Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:749-758
https://doi.org/10.1007/500210-022-02352-x

RESEARCH q

Check for
updates

Anticancer and chemosensitizing activities of stilbenoids from three
orchid species

Khin Lay Sein' - Nonthalert Lertnitikul? - Rutt Suttisri? - Suree Jianmongkol’

Received: 17 September 2022 / Accepted: 24 November 2022 / Published online: 6 December 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Recently, we have isolated and identified several bioactive flavonoids and stilbenoids with potential anticancer activity from
Thai orchids. In this study, we further investigated the cytotoxic and chemosensitizing activities of these phytochemicals
(namely, pinocembrin, cardamonin, isalpinin, galangin, pinosylvin monomethyl ether, 2,3’-dihydroxy-5"-methoxystilbene,
(E)-2,5'-dihydroxy-2'-(4-hydroxybenzyl)-3'-methoxystilbene, 2,3-dihydroxy-3',5'-dimethoxystilbene, 2,3'-dihydroxy-5,5'-
dimethoxystilbene, 3,4'-dihydroxy-5-methoxystilbene and batatasin III) against breast cancer MCF7 cells and its two multi-
drug resistant (MDR) sublines (MCF7/DOX and MCF7/MX). Cytotoxicity was determined with MTT assay for the estima-
tion of the half maximal cytotoxic concentrations (ICs). Effects of the test compounds on activities of efflux transporters
(BCRP, P-gp, MRP1, and MRP2) were evaluated with substrate accumulation assays using fluorometry and flow cytometry
analysis. Out of these 11 test compounds, the stilbene pinosylvin monomethyl ether displayed its cytotoxicity specifically
toward MCF7 cells (IC5,=6.2+ 1.2 uM, 72-h incubation) with 4.96 folds higher than normal fibroblast. Its potency decreased
in MCF7/DOX and MCF7/MX cells by 3.94 and 7.38 folds, respectively. Our transporter assay indicated that this stilbene
significantly reduced the activities of P-gp, MRP1, and MRP2, but not BCRP. After 48-h co-incubation, this stilbene (at
2 pM) synergistically increased doxorubicin- and mitoxantrone-mediated cytotoxicity in MCF7, MCF7/DOX, and MCF7/
MX cells potentially by increasing the intracellular level of cytotoxic drug. Pinosylvin monomethyl ether could sensitize
breast cancer cells to chemotherapy and overcome MDR, in part, via the inhibition of drug efflux transporters.

Keywords Breast cancer cells - Chemosensitizing effect - Drug efflux transporters - Pinosylvin monomethyl ether - Drug
synergism

Introduction

Breast cancer is one of the leading causes of cancer mortality
in women worldwide. Chemotherapy drugs such as anthra-
cyclines (e.g., doxorubicin (DOX), epirubucin, mitoxantrone
(MX)) and paclitaxel have been widely used for its treat-
ment (Waks and Winer 2019). Unfortunately, cancer cells
can develop several adaptive mechanisms in order to survive

D<) Suree Jianmongkol
suree.j@pharm.chula.ac.th

Department of Pharmacology and Physiology, Faculty
of Pharmaceutical Sciences, Chulalongkorn University,
Bangkok 10330, Thailand

Department of Pharmacognosy and Pharmaceutical Botany,
Faculty of Pharmaceutical Sciences, Chulalongkorn
University, Bangkok 10330, Thailand

the toxic effect of these drugs, leading to chemoresistance
and therapeutic failure (Wang et al. 2019). Moreover, chem-
otherapy-resistant cancer can withstand various structurally
unrelated cytotoxic agents, namely, called multi-drug resist-
ance (MDR) phenomenon (Bukowski et al. 2020). Increasing
the drug dosage may not effectively boost up therapeutic suc-
cess due to patients’ intolerability to serious adverse effects.
Alternatively, combination of cytotoxic drugs with MDR
modulators may provide better therapeutic outcome.
Overexpression of the ATP-binding cassette (ABC) efflux
transporters largely contributes to development of MDR in
cancer cells (Bukowski et al. 2020). These transporters limit
the intracellular accumulation of their cytotoxic drug sub-
strates such as DOX and MX, resulting in the loss of drug
effectiveness (Chaisit et al. 2017). The most extensively
studied ABC transporters in MDR cancer are the P-gly-
coprotein (P-gp/ABCB1), multidrug resistance associated
protein 1 (MRP1/ABCC1), multidrug resistance associated
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protein 2 (MRP2/ABCC?2), and breast cancer resistance pro-
tein (BCRP/ABCG?2). In this regard, inhibiting these efflux
transporters may overcome MDR and restore the sensitivity
of cancer cells to anticancer drugs.

