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ARTICLE INFO ABSTRACT

Keywords: Ethnopharmacological relevance: Plant-derived compounds are a reservoir of natural chemicals and can act as drug

Methoxyeugenol
Anticancer effect
Reactive oxygen species
p53/p21 pathway

Endometrial cancer ity of methoxyeugenol against cancer has not yet been explored.

precursors or prototypes and pharmacological probes. Methoxyeugenol is a natural compound found in plant
extracts, such as nutmeg (Myristica fragrans), and it presents anthelmintic, antimicrobial, anti-inflammatory
activities. Recently, interest in the anticancer activity of plant extracts is increasing and the therapeutic activ-

Aim of the study: The present study aimed to evaluate the cancer-suppressive role and the molecular signaling

pathways of methoxyeugenol in human endometrial cancer (Ishikawa) cell line.

Materials and methods: Proliferation, viability, and cell toxicity were assessed by direct counting, MTT assay, and
LDH enzyme release assay, respectively. Antiproliferative effect were evaluated by nuclear morphological
changes along with the cellular mechanisms of apoptosis and senescence by flow cytometry. The underlying
molecular and cellular mechanisms were investigated by RT-qPCR, reactive oxygen species (ROS) levels, mito-

chondrial dysfunction, and proliferative capacity.

Results and conclusions: Methoxyeugenol treatment significantly inhibited the proliferation and viability of Ish-
ikawa cells. Probably triggered by the higher ROS levels and mitochondrial dysfunction, the gene expression of
p53 and p21 increased and the gene expression of CDK4/6 decreased in response to the methoxyeugenol
treatment. The rise in nuclear size and acidic vesicular organelles corroborate with the initial senescence-
inducing signals in Ishikawa cells treated with methoxyeugenol. The antiproliferative effect was not related to
cytotoxicity and proved to effectively reduce the proliferative capacity of endometrial cancer cells even after
treatment withdrawal. These results demonstrated that methoxyeugenol has a promising anticancer effect
against endometrial cancer by rising ROS levels, triggering mitochondrial instability, and modulating cell

signaling pathways leading to an inhibition of cell proliferation.

Abbreviations: EC, endometrial cancer; EEC, endometrioid EC; NEEC, non-endometrioid EC; MET, methoxyeugenol; CPPD, cisplatin; LDH, lactate dehydrogenase;
RAPA, rapamycin; NMA, nuclear morphometric analysis; AVO, acidic vesicular organelles; ROS, reactive oxygen species; A¥m, mitochondrial membrane potential;
PCD, programmed cell death; CDKs, cyclin-dependent kinases; CDKIs, cyclin-dependent kinases inhibitors; MAPK, mitogen-activated protein kinase; SA-f-gal,

senescence-associated f-galactosidase.
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1. Introduction

Cancer is considered the second leading cause of global morbidity
and mortality (WHO, 2018). Due to its heterogeneous nature, there is no
universal treatment, and the production of high-quality anticancer
agents remains extremely challenging (Siddiqui and Rajkumar, 2012).

Endometrial cancer (EC) is the sixth most common type of cancer in
the female population (IARC, 2018; Siegel et al., 2019), with over 380,
000 new cases and approximately 90,000 deaths in 2018 (IARC, 2018).
Two different types of EC are identified based on tumor histology:
endometrioid EC (EEC) and non-endometrioid EC (NEEC). EEC is
generally estrogen-dependent and represents 80% of EC cases. In
contrast, NEEC develops independently of estrogen (Morice et al.,
2016). The worse prognosis is associated with high-grade, recurrent, or
metastatic ECCs, although NEEC is clinically more aggressive (Urick and
Bell, 2019). Currently, surgical treatment is still the most frequently
used in clinical practice. However, depending on the stage of cancer
(degree of tumor differentiation), adjuvant radiation and/or chemo-
therapy may be recommended. Hormonal therapy (progestins, lutei-
nizing hormone-releasing hormone agonists, and aromatase inhibitors)
(de Haydu et al., 2016) is an alternative treatment for those patients who
wish to preserve fertility or with metastatic disease (Amant et al., 2018).
Considering that many patients develop drug resistance and tumor
recurrence and the restricted non-hormonal therapeutic options, the
search for new therapeutic options is necessary, both for independent
use or in combination with pre-established standard therapies (Gehrig
and Bae-Jump, 2010).

Chemotherapy is widely used in the treatment of cancer, but its toxic
effects are a significant problem. To minimize these effects and seek new
therapeutic compounds, several therapies have been proposed and many
of them are plant-derived products (Desai et al., 2008). Plants have been
used as a form of medicine for thousands of years, as they are a reservoir
of natural chemicals, being a potential source of new therapeutic drugs,
either in their original or semi-synthetic form (Taneja and Qazi, 2006).
Taxanes (paclitaxel and docetaxel) and vinca alkaloids (vincristine and
vinblastine) are examples of plant-derived anticancer compounds of
clinical significance (Mukhtar et al., 2014).

