A., and Ahn, K.S. (2017) The Role of
Resveratrol in Cancer Therapy. Int. J. Mol.
Sci. 18, 2589.

[51]Yang, R., Dong, H., Jia, S., and Yang, Z.
(2022) Resveratrol as a modulatory of
apoptosis and autophagy in cancer therapy.
Clin. Transl. Oncol. 24, 1219-1230.

[52]Lawi, Z.K.K., Merza, F.A., Banoon, S.R.,
Al-Saady, M.A.A.J., Al-Abboodi, A. (2021)
Mechanisms of Antioxidant Actions and
their Role in many Human Diseases: A
Review. J. Chem. Health Risks. 11, 45.

[53]Tung, B.T., Rodriguez-Bies , E.,
Ballesteros-Simarro, M., Motilva, V.,
Navas, P., and Ldépez-Lluch, G. (2014)
Modulation of endogenous antioxidant
activity by resveratrol and exercise in mouse
liver is age dependent. J. Gerontol. A Biol.
Sci. Med. Sci. 69, 398-409.

[54]Kuby, K.A. (2000) A study of enzymes
Volume 1: Enzyme catalysis, kinetics and
substrate binding. CRC Press, Inc. Corporate
Blvd, Boca Raton, Florida 33431, USA.



DUAL ACTION OF RESVERATROL: INHIBITION OF HUMAN GLUTATHIONE.. 611

[55]Pesaresi, A. (2023) Mixed and non-
competitive enzyme inhibition: underlying
mechanisms and mechanistic irrelevance of
the formal two-site model. J. Enzyme Inhib.
Med. Chem. 38, 2245168. doi:
10.1080/14756366.2023.2245168.

[56] Guneidy, R.A., Zaki, E.R., Saleh, N.S., and
Shokeer, A. (2023) Inhibition of human
glutathione transferase by catechin and
gossypol: comparative structural analysis by
kinetic properties, molecular docking and
their efficacy on the viability of human
MCEF-7 cells. J. Biochem. 175, 69-83.

[57]Franceschi, B.T., Bezerra, P.H.A., and
Torqueti, M.R. (2024) Antitumor effects of
co-treatment of resveratrol with antitumor
drugs in ER- and HER2-positive breast
cancer cells are due to induction of
apoptosis and modulation of estrogen
receptor expression. Breast Cancer 31, 754-
768.

[58] Sheehan, D., Meade,G., Foley, V.M., Dowd,
C.A. (2001) Structure, function and
evolution of glutathione transferases:
implications for clasification of non-
mammalian members of an anicient enzyme
superfamily. Biochem.J. 360, 1-16.

[59] Quesada-Soriano, I, Parker, L.J.,
Primavera, A., Casas-Solvas, J.M., Vargas-
Berenguel, A., Barén, C., Morton, C.J.,
Mazzetti, A.P., Lo Bello, M., Parker, M.W.,
Garcia-Fuentes, L. (2009) Influence of the
H-site residue 108 on human glutathione
transferase P1-1 ligand binding: structure-
thermodynamic relationships and thermal
stability. Protein Sci.18, 2454-2470.

[60] Moon, D.O. (2023) A comprehensive review
of the effects of resveratrol on glucose
metabolism:  unveiling the molecular
pathways and therapeutic potential in
diabetes management. Mol. Biol. Rep. 50,
8743-8755.

[61]Kursvietiene, L., Kopustinskiene, D.M.,
Staneviciene, 1., Mongirdiene, A., Kubova,
K., Masteikova, R., and Bernatoniene, J.
(2023) Anti-Cancer Properties of
Resveratrol: A Focus on Its Impact on
Mitochondrial ~ Functions.  Antioxidants
(Basel) 12, 2056. doi:
10.3390/antiox12122056.

[62] Almatroodi, S.A., Alsahli, M.A., Aljohani,
A.SM., Alhumaydhi, F.A., Babiker, A.Y.,
Khan, A.A., and Rahmani, A.H. (2022)
Potential Therapeutic Targets of
Resveratrol, a Plant Polyphenol, and Its Role
in the Therapy of Various Types of Cancer.

Egypt. J. Chem. 67, No. 12 (2024)

Molecules 27, 2665. doi:
10.3390/molecules27092665.

[63] Alavi, M., Farkhondeh, T., Aschner, M., and
Samarghandian, S. (2021) Resveratrol
mediates its anti-cancer effects by Nrf2
signaling pathway activation. Cancer Cell
Int. 21, 579. doi: 10.1186/s12935-021-
02280-5.

[64]Chow, H.H., Garland, L.L., Hsu, C.H.,
Vining, D.R., Chew, W.M., Miller, J.A.,
Perloff, M., Crowell, J.A., and Alberts, D.S.
(2010) Resveratrol modulates drug- and
carcinogen-metabolizing enzymes in a
healthy volunteer study. Cancer Prev.
Res.(Phila) 3,1168-1175.

[65]Passos, C.L.A., Ferreira, C., de Carvalho,
A.G.A., Silva, J.L., Garrett, R., Fialho, E.
(2024)Oxyresveratrol in breast cancer cells:
synergistic effect with chemotherapeutics
doxorubicin or melphalan on proliferation,
cell cycle arrest, and cell
death. Pharmaceutics , 16, 873.
https://doi.org/10.3390/pharmaceutics 16070
873

[66] Al-Abboodi, A., Al-Saady, H., Banoon, S.,
Al-Saady, M. (2021) Conjugation strategies
on functionalized iron oxide nanoparticles as
a malaria vaccine delivery system. Rev.
Bionatura. 6. 2009-2015.
10.21931/RB/2021.06.03.20.

[67] Al-Abboodi, A., Albukhaty, S., Sulaiman,
G., Al-Saady, M., Jabir, M., Abomughaid,
M. (2023) Protein conjugated
superparamagnetic iron oxide nanoparticles
for efficient vaccine delivery systems.
Plasmonics. 10.1007/s11468-023-01994-8.

[68]Banoon, S., Mahdi, D., Gasaem, N., Abed,
Z., Ghasemian, A. (2024) The role of
nanoparticles in gene therapy: A review. J.
Nanostruct. 14. 48-64.
10.22052/JNS.2024.01.005.

[69]Hassan, S. A-D. H., Almaliki, M. N. S.,
Abed, Z., Albehadili, H., Banoon, S., Al-
Abboodi, A., Al-Saady, M. (2023)
Development of nanotechnology by artificial
intelligence: A comprehensive review. J.
Nanostruct. 13. 915-932.
10.22052/JNS.2023.04.002.