Various types of phytochemicals such as flavonoids (e.g.,
baicalein, quercetin), stilbenoids (e.g., resveratrol), naph-
thoquinone (e.g., rhinacanthin-C), coumarins (e.g., phenyl-
furocoumarin derivative), and alkaloids (e.g., piperine) have
been reported as potential chemosensitizers that can sup-
press the function of MDR transporters (Chaisit et al. 2017;
Li et al. 2018a, b, c; Li et al. 2019; Kokubo et al. 2021).
Orchidaceae, which is the second largest family of flower-
ing plants, has been shown to contain a variety of bioactive
compounds, particularly flavonoids and stilbenoids, which
display broad spectrum of pharmacological activities includ-
ing anticancer, anti-inflammatory, antimicrobial, antioxi-
dant, and antiplatelet activities (Sliwiﬁski et al. 2022). In our
continuing studies of chemical constituents of Thai orchids
and their anticancer activity (Lertnitikul et al. 2016, 2020,
2022), we have isolated and identified several flavonoids
and stilbenoids from these plants. Preliminary investigation
suggested that a number of these phytochemicals exhibited
interesting inhibitory effects against cancer cells. We have
selected eleven flavonoids and stilbenoids (Fig. 1) which
were found in sizable amounts, namely, pinocembrin (F1),
cardamonin (F2), isalpinin (F3), galangin (F4), pinosylvin
monomethyl ether (S5), 2,3'-dihydroxy-5'-methoxystilbene
(S56), and (E)-2,5'-dihydroxy-2'-(4-hydroxybenzyl)-3'-
methoxystilbene (S7) from Paphiopedilum dianthum,
2,3-dihydroxy-3',5'-dimethoxystilbene (S1), 2,3'-dihydroxy-
5,5'-dimethoxystilbene (S2) and 3,4'-dihydroxy-5-methox-
ystilbene (S3) from Paphiopedilum godefroyae, and batata-
sin III (S4) from Cymbidium finlaysonianum for this study.
It is of great interest to determine whether these compounds
are able to exert their anticancer action in breast cancer
MCF7 cells, and also to sensitize MDR cancer cells toward
standard cytotoxic drugs.

This study aimed to investigate anticancer activity and
potential MDR reversal property of eleven flavonoids and
stilbenoids from orchids. Their chemo-sensitizing effects
toward DOX- and MX-resistant MCF7 cells were also
assessed in MCF7/DOX and MCF7/MX cells, respectively.

Materials and methods

Pinocembrin (F1), cardamonin (F2), isalpinin (F3), galangin
(F4), pinosylvin monomethyl ether (S5), 2,3'-dihydroxy-
5'-methoxystilbene (S6), and (E)-2,5'-dihydroxy-2'-(4-
hydroxybenzyl)-3'-methoxystilbene (S7) were isolated
from Paphiopedilum dianthum Tang & F.T.Wang (Lertni-
tikul et al. 2022), 2,3-dihydroxy-3’,5'-dimethoxystilbene
(S1), 2,3’-dihydroxy-5,5'-dimethoxystilbene (S2) and
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3,4'-dihydroxy-5-methoxystilbene (S3) from Paphiopedilum
godefroyae (God.-Leb.) Stein (Lertnitikul et al. 2016), and
batatasin III (S4) from Cymbidium finlaysonianum Lindl.
(Lertnitikul et al. 2020).