Methoxyeugenol (4-Allyl-2,6-dimethoxyphenol) is a natural
phenolic compound naturally found in spices and herbs, such as nutmeg
(Myristica fragrans) (Lopez et al., 2015), essential oil of Myrica esculenta
stem bark (Agnihotri et al., 2012), and essential oil from the root bark of
sassafras (Sassafras albidum) (Kamdem and Gage, 1995). Although
authorized and used as a flavoring in the food industry (EFSA, 2011), the
biological activity of methoxyeugenol is mostly unknown. Studies with
nutmeg extract, which includes methoxyeugenol in its composition,
revealed anthelmintic, antimicrobial, anti-inflammatory, and anticancer
activities (Agnihotri et al., 2012; Lopez et al., 2015; Paul et al., 2013;
Thuong et al., 2014). Endemic to the Maluku Province of Indonesia,
nutmeg is a traditional culinary spice, and the nutmeg oil is used for
various medicinal purposes, such as rheumatism, nervousness, vomit-
ing, sprains, headaches, and to alleviate stomach disorders (Van Gils and
Cox, 1994). Similarly, the Brazilian red propolis extract, a resinous
material gathered from different plants by honeybees (Apis mellifera L.),
also presents methoxyeugenol in its composition and shows antioxidant,
antimicrobial, and anticancer activities (Alencar et al., 2007; Freires
et al., 2016; Righi et al., 2011).

Although the anticancer activity of methoxyeugenol has not yet been
investigated, other similar natural compounds that belong to the class of
phenylpropanoids present antitumor activity (Carvalho et al., 2015).
One of these compounds is the eugenol (4-Allyl-2-methoxyphenol),
which is found in honey and essential oils of different spices such as
clove (Syzgium aromaticum) (Pramod et al., 2010). Studies have shown
its anticancer properties, preventing tumor progression by modulating
apoptosis in both gynecological and non-gynecological cancer cell lines
(Abdullah et al., 2018; Al-Sharif et al., 2013; Fathy et al., 2019; Yoo
et al., 2005).
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Given the therapeutic difficulties in tackling EC and the promising
effects of phenylpropanoids, the main objectives of the present study
were to test the suppression of methoxyeugenol cell proliferation and its
underlying mechanisms against endometrial cancer in vitro. The human
endometrial adenocarcinoma cell line (Ishikawa) is considered a good
model for studying the tumor biology of ECC, which once presents
hormone responsiveness (Albitar et al., 2007). For the first time, this
study demonstrates the potential anticancer effects of methoxyeugenol
through suppression of proliferation regulated by the p53/p21 pathway.
These data allow us to identify methoxyeugenol as a molecule with
promissory therapeutic effects against endometrial cancer.

2. Materials and methods
2.1. Chemicals and reagents

Human endometrial adenocarcinoma (Ishikawa) cell line was ob-
tained from Rio de Janeiro Cell Bank, BCRJ (Rio de Janeiro, Brazil; code:
0364). African green monkey kidney (VERO) cell line was purchased
from American Type Culture Collection, ATCC® (Virginia, EUA; CCL-
81™). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), Penicillin-streptomycin (10.000 units/mL) and Trypan
blue were procured from Gibco™ (Massachusetts, USA). Methox-
yeugenol (4-Allyl-2,6-dimethoxyphenol, #W365505), MTT (3-[4,5-
dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide), DPPH (2,2-
diphenyl-1-picryl-hydrazyl-hydrate), DCFH-DA (2,7-dichlorofluorescin
diacetate), DAPI (4,6-diamidino-2-phenylindole), Acridine Orange,
Gentian violet solution, Tween® 20, Triton™ X-100, and Ascorbic acid
were purchased from Sigma-Aldrich (Missouri, USA). Cisplatin (CPPD;
Fauldcispla®) was obtained from Libbs Farmaceéutica Ltda (Sao Paulo,
Brazil). Lactate dehydrogenase (LDH) kit was purchased from Labtest
(Minas Gerais, Brazil) and Anexina V-FITC flow cytometer kit from
QuatroG (Porto Alegre, Brazil). Dimethyl Sulfoxide (DMSO) was ob-
tained from Merck (Nova Jersey, EUA). TRIzol™, MitoTracker™ Red
CMXRos, and C;2FDG (5-Dodecanoylaminofluorescein Di-p-D-Gal-
actopyranoside) were purchased from Invitrogen™ (Massachusetts,
USA), GoScript™ Reverse Transcription System kit from Promega
(Wisconsin, EUA) and PowerUp™ SYBR™ Green Master Mix kit from
Applied Biosystems™ (California, EUA).

2.2. Cell culture and treatment

Ishikawa cells were maintained in fresh DMEM supplemented with
10% FBS and penicillin/streptomycin (100 units/mL). Cells were
cultured at 37 °C in a 5% CO5 humidified incubator. Methoxyeugenol
was kept at room temperature and diluted in DMEM with 0.5% DMSO to
the required concentrations immediately before use for the treatment of
Ishikawa cells. Cells were cultured for 24 h before treatment in all as-
says. Control wells were divided into (1) Control: which received DMEM
supplemented with FBS and antibiotics, and (2) DMSO (0.5%): which
received the vehicle of methoxyeugenol (0.5% DMSO) in addition to the
FBS and antibiotics.

Methoxyeugenol (4-Allyl-2,6-dimethoxyphenol; linear formula:
HyC= CHCH3CgH2(OCH3)20H; molecular weight: 194.23) was pur-
chased from Sigma-Aldrich (Cat.#W365505/Lot#STBD5682V), >95%
FG, method of extraction: FT-NMR spectrometer, PubChem Substance
ID: 24901834.