Calcein acetoxymethyl ester (calcein AM), car-
boxy-dichlorofluorescein (CDCF), 5(6)-carboxy-2',7'-
dichlorofluorescein diacetate (CDCF-DA), pheophorbide A
(PPA), verapamil (VER), indomethacin (INDO), KO143,
DOX, and MX were purchased from Sigma Chemical Co.
(St Louis, MO, USA). RPMI-1640 medium Dulbecco’s
modified Eagle medium (DMEM), fetal bovine serum
(FBS), and methylimidazole tetrazolium (MTT) were pur-
chased from Gibco Life Technologies (Grand Island, NY,
USA). Other chemicals and solvents were commercially
available in reagent grade.

Cell cultures

Human breast cancer MCF7 cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD,
USA), and maintained in RPMI-1640 culture medium sup-
plemented with 10% FBS and 1% penicillin/streptomycin.
The DOX-resistant and MX-resistant sublines of MCF7 cells
(MCF7/DOX and MCF7/MX) were developed and charac-
terized in our laboratory, using a stepwise selection method
as previously described (Chaisit et al. 2017). The resistant
cells were maintained in the RPMI-1640 complete medium
containing 1.5 pM DOX (for MCF7/DOX) or 0.7 pM MX
(for MCF7/MX). In addition, normal fibroblast NIH/3T3
cells (ATCC, Rockville, MD, USA) were grown in DMEM
medium supplemented with 10% FBS, 2.5 mM L-glutamine,
and 1% penicillin/streptomycin. All cell lines were main-
tained at 37 °C in a humidified atmosphere of 5% CO,.

Cytotoxicity assessment

Cytotoxicity study was performed using MTT assay. Cells
were seeded at the density of 5x 10* cells/well in 96-well
plates overnight prior to treatment. They were incubated
with various concentrations of test compounds, ranging
from O to 100 pM, or vehicle (0.5% DMSO) at 37 °C for
72 h. Then, the cells were washed and further incubated with
MTT solution (0.5 mg/ml) for 4 h. Intracellular formazan
crystals were solubilized with DMSO and quantified spec-
trophotometrically at 570 nm with a microplate reader.

MTT assay was also employed in the study of the effect of
selected test compound to enhance DOX- and MX-mediated
cytotoxicity toward cancer cells. The cells were treated with
various concentrations of DOX or MX in the presence of the
test compound at its non-cytotoxic concentration for 48 h
prior to an assay.
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Fig. 1 Chemical structures of selected eleven flavonoids and stilbenoids from Thai orchids

@ Springer



752

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:749-758

Determination of inhibitory activity on ABC
transporter functions

Uptake assay

Effects of test compounds on functions of the ABC trans-
porters P-gp, MRP1, and MRP2 in MCF7 and MCF7/
MX cells were assessed using uptake assay, as previously
described (Wongsakul et al. 2022). Cells were seeded at a
density of 1 x 10° cells/well in 48-well plates overnight prior
to incubation with test compounds (at 100 pM) or known
inhibitors (i.e., 100 pM VER and 500 pM INDO) at 37 °C
for 30 min. Then, a specific substrate of P-gp (0.4 pM cal-
cein AM), MRP1 (5.2 pM CDCF), or MRP2 (5§ pM CDCF-
DA) was added for another 30-min incubation. At the end
of incubation period, the cells were lysed with 0.1% Triton
X-100. The fluorescence intensity of each substrate was
measured at excitation/emission wavelengths of 485/535 nm
with a microplate reader.

Effects of test compounds on BCRP function in MCF7/MX
cells were analyzed by flow cytometry (Kokubo et al. 2021).
Cells were seeded at a density of 1x 10° cells/well in 6-well
plates overnight prior to incubation with test compounds (at
100 pM) or 10 pM KO143 at 37 °C for 30 min. Then, 10 pM
PPA, a BCRP substrate, was added for a further 30-min incu-
bation. The cells were then trypsinized and fixed with 4%
formaldehyde. The intensity of intracellular fluorescence was
measured at 635/670 nm (excitation/emission), using a BD
FACSCalibur flow cytometer (BD Biosciences, CA, USA).

Studies on the accumulation of DOX and MX
in cancer cells

Accumulation of DOX and MX in MCF7, MCF7/DOX, and
MCF7/MX cells was determined by flow cytometry (Mirzaei
et al. 2018). Cells were seeded at 1 x 10° cells/well in 6-well
plates overnight prior to incubation with either 1 pM DOX
or 5 pM MX in the presence of selected test compound at
37 °C for 3 h. Then, the cells were collected, fixed with
4% formaldehyde, and the intracellular fluorescence inten-
sity was determined at excitation wavelength of 488 nm, an
emission wavelength of 550 nm for DOX and 670 nm for
MX, using a BD FACSCalibur flow cytometer.

Data analysis

Data were expressed as the mean + SEM of data from three
separated experiments. The percentage of cell viability was
calculated using the following equation:

1. OD(est)
%Viability = W:fml) % 100, where OD ;) and OD 1)

were the optical density of cells treated with test compound
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and that of untreated cells, respectively. The concentration-
cell viability curves were plotted and used for estimation of
half maximal inhibitory concentration (ICs,) values with
non-linear regression analysis, using GraphPad Prism ver-
sion 9.0.1 (GraphPad Software, San Diego, CA, USA).
The combination index (CI) and cytotoxicity enhance-

ment ratio (CER) were calculated as follows:
Cl = IC50(DOX or MX in combination) IC50(test in combination)
IC50(DOX or MX alone) IC50(test alone)

_ IC50(DOX or MX alone)
and CER = IC50(DOX or MX in combination) where ICSO(DOX or MX

in combination) and ICsy(test in combination) values were
the concentrations of either DOX or MX and the test com-
pound that produced 50% cell death when used in combina-
tion treatment. The IC5,(DOX or MX alone) and ICs(test
alone) values were the concentrations of either DOX or MX
and the test compound that generated 50% cell death when
given alone. The CI values of lesser than, equal to, and
greater than 1 were considered indicative of synergistic,
additive, and antagonistic interaction, respectively, between
DOX or MX and the test compound (Chou 2010). In addi-
tion, the ability of test compound to increase cancer cell
sensitivity toward DOX or MX was demonstrated by the
CER value (> 1). Higher CER values indicated greater
enhancing effect of test compound on the cytotoxicity of
anticancer drugs.

Statistical analysis was carried out by one-way analysis
of variance (ANOVA), followed by post hoc Dunnett’s test
and Student’s t-test, where appropriate. P <0.05 indicated
statistical significance.

Results

Cytotoxicity assessment of flavonoids
and stilbenoids on breast cancer cells

Cytotoxicity of four flavonoids and seven stilbenoids
from three orchid species was determined in breast cancer
MCF7, MCF7/DOX, and MCF7/MX cells, as well as nor-
mal fibroblast NIH/3T3 cells, using MTT assay. The ICs,
value of each compound after 72-h exposure is shown in
Table 1. At our maximal test concentration of 100 pM,
three flavonoids (F1, F2, and F4) and a stilbene (S3) were
considered non-cytotoxic against breast cancer cells and
normal fibroblast cells. A flavonoid, isalpinin (F3), was
moderately cytotoxic to MCF7 and MCF7/DOX cells, but
not to MCF7/MX cells. MCF7/MX cells were more resist-
ant to the cytotoxicity of F3 than their parental MCF7 cells
by at least 1.9 folds (resistance index, RI> 1.9). It should
be noted that, at 100 pM, F3 was not cytotoxic to NIH/3T3
cells. Its selectivity toward wild-type MCF7 cells over
normal cells, as shown by selective toxicity index (SI) in
Table 1, was at least 1.9 folds.
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Table 1 The cytotoxicity of Compound  NIH/3T3 MCF7 MCF7/DOX MCF7/MX

selected four flavonoids and

seven stilbenoids isolated ICs, ICs, SI ICs RI ICs, RI

from Thai orchids after 72-h

treatment Fl1 >100 >100 n.d. >100 n.d. >100 n.d.
F2 > 100 > 100 n.d. > 100 n.d. > 100 n.d.
F3 > 100 522+59 n.d. 49.1+7.6 0.9 > 100 >19
F4 > 100 > 100 n.d. > 100 n.d. > 100 n.d.
S1 44.6+12.0 159+1.2 2.8 16.1+1.4 1.0 > 100 6.3
S2 38.3+5.8 45.8+6.7 0.8 573+22 1.2 62.5+6.5 1.4
S3 >100 99.2+13.7 n.d. > 100 n.d. > 100 n.d.
S4 64.9+7.0 63.1+9.1 1.0 66.7+5.8 1.1 63.9+8.8 1.0
S5 30.8+0.5 62+12 5.0 24.4+0.8 39 45.8+14 7.4
S6 31.8+0.8 16.8+3.4 1.9 17.6+2.6 1.0 563+1.3 34
S7 24+1.2 1.3+1.8 1.8 3.8+0.5 29 35+1.1 2.6