2.3. Cell proliferation

Trypan blue exclusion assay was used to quantitatively evaluate cell
proliferation (Strober, 2015). Ishikawa cells were seeded in triplicates at
adensity of 1 x 10* cells per well in 24-well plates and treated with fresh
medium containing different concentrations (30, 60, and 125 pM) of
methoxyeugenol. The selected concentrations were based on previous
studies that tested the antitumor effects of eugenol against gynecological
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cancer cells (Abdullah et al., 2018; Fathy et al., 2019). Cisplatin (CPPD;
10 pM) was used as a positive control (Dabrus et al., 2020). After 72 h of
treatment, cell proliferation was determined by counting cell numbers
per well (a mix of 1-part of 0.4% trypan blue and 1-part cell suspension)
using a Neubauer hemocytometer and optical microscope (Nikon Opti-
phot, Japan).

2.4. Cell viability and determination of ICs¢/ICgo values

MTT assay was used to evaluate cell viability by measuring the
conversion of MTT into formazan crystal (Meerloo et al., 2011). Ishi-
kawa cells were seeded into 24-well plates (1 x 10* cells per well) and
treated as previously described. After 72 h the medium was removed and
MTT solution (5 mg/mL) was added and incubated at 37 °C in a CO,
incubator for 3 h. MTT solution was discarded and formazan crystals
were dissolved with DMSO. The optical density (OD) was measured at
570 nm with a reference wavelength of 620 nm in an ELISA microplate
reader (EZ Read 400; Biochrom). The concentration of methoxyeugenol
required to inhibit cell growth by 50% (ICso) and 90% (ICyg) when
compared to untreated control cells was determined by plotting the
percentage of relative cell viability (%) against the logarithm of the
methoxyeugenol concentrations tested to measure the antiproliferative
activity.

VERO cells were also studied to verify the effects of the treatment in a
non-tumoral cell type. VERO is one of the most common mammalian
cells used in research in virology, cellular, and molecular biology, and is
also an in vitro model for toxicity evaluation of chemical compounds at
the molecular level (Ammerman et al., 2008). VERO cells were seeded
into 96-well plates (2 x 10° cells per well), treated with methoxyeugenol
(30, 60, and 125 puM), and after 72 h MTT assay was performed as
described above.

2.5. Cytotoxicity assay

The leakage measurement of lactate dehydrogenase (LDH) enzyme
into the cell culture medium was used as a marker of membrane damage,
indicative of cytotoxicity. Cells were seeded in triplicates at a density of
1 x 10* cells per well in 24-well plates and treated with fresh medium
containing different concentrations (30, 60, and 125 pM) of methox-
yeugenol or with CPPD (10 pM). After 72 h, the enzyme activity was
measured in both supernatant and cell lysate using the colorimetric
assay Lactate dehydrogenase kit according to the manufacturer’s in-
structions. DMEM with 5% Tween®20 solution was used for the cell lysis
control. LDH release was calculated by measuring the absorbance at 492
nm using an ELISA microplate reader. Results are expressed as a percent
of LDH release in the supernatant.

2.6. Apoptosis assay

Cell death mediated by apoptosis or necrosis was quantified by the
double staining assay using Annexin V-FITC and Propidium iodide (PI)
flow cytometer kit. Cells were seeded in quadruplicates at a density of 1
x 10* cells per well in 24-well plates and treated with 60 pM of
methoxyeugenol or CPPD (10 pM). Methoxyeugenol (60 pM) was chosen
based on cell proliferation, viability, and cytotoxicity assays. After 48 h,
cells were harvested, washed with ice-cold PBS, re-suspended in binding
buffer, and incubated with Annexin V-FITC and PI according to the
manufacturer’s instructions. Samples were analyzed by FACSCanto II
Flow Cytometer (BD, Becton-Dickinson, USA) and data were processed
using FlowJo 7.6.5 software (Tree Star Inc., Ashland, OR). The analysis
allowed the discrimination between live cells (Annexin V" /PI"), early
apoptotic cells (Annexin V'/PI™), late apoptotic cells (Annexin V/PIT),
and necrotic cells (Annexin V~/PI").

Journal of Ethnopharmacology 267 (2021) 113645
2.7. Nuclear morphometric analysis (NMA)

The analysis of the nuclear size and irregularity was performed to
investigate the mechanism involved in cell number decrease. Cells were
seeded in triplicates at a density of 1 x 10* cells per well in 24-well
plates and treated with methoxyeugenol (60 pM) or CPPD (10 pM).
After 48 h of treatment, the culture medium was discarded, cells were
fixed with 4% paraformaldehyde, and permeabilized with 0.3% Triton™
X-100 in PBS for 30 min. Cells were marked with a fluorescent dye so-
lution of DAPI (300 nM) for 2 min and cell images acquired by an
inverted fluorescence microscope. The NMA was performed using
Image-Pro Plus 6.0 software (IPP6-Media Cybernetics, Silver Spring,
MD). Different nuclear phenotypes were separated in an area versus
nuclear irregularity index (NII) plot and control-cell nuclei were used to
set the normal parameters (Filippi-Chiela et al., 2012).