ICy values are presented in pM concentrations. Data are the mean+SEM from three separated experi-
ments. n.d. indicated not determined. Selective toxicity index (SI) was calculated from the ratio of the ICs,
values in NIH/3T3 cells to that in MCF7 cell line. Resistance index (RI) was calculated from the ratio of
the ICs values in the drug-resistant MCF7 sublines to that in parental MCF7 cells

Among the seven stilbenoids, S7 was the most potently
cytotoxic compound against all cells tested, whereas S3 was
the least potent one. The cytotoxicity of these stilbenoids
against MCF7 cells, in descending order, was S7>S5> S1
~S6>S2>S4> S3. Batatasin III (S4) displayed cytotoxicity
with comparable ICs, values in each cell type (with SI and
RI values of about 1), suggesting its non-selectivity toward
breast cancer cells. Four stilbenoids (S1, S2, S5, and S6)
were moderately toxic to normal fibroblast NIH/3T3 cells,
with ICs, values ranging from 30 to 45 pM. These stilbenes,
except S2, were more toxic against wild-type MCF7 cells
than normal cells. The cytotoxicity of pinosylvin monome-
thyl ether (S5) was the most selective toward MCF7 cells,
with the highest SI value of ~ 5.

According to the estimated RI values (Table 1), MCF7/
DOX cells were less sensitive to S5- and S7-induced cyto-
toxicity than MCF7 cells by about 3—4 folds. MCF7/MX
cells were more resistant than their parental MCF7 cells to
four stilbenes (S1, S5, S6, and S7) and one flavonoid (F3)
by 1.9-7.4 folds. The stilbene S5 exhibited the highest RI
values in both MCF7/DOX (RI=3.94) and MCF7/MX
(RI=7.38), suggesting its potential as a substrate of the
MDR transporters.

Effects of flavonoids and stilbenoids on activities
of the ABC efflux transporters

Activities of the key ABC efflux transporters (namely, P-gp,
MRP1, MRP2, and BCRP) in wild-type MCF7 cells and its
drug-resistant sublines were demonstrated by substrate accu-
mulation assay employing specific substrate and inhibitor of
each transporter. As shown in Fig. 2A, the presence of active
P-gp and BCRP functions was confirmed in MCF7/DOX and

MCF7/MX cells, respectively. The activity of MRP1 was
observed in the wild type MCF7 cells, while the activity of
MRP2 was detected in both parental MCF7 cells and their
two resistant sublines.

Effects of the test compounds on activities of MRP1,
MRP2, P-gp, and BCRP transporters are displayed in
Fig. 2B. Equal concentration (100 pM) of all test compounds
was used. Among these compounds, only two stilbenes (S5
and S6) were able to significantly increase MRP1-related
fluorescence in MCF7 cells, suggesting potential inhibitory
action of both compounds against MRP1 function. On the
other hand, two flavonoids (F1 and F2) and four stilbenes
(S1, S2, S5, and S6) significantly increased the intracellu-
lar accumulation of CDCF in the CFCF-DA uptake assay,
indicating their ability to interfere with MRP-2 function.
Furthermore, one flavonoid and three stilbenes were able to
interfere with P-gp activity, in decreasing order of potency
S7>S5>F1>8S2, as evidenced by increased retention of
calcein in the MCF7/DOX cells. Nearly all test compounds,
except S3 and S5, were able to significantly increase the
amount of PPA within MCF7/MX cells, suggesting their
interference on BCRP function. The stilbene S7 was evi-
dently the most potent BCRP modulator.

Effect of combining pinosylvin monomethyl ether
(S5) with cytotoxic drugs on the viability of breast
cancer cells

A stilbene, pinosylvin monomethyl ether (S5), was further
investigated for its potentiation effect on DOX and MX
toxicity to breast cancer cells. Combinations of S5 at a
non-cytotoxic concentration (2 pM) either with DOX in
MCF7 and MCF7/DOX cells or with MX in MCF7 and
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Fig.2 Activities of the ABC efflux transporters as indicated by an
accumulation of specific substrate in the presence of an inhibitor.
Cells were pre-treated with known inhibitors (P-gp, VER 100 pM;
MRP1 and MRP2, INDO 500 pM; BCRP, KO143 10 pM) or test
compounds (100 pM) for 30 min, followed by addition of spe-
cific substrate (P-gp, calcein AM 0.4 uM; MRP1, CDCF 5.2 pM;
MRP2, CDCF-DA 5 pM; BCRP, PPA 10 pM) for another 30 min;
then fluorescent intensity of a specific substrate was measured. a

MCF7/MX cells were tested for their effect on the viabil-
ity of cancer cells after 48-h treatment, using MTT assay.
The concentration of 2 pM S5 was selected because, after
72-h treatment, it did not produce cytotoxicity of greater
than 20% (i.e., IC,y) in all cells tested. The enhancement
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MCF7/DOX, and MCF7/MX cells. b Effects of the test compounds
(100 pM) on the activities of MRP1 and MRP2 in MCF7 cells,
P-gp in MCF7/DOX cells, and BCRP in MCF7/MX cells. Data are
expressed as the percentage of the substrate alone group (control).
Each value represents the mean+S.E.M. (n=3). *P<0.05 com-
pared with control (a Student’s r-test; b, one-way ANOVA with
post hoc Dunnett’s test)

effects of S5 on DOX and MX toxicity to breast cancer
cells are illustrated as concentration-cytotoxicity curves
in Fig. 3. The ICs, values of DOX and MX in the pres-
ence and absence of S5 for each cell line are documented
in Table 2.
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According to the CER values in Table 2, combination of
S5 and DOX significantly reduced the viability of MCF7
cells by 8.5 folds and MCF7/DOX cells by 19.9 folds, when
compared to DOX alone. The corresponding CI values were
less than 1, indicating synergistic interaction between S5 and
DOX in these cancer cells (Table 2). S5 also enhanced the
toxicity of MX to both MCF7 and MCF7/MX cells in a syn-
ergistic fashion. When used in combination with S5, the ICy
values of MX markedly decreased by 3.7 folds (CI1=0.36)
in MCF7 cells, and 5.1 folds (CI=0.21) in MCF7/MX cells,
respectively (Table 2).

Effects of pinosylvin monomethyl ether (S5)
on intracellular accumulation of cytotoxic drugs
in breast cancer cells

To investigate the potential enhancing mechanism of S5 on
DOX and MX cytotoxicity, we measured intracellular fluo-
rescence signals of both cytotoxic drugs in the presence of

MX concentration (log uM)

S5 in MCF7, MCF7/DOX, and MCF7/MX cells after 3-h
incubation. It was worth noting that each treatment had no
effect on cell viability. As shown in Fig. 4A, the fluorescence
intensity of DOX in both MCF7 and MCF7/DOX cells was
higher in the combination-treated groups than when DOX
was used alone. Similarly, the fluorescence intensity of DOX
and MX markedly increased in both MCF7 and MCF7/MX
cells in the presence of S5 (Fig. 4B).

Discussion

Diverse types of natural compounds (e.g. flavonoids, stil-
benoids, lignans, coumarins, curcuminoids, alkaloids) have
been reported to increase the sensitivity of cancer cells to
chemotherapy through the suppression of activities of the
ABC efflux transporters (Costea et al. 2020; Feyzizadeh
et al. 2022). Therefore, these natural chemosensitizers are
able to increase intracellular amount of cytotoxic drugs and,

Table 2 Combination analysis

o . Drug MCF7 MCF7/DOX MCF7/MX
for the cytotoxicity of either
DOX or MX in the presence of ICy, CER (I ICy, CER (I ICs, CER CI
2 pM pinosylvin monomethyl
ether (S5) after 48-h incubation DOX 1.8+0.4 50.2+6.7
in MCF7, MCF7/DOX, and DOX +S5 02+0.1 85 0.2 25+04 199 0.1
MCF7/MX cells MX 9.5+1.6 124.4+17.8
MX+S5 25+04 3.7 04 242+42 5.1 0.2