2.8. Acidic vesicular organelles quantification

Evidence suggests that the lysosomal content is up-regulated in
autophagic (Yim and Mizushima, 2020) and senescent (Lee et al., 2006)
cell processes. Acridine orange (AO) is a lysosomotropic dye used to
identify acidic vesicular organelles (AVOs). Under the AO staining, the
whole cell fluoresces green, whereas the acidic compartments fluoresce
orange-red (Paglin et al., 2001). Cells were seeded in triplicates at a
density of 1 x 10* cells per well in 24-well plates and treated with
methoxyeugenol (60 pM) and Rapamycin (1 ng/mL), a potent inducer of
autophagy (Li et al., 2014). After 48 h, cells were harvested and incu-
bated with AO (1 pg/mL) for 15 min at room temperature protected
from light. The intensity of fluorescence was quantified by flow
cytometry, using the FACSCanto II Flow Cytometer and FlowJo 7.6.5
software. The images of the fluorescent cells were captured by an
inverted fluorescence microscope (Eclipse TE2000-S, Nikon).

2.9. mRNA expression analysis

The relative expression of five genes (p53, p21, p16, CDK4, and
CDK®6) involved in the control of cell-cycle progression was evaluated by
Real-Time Quantitative Reverse Transcription PCR (RT-qPCR). The ac-
tivity of the tumor suppressor p53 is tightly regulated, once it is essential
in maintaining cellular genomic integrity and in controlled cell growth
(Bargonetti and Manfredi, 2002). While the loss of p53 function results
in the aberrant growth of cells and oncogenic alterations, p53 activation
leads to cell-cycle arrest, senescence, or apoptosis (Brooks and Gu,
2010). Cyclin-dependent kinases (CDKs), such as CDK4 and CDK6, and
CDK inhibitors (CKIs), such as p21 and p16, are key regulatory enzymes
involved in cell proliferation through regulating cell-cycle checkpoints
(Malumbres, 2014).

Cells were seeded in triplicates at a density of 1 x 10° cells per well in
6-well plates and treated with methoxyeugenol (60 pM) or CPPD (10
uM). Total RNA was extracted using TRIzol™ following the manufac-
turer’s protocol, and reverse transcribed into complementary DNA
(cDNA) using the GoScript™ Reverse Transcription System kit. The RT-
qPCR was performed with the PowerUp™ SYBR™ Green Master Mix kit
in StepOne™ Real-Time PCR System (Applied Biosystems, USA). Primer
sequences are listed in Table 1. The mean Ct values were used to
calculate the relative expression of the target genes normalized by the
internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
using the 2724 formula (Schmittgen and Livak, 2008).

2.10. Senescence-associated f-galactosidase

Senescence was evaluated by senescence-associated p-galactosidase
(SA-B-gal) thought C12FDG (5-dodecanoylaminofluorescein di-p-D-gal-
actopyranoside), a fluorogenic substrate for f-galactosidase (Debacq--
Chainiaux et al., 2009). Cells were seeded in triplicates at a density of 1
x 10* cells per well in 24-well plates and treated with methoxyeugenol
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Table 1
Primer sequences for RT-qPCR.

Genes Primer sequences (5'-3") Product length (bp)

GAPDH Forward CTT TGT CAA GCT CAT TTC CTG G 133
Reverse TCT TCC TCT TGT GCT CTT GC

p53 Forward GTA GCA CCA TCC ACT ACA ACT AC 142
Reverse CAC AAA CAC GCA ACC TCA AAG

p21 Forward TGG AGA CTC TCA GGG TCG AAA 163
Reverse GGC GTT GGA GTG GTA GAA ATC

plé6 Forward GAG TAA CCA TGC CCG CAT AGA 92
Reverse AAG TTT CCC GAG GTT TCT CAG A

CDK4 Forward ATG TTG TCC GGC TGA TGG A 68
Reverse GAC CAG GCT TAC CTT GAT CTC CC

CDK6 Forward AGA CCC AAG AAG CAG TGT GG 387

Reverse AAG GAG CAA GAG CAT TCA GC

(60 pM) or hydrogen peroxide (HyO2; 500 pM) as a positive control
(Chen and Ames, 1994). After 48 h, cells were harvested, washed once
with PBS, and incubated with 100 pM chloroquine for 1 h to induce
lysosomal alkalinization. After incubation, cells were supplemented
with 33 pM C12FDG and maintained at 37 °C with 5% CO, Cells were
collected, washed with PBS, and the intensity of fluorescence acquired
by flow cytometry in FACSCanto™ II. After hydrolysis by p-galactosi-
dase, C1oFDG emits green fluorescence (490/514 nm). Data was
expressed by MFI (median fluorescence intensity) of C;2FDG fluores-
cence after analysis in FlowJo 7.0 software.

2.11. Antioxidant activity assay

The antioxidant activity of methoxyeugenol (60 pM) was tested
through the DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) assay
(Kedare and Singh, 2011). DPPH is characterized as a stable free radical
and the assay is based on measuring the antioxidant scavenging capacity
based on electron-transfer that produces a violet solution in methanol. In
the presence of an antioxidant molecule, the DPPH solution (60 pM) can
be reduced, giving rise to a colorless methanol solution. Ascorbic acid
(AsA; 550 pg/mL) was used as a positive control. The OD was measured
at 515 nm in an ELISA microplate reader.

2.12. Determination of reactive oxygen species (ROS) levels

DCFH-DA assay was performed to determine intracellular ROS
levels. The DCFH-DA is a non-fluorescent compound, which becomes
fluorescent after oxidation by ROS (Kalyanaraman et al., 2012). Cells
were seeded in triplicates at a density of 1 x 10* cells per well in 24-well
plates and treated with methoxyeugenol (60 pM) or hydrogen peroxide
(H202; 500 pM) as a positive control (Wang and Roper, 2014). After 48
h, cells were harvested, washed once with PBS, and incubated with
DCFH-DA (10 pM) for 30 min at 37 °C. The fluorescence intensity was
measured at 485 nm with a reference wavelength of 520 nm in a
microplate reader (VICTOR®, PerkinElmer, USA). Data were expressed
as fluorescence/10* cells.

2.13. Analysis of mitochondrial function

MitoTracker™ Red CMXRos is a fluorescent dye that stains mito-
chondria in viable cells. Its accumulation is directly dependent upon
mitochondrial membrane potential. Cells were seeded in triplicates at a
density of 1 x 10* cells per well in 24-well plates and treated with
methoxyeugenol (60 pM) or CPPD (10 pM) as a positive control. After
48 h, cells were harvested, washed once with PBS, and incubated with
MitoTracker™ Red CMXRos (100 nM) for 30 min at 37 °C protected
from the light. The intensity of fluorescence was analyzed by flow
cytometry, using the FACSCanto II Flow Cytometer and FlowJo 7.6.5
software.
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2.14. Clonogenic cell survival assay

Clonogenic cell survival assay analyzes the ability of a single cell to
grow into a colony after removing the action of an external stressor
(Franken et al., 2006). Cells were seeded in triplicates at a density of 1 x
10* cells per well in 24-well plates and treated with methoxyeugenol
(60 pM) or CPPD (10 puM) as a positive control. After 48 h, viable cells
were counted using trypan blue exclusion assay and seeded into 12-well
plates (400 cells/well). Cells were cultivated in growth medium DMEM
at 37 °C in a humidified atmosphere with 5% CO-. After 7 days, colonies
were washed with PBS and fixed with 4% paraformaldehyde for 20 min.
Fixed colonies were stained with a solution of 0.5% gentian violet for 5
min and washed with distilled water. Data were expressed as the number
of colonies/well.

2.15. Statistical analysis

The in vitro experiments were repeated at least three times, all in
triplicate. All results are presented through descriptive statistics (mean
+ standard deviation (SD)). One-way analysis of variance (ANOVA)
followed by the post-hoc test of Tukey for multiple comparisons was
used to compare the means between groups. A significance level was
statistically accepted when p < 0.05. Statistical analyses were performed
using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).

3. Results
3.1. Effects of methoxyeugenol on the survival of Ishikawa cells

The treatment with methoxyeugenol (MET; Fig. 1A) showed a sig-
nificant decrease in cell number (Fig. 1B; p < 0.001) and cell viability
(Fig. 1C; p < 0.001) in the two higher concentrations (60 and 125 pM)
tested when compared to the control groups (culture medium with and
without the DMSO vehicle). Cells treated with MET (30 and 60 pM) did
not present significant release levels of LDH (Fig. 1D). However, MET
(125 pM) showed a significant increase of LDH into the extracellular
medium, evidencing cell membrane disruption (Fig. 1D; p < 0.05). No
significant difference was found between the control treatment supple-
mented or not with the vehicle DMSO (0.5%); accordingly, all control
group represented graphically from now on refers to the treatment with
DMEM supplemented with 0.5% DMSO. Treatment with methox-
yeugenol showed a concentration-dependent inhibition of cell prolifer-
ation, which resulted in an ICsg = 32.18 pM and an ICyy = 57.93 pM
(Fig. 1E; R? = 0.9996). Additionally, the same treatment did not affect
the viability of non-tumoral VERO cells (Fig. 1F). MET 60 pM was the
selected concentration to continue the experiments, as it reduces cell
number and viability without causing cytotoxicity in Ishikawa cells.

3.2. Antiproliferative effects of methoxyeugenol

3.2.1. Methoxyeugenol do not exert a pro-apoptotic effect in Ishikawa cells

Treatment with MET (60 pM) does not reduce the number of viable
cells neither increases the number of apoptotic nor necrotic cells
(Fig. 2A, 2B, 2C, and 2D; p > 0.05). These data suggest that the reduction
in cell number and cell viability is not related to the inhibition of pro-
liferation by apoptotic cell death. In accordance with the LDH assay
results, the treatment with MET (60 pM) did not induce necrosis, sug-
gesting that this compound is not cytotoxic (Fig. 2D; p > 0.05). As ex-
pected, the positive control CPPD (10 pM) reduced live cell percentage
and increased the other death parameters.

3.2.2. Methoxyeugenol induces changes in nuclear morphology of Ishikawa
cells

Several physiological and cell death processes are associated with
alterations in nuclear morphology, such as the increase in nuclear size
observed in senescent cells in response to chemical or physical stresses



B.P. Costa et al.