ICy, values are presented in pM concentrations and used for calculating cytotoxicity enhancement ratio
(CER) and combination index (CI). Data are the mean + SEM from three separated experiments
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Fig. 4 Effect of pinosylvin
monomethyl ether (S5) at 2 pM
on intracellular accumula-

tion of a DOX in MCF7 and
MCF7/DOX cells, and b MX
in MCF7 and MCF7/MX cells
after 3-h incubation. Data

are expressed as the ratio of
anticancer drug in combination
with S5 to drug alone group
(control). Each value represents
the mean+S.EM. (n=3).

*P <0.05 compared with con-
trol (Student’s z-test)

[V

2.0

1.5+

1.0

0.5+

DOX accumulation ratio

hence, exhibit their MDR reversal effect (Feyzizadeh et al.
2022). In our search for potential chemotherapeutic sensi-
tizers with ability to overcome MDR in breast cancer cells,
we have selected four flavonoids and seven stilbenoids from
three orchid species to be assayed for their cytotoxicity and
modulating effect on four major ABC drug efflux transport-
ers (namely, MRP1, MRP2, P-gp, and BCRP). Ideal antican-
cer drug should specifically kill cancer cells with very low
toxicity toward normal cells. As such, we applied the selec-
tive toxicity index (calculated from the IC50 ratio between
the normal fibroblast NIH/3T3 and the cancerous MCF7
cells) of not less than 3 as our suggestion criteria (Indray-
anto et al. 2021).

According to their ICy, values, the stilbene S7, which is
different from other stilbenoids tested in that it possesses an
additional 4-hydroxybenzyl substitution on the stilbene scaf-
fold, elicited the highest cytotoxicity. Nevertheless, when
selectivity was considered, S5 was the best candidate for
anticancer activity against MCF7 cells due to its high SI
value of 4.96. Apparently, S6, which differs from S5 by pos-
sessing one additional hydroxy group at position 2 of the
second benzene ring, was 2.7 folds less toxic against MCF7
cells than S5, whereas their cytotoxicity against normal
fibroblast cells was comparable. Moreover, S1 and S2, both
of which have one more methoxy group than S6, displayed
comparable toxicity against MCF7 cells to S6. Modifica-
tion of S5 by either the addition of a hydroxy group at para
position of the second benzene ring (as in S3) or changing
the central double bond to single bond (as in the dihydrostil-
bene S4) markedly attenuated the cytotoxicity and selectiv-
ity of the molecule. These findings suggested that, for the
stilbene backbone with hydroxyl and methoxy substitutions
at positions 3 and 5 on one aromatic ring, the presence of
an additional hydroxyl group on the second aromatic ring
might diminish their cytotoxic activity toward cancer cells.
However, the presence of 4-hydroxybenzyl substitution at
position 2 of the first ring might enhance the activity of these
stilbenoids, as evidenced by the lowest IC, values observed
with S7. All flavonoids tested were non-toxic to either MCF7
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or NIH/3T3 cells, except F3 which was cytotoxic to MCF7
cells with an SI value of 1.92. This observed cytotoxicity
might be related to the presence of a methoxy substituent at
position 7 of the flavonol backbone, rendering a part of this
flavonoid molecule to be similar to S5 molecule. Further
studies on the mechanisms of cell death in relation to the
molecular structure of these natural compounds might be
of great interest.

It has been established that reduction of cancer cell
responses to various cytotoxic agents can be largely attrib-
uted to high expression levels of the ABC transporters
such as P-gp, MRPs, and BCRP (Aires et al. 2019). In this
regard, we also determined the inhibitory effect of these
phenolic compounds from orchids on each transporter
(i.e., MRP1, MRP2, P-gp, and BCRP) using substrate
accumulation assays. Interestingly, S5 could significantly
interfere with P-gp, MRP1 and MRP2 activities, but not
BCRP activity. Thus, in comparison to the parental MCF7
cells, the decreased sensitivity of both resistant sublines
toward this stilbene was related to the fact that S5 was a
substrate of P-gp (in MCF7/DOX cells) and MRP-2 (in
MCF7/DOX and MCF7/MX cells). The stilbene S7 could
also significantly interfere with both P-gp and BCRP, but
not MRP1 and MRP2 activities. The reduction of its cyto-
toxicity in the drug-resistant MCF7 cells might therefore
be due to its being a substrate of both P-gp and BCRP.
Furthermore, our results indicated that F3 was a substrate
of BCRP, S1 and S6 were substrates of BCRP and MRP2,
while the latter might also be a substrate of MRP1. Thus,
their toxicity toward the DOX-resistant MCF7 was rela-
tively similar to the parental MCF7 cells.

Several flavonoids (e.g., kaempferol, quercetin, baica-
lein) and stilbenoids (e.g., resveratrol and its methoxy deriv-
atives) are substrates or modulators of the ABC efflux trans-
porters, depending on their aromaticity, hydrophobicity,
type, number, and position of substitutions on the molecular
structure (Kitagawa et al. 2005; Valdameri et al. 2011; Wis-
sel et al. 2017). Among the eleven compounds tested, the
highly hydrophobic stilbene S7, with a para-hydroxybenzyl
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substituent to its core structure, was the most potent inhibi-
tor on the activities of BCRP and P-gp, but without any
effect on MRP1 and MRP2. Although none of the ABC
transporters were affected by the stilbene S3, the absence
of 4-hydroxyl group from one aromatic ring of this chemi-
cal structure, as seen in S5, apparently enabled this stilbene
(S5) to significantly decrease activities of MRP1, MRP2
and P-gp. However, the stilbene S6, which is an isomer of
S3 but possess a 2-hydroxyl instead of 4-hydroxyl unit, elic-
ited its inhibitory effect on the activities of BCRP, MRP1,
and MRP2 activities, but not P-gp. These findings suggested
that the presence and position of a hydroxy group on this
aromatic ring of the stilbene structure could be a key deter-
minant to differentiate between P-gp and BCRP modula-
tion. Addition of a methoxy group para to this 2-hydroxyl
substitution, as seen in S2, restored the inhibitory effect on
P-gp, but the effect on MRP1 was lost. The selective inter-
ference of flavonoids on the transporter activities was also
demonstrated in this study. All four flavonoids tested could
decrease BCRP function, but none were able to modulate
the activity of MRP1. In addition, F1 and F2 were able to
interact with MRP2 binding site, whereas F3 and F4 could
not. Out of these four flavonoids, only F1 showed signifi-
cant inhibitory effect against P-gp function. These findings
suggested that the less planar structure of the flavanone F1,
compared to flavonols F3 and F4 which have fixed length
between aromatic rings on both sides of the molecule, was
more suitable for interacting with P-gp.

Combinatorial approach using cytotoxic drugs and sensitizing
agents has been an effective method to increase chemotherapeu-
tic success and overcome MDR. Based on SI value, the stilbene
pinosylvin monomethyl ether (S5), at its non-cytotoxic concen-
tration (IC,, at 72-h incubation), was chosen for further investiga-
tion on its potential uses in combination with cytotoxic anticancer
drugs. Although S5 might be a substrate of P-gp, MRP1, and
MRP2, it was able to markedly enhance cytotoxicity mediated
by DOX and MX against MCF7 cell line and its two resistant
sublines (MCF7/DOX and MCF7/MX). The nature of the inter-
action of S5 with these two cytotoxic compounds was synergism.
Moreover, the increased toxicity in both wild type and resistant
cells could stem from a significant increase of intracellular cyto-
toxic drugs in the presence of S5. The cytotoxic drugs DOX and
MX are known substrates of P-gp, MRP1, MRP2, and BCRP
(Saraswathy and Gong 2013). It was very likely that S5 and DOX
or MX competitively interacted with P-gp and both MRPs, and,
thus, retarding efflux transport of these anticancer drugs.

In conclusion, pinosylvin monomethyl ether (S5), a stil-
bene from P. dianthum, exhibited its anticancer and chemo-
sensitizing effects with good selective toxicity index. At its
non-cytotoxic concentration, this stilbene could effectively
increase DOX- and MX-mediated cell death, and overcome
MDR through modulation of P-gp, MRP1 and MRP2 drug
efflux transporters.
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