OCHg3

Journal of Ethnopharmacology 267 (2021) 113645

1504
OH _ T
2 1001
g
2 ok
2 2
H.C OCHy N
kK
} Control DMSQ’(O.S%) 30 60 125 CPPD (10 uM)
: MET (uM) ‘
151 80 wokk
E o 60 *
s 9
§ 1.0 <
5 8
E 2 401
L : T
5 UV =
3
<
.
0.0- T T T T
Control DMSO (05%) 30 60 125 GPPD (10,:M) Control  DMSO (0.5%) 30 60 125 CPPD (10 M)
' MET (uM) ' ' MET (M) '
2.0
120+
[3
€ 100 z
o 2 £ 1.57
o R =0,9996 T-
%5 804 ﬂﬁi
° 3L
> 60 0% 101
® IC50 = 32.18 uM g
2 401 > 8
3 o
Qo I3 £
.'; 20 2 0.5
. ICqo = 57.93 uM
o ==
T T T T 1 0.0 T
1000 1005 10190 1015 1020 1025 senteol = & =
MET (M)

Log [Methoxyeugenol]

Fig. 1. Effects of methoxyeugenol (MET) in Ishikawa cells after 72 h of treatment. (A) Chemical structure of MET. (B) Antiproliferative effect of MET on the total cell
number count. (C) Reduction in cell viability in response to treatment with MET. (D) Measurement of LDH enzyme release (cytotoxicity) in response to the MET
treatment. Cisplatin (CPPD) was used as a positive control. (E) MET-concentrations responsible to inhibit 50% (ICso) and 90% (ICqo) of relative cell viability. Control
treatment refers to DMEM containing vehicle (0.5% DMSO). (F) Effect of MET on the cell viability of non-tumoral VERO cells. Data represent mean + SD from four
(B, C and D) and three (E and F) independent experiments (*p < 0.05, ***p < 0.001 vs control).

(Filippi-Chiela et al., 2012). Fig. 3 shows the percentage of large and
regular (LR) nuclei (Fig. 3A), the distribution of size and irregularity
nuclei (Fig. 3B), and representative images of nuclei (Fig. 3C) according
to the treatment received. As shown in Fig. 3A, there was a rise in the
percentage of large and regular nuclei (morphological characteristics
associated with the senescence phenotype) in the MET-treated group
compared to the control (p < 0.05) as well as in the CPPD-treated group
(p < 0.001). These data suggest that senescence induction is involved in
the signaling of MET in Ishikawa cells.

3.2.3. Methoxyeugenol increases acidic vesicular organelles in Ishikawa
cells

As shown in Fig. 4A, the percentage of acidic compartments (AO-
positive cells) increases in response to the treatment with MET (60 pM; p
< 0.05). Representative flow cytometric plots are shown in Fig. 4B.
Fig. 4C displays representative images of AVOs-stained in orange and
nuclei and cytoplasm stained in green. As expected, the positive control

Rapamycin (RAPA; 1 ng/mL) expressively raises the AVOs. These data
suggest that an increase in lysosomal content is one of the cellular re-
sponses triggered by the MET in Ishikawa cells.

3.3. Effects of methoxyeugenol on cell signaling

3.3.1. Expression of cell growth regulators in Ishikawa cells

Cyclins and cyclin-dependent kinases (CDKs) are fundamental reg-
ulators of cell-cycle progression through the phosphorylation and
inactivation of target substrates. Both p16 and p21 families of CDK in-
hibitors block this phosphorylation and can be under transcriptional
control of the p53 tumor suppressor gene, which is activated by DNA
damage (Munoz-Espin and Serrano, 2014). As shown in Fig. 5A, p53
expression increase in response to treatments with MET (60 pM; p <
0.05) and CPPD (10 puM; p < 0.001). There was no difference in the
expression levels of p16 (Fig. 5B; p > 0.05) in response to the treatment.
MET treatment (60 pM) also raised the expression levels of p21 (Fig. 5C;
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p < 0.05) and yet decreased the expression levels of CDK4 (Fig. 5D; p <
0.05). and CDK®6 (Fig. 5E; p < 0.05). These results suggest modulation of
cell-cycle progression through the p53-p21 pathway.

3.3.2. Methoxyeugenol does not increase f-galactosidase activity
Increased lysosomal activation, indicating by the positive marking
for senescence-associated (-galactosidase activity (SA-B-gal), has been
used to identify senescent cells (Kurz et al., 2000). According to the
median fluorescence intensity (MFI), methoxyeugenol-treated cells did

**%p < 0.001 vs control).

not show an increase in the enzymatic activity of f-galactosidase
(Fig. 6A; p > 0.05). As expected, the positive control HyO2 (500 pM)
confirmed the SA-p-gal induction (Fig. 6A; p < 0.01). Representative
flow cytometric plots are shown in Fig. 6B. These data suggest that there
is no fully established senescence state; however, the previous data
suggest an antiproliferative effect senescence-mediated in
methoxyeugenol-treated Ishikawa cells.



B.P. Costa et al.

Control

Journal of Ethnopharmacology 267 (2021) 113645

MET (60 uM)

RAPA (1 ng/mL)

32.37 % 55.40 %

FITC

B
A
(3
g
]
H
§
A ]
804 K
4
s
>~ 60_
o
@
o
S 407
?g‘
2 C
S 20-
<
o_

Control  MET (60 uM) RAPA (1 ng/mL)

Green fluorescence

Fig. 4. Effects of methoxyeugenol (MET) in the acidic compartments of Ishikawa cells after 48 h of treatment. (A) Percentage of AO-positive cells. (B) Representative
flow cytometric plots from control and treated cells with MET (60 pM) or Rapamycin (RAPA, 1 ng/mL). A total of 10,000 events were collected and data represent the
mean =+ SD from three independent experiments (*p < 0.05; **p < 0.01 vs control). (C) Representative nuclei images of control and treated cells (MET or RAPA). The
white arrows show the acidic vesicular organelles (AVOs) stained in orange. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

T

F ]
a2 150 o 2.0
< < a
4 9
2 e
e =
s Hkk s 1.5
g 100 - g
i i .
@z 2° 1.0
83 4
2y <Y
s 58
H 50 3
2 * 2 05
s K
2 2
S o0 T T s oo T
% Control MET (60 uM) CPPD (10 M) & Control
X
2
< 1.5
o
3
]
o
5 10
£ ~
o3&
8% *
o8
s
¥ 05
°
2
s
®
g 0.0 T T
g Control  MET (60 uM) CPPD (10 M)

20

T
MET (60 4uM) CPPD (10 M)

mRNA relative expression of p21/GAPDH

T T
MET (60 uM) CPPD (10 M) Control

E

1.5

T

*
) i

wk
0.

T T
Control MET60uM  CPPD (10 uM)

mRNA relative expression of CDK6/GAPDH

Fig. 5. Effects of methoxyeugenol (MET) on the expression levels of cell growth regulators in Ishikawa cells after 48 h of treatment. Relative mRNA expression of (A)
p53, (B) p16, (C) p21, (D) CDK4, and (E) CDK6 on treatment groups (MET or CPPD). GAPDH was used as an internal control. Results are expressed as target gene/
GAPDH and data represent the mean + SD from three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001 vs control).

3.3.3. Methoxyeugenol induces ROS production in Ishikawa cells

ROS are by-products of cellular metabolism, however high intracel-
lular levels of ROS can be harmful to cells (Perillo et al., 2020). Despite
demonstrating a potent antioxidant effect when analyzed in isolation
(Fig. 7A; p < 0.001), the intracellular ROS levels significantly grow in
response to MET treatment (Fig. 7B; p < 0.01) in Ishikawa cells. These
results indicate that the increased ROS levels act as intracellular signal
molecules directly associated with the triggering of the antiproliferative
response of these cells.

3.3.4. Methoxyeugenol increases mitochondrial membrane potential
A¥m)

A strong positive correlation between A¥m and ROS production has
been reported (Miwa and Brand, 2003). After 48 h, the Median Fluo-
rescence Intensity (MFI) of MitoTracker™ Red CMXRos (MTR)
increased in cells treated with MET (60 pM) (Fig. 8A, p < 0.01) or CPPD

(10 pM) (Fig. 8A, p < 0.05). The percentage of PE-positive cells also
higher in treated groups (Fig. 8B). These results indicate a positive
relationship between the increase of ROS levels and A¥m.

3.4. Methoxyeugenol reduces the colony-forming capability of Ishikawa
cells

Clonogenic survival assay measures the effects of growth inhibition
after the withdrawal of the stimulus/treatment. Cells that received MET
(60 pM) as a treatment before the clonogenic survival assays showed a
reduced number of colonies (Fig. 9A; p < 0.01). The same trend was
observed in the CPPD (10 pM) group (Fig. 9A; p < 0.001), evidencing
that the inhibitory effect on cell proliferation was kept after the removal
of these treatments’ stimulus.
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4. Discussion

Clinical use of plant-derived substances with therapeutic properties
that can control or interrupt the carcinogenic process provides an
important alternative to conventional treatments. The use of plant-
derived products has shown to be a promising strategy against cancer,
not only as an approach to eliminate tumor cells but also as a molecular
modulator of the pathophysiology of cancer (Desai et al., 2008).
Methoxyeugenol is one of the compounds found in nutmeg essential oil
(Myristica fragrans) (Lopez et al., 2015), essential oil of Myrica esculenta
stem bark (Agnihotri et al., 2012), essential oil from the root bark of
Sassafras albidum (Kamdem and Gage, 1995), and Brazilian red propolis
extract (Alencar et al., 2007; Righi et al., 2011). Studies demonstrate
that methoxyeugenol corresponds to approximately 8% of the nutmeg
essential oil (Lopez et al., 2015), and 9% of the essential oil of
M. esculenta stem bark (Agnihotri et al., 2012). Anthelmintic, antimi-
crobial, anti-inflammatory, and anticancer activities have already been
identified in nutmeg extracts, which includes methoxyeugenol in its
composition. (Agnihotri et al., 2012; Lopez et al., 2015; Paul et al., 2013;
Thuong et al., 2014). The study conducted by Thuong et al. (2014)
evaluated antitumor activities of 4 lignans (polyphenols) from the seeds
of nutmeg (Myristica fragrans). All studied compounds present anti-
cancer properties against various cell lines H1299 (human non-small cell
lung carcinoma), H358 (human bronchiolar lung cancer), H460 (large
cell lung cancer), HeLa (human cervical cancer), HepG2 (human hep-
atoblastoma cancer), KPL4 (human breast cancer), and MCF-7, RD
(human breast cancer).

T
Control

MET (60 uM) H,03 (500 M) ments (**p < 0.01, ***p < 0.001 vs control).

Uncontrolled cell proliferation is the main characteristic of tumor
progression and the interruption of cell divisions is one of the main
targets of anticancer therapies (Pawlowska et al., 2018). In our study,
treatment with methoxyeugenol showed an antiproliferative activity
and a reduction in the viability of endometrial cancer cells (Ishikawa)
when used at 60 and 125 pM. Although the highest concentration of
methoxyeugenol (125 pM) caused damage to the cell membrane (cyto-
toxicity), the reduction in cell number observed at 60 pM does not seem
to be related to cell death by necrosis. Even though the approximate
concentration of 30 pM of methoxyeugenol is responsible for inhibiting
50% of cell viability (ICsp), 60 pM of methoxyeugenol was similar to the
ICyp value (57.93 pM) demonstrating a promisor anticancer effect
against endometrial cancer cells. Also, none of the methoxyeugenol
concentrations tested altered the viability of non-tumoral VERO cells.
Used as a model to assess the toxicity of chemical compounds at the
molecular level, the results found with VERO cells demonstrate a
possible selectivity of methoxyeugenol on reducing the viability of
tumor cells.

The inability to activate cell elimination mechanisms is involved in
the rise of mutations that can lead to carcinogenesis. Thus, cancer
treatments aim to stop tumor progression by inducing cell death or
stopping cell proliferation pathways. The mechanism of programmed
cell death (PCD) is an orderly process and can occur via apoptosis,
autophagy, or programmed necrosis, and with the cascade activation of
multiple proteins that ultimately lead to cell death (Ouyang et al., 2012).
The decrease of cell number in response to treatment with methox-
yeugenol proved not to be a consequence of the activation of PCD by
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apoptosis or necrosis in Ishikawa cells. The non-induction of necrosis
corroborates with the results found in the LDH enzyme leakage assay,
which proves the non-cytotoxicity of the compound in the concentration
used in this study.

A promising approach to contain tumor progression through the
regulation of cell proliferation is associated with the permanent inter-
ruption of the cell cycle through senescence-induction (Roninson,
2003). Cellular senescence refers to a permanent cell cycle arrest even
under cell proliferation signals (Stein et al., 1991). Senescence is often
accompanied by phenotypic changes in vitro, such as increased cell and
nuclei size (Munoz-Espin and Serrano, 2014), exceptional activation of
lysosomes, and positive senescence-associated p-galactosidase activity
(Kurz et al., 2000). The accumulation of lysosomal content in senescent
cells probably reflects an interesting correlation with autophagy (Young
et al., 2009). Combined or exclusive therapies with cisplatin are com-
mon and effective practices in antineoplastic treatment. Widely known
for generating DNA damage, cisplatin triggers molecular pathways that
lead to cell mitosis inhibition and induction of apoptotic cell death,
which is directly related to the toxic effects of this chemotherapy in
clinical practice (Dasari and Bernard Tchounwou, 2014). Cell
senescence-induced by cisplatin has also been reported as one of the
mechanisms of action in tumor containment (Li et al., 2014).

Our results demonstrate that methoxyeugenol (60 pM) significantly
increases the nuclear size as well as the content of acidic vesicular or-
ganelles of Ishikawa cells. Nevertheless, despite being a phenotypic
alteration compatible with cellular senescence, the activity of the
enzyme f-galactosidase did not increase in response to treatment with
methoxyeugenol. Interestingly, Cho et al. (2011) evaluated the kinetics
of cellular changes that occur during the progression of senescence
induced by DNA damage in the breast cancer cell line MCF-7. In this
study, the authors found that cell volume and lysosomal content
increased abruptly in the early stages of senescence. Conversely,

SA-p-gal increased only after 48 h, suggesting that regulation of
B-galactosidase levels requires an induction period in cells that were
already in cell cycle arrest (Cho et al., 2011). Considering that in the
present study the activity of f-galactosidase was evaluated after 48 h of
methoxyeugenol treatment, possibly the low levels of expression of the
enzyme were responsible for the low levels of hydrolysis of the fluo-
rescent compound C;5FDG. Corroborating with the data found, Uehara
et al. (2015) also demonstrated an increase in Ishikawa cell size treated
with cisplatin (Uehara et al., 2015).

In normal cells, growth factors (mitogens) are responsible for initi-
ating and maintaining the transition from G1 to S phase in the cell cycle.
Mitogen-activated protein kinase (MAPK) signaling pathways stimulate
the cell cycle machinery by inducing cyclins, which are the activators of
cyclin-dependent kinases (CDKs). Cyclin D1 activates CDKs (such as
CDK4 or CDK6) and phosphorylates the retinoblastoma protein (pRb)
thereby stimulating downstream cell cycle machinery. CDKs can be
blocked, directly or through the induction of CDK inhibitors (CDKIs)
leading to cell growth arrest (Lim and Kaldis, 2013). The senescence
program is driven by a complex interplay of signaling pathways that
converge on the activation of cell cycle inhibitors (Munoz-Espin and
Serrano, 2014). The molecular characteristics of senescent cells usually
include upregulation of CDKIs such as p21 and/or p16 (He et al., 2017).
Once p53 is activated, it increases the expression of p21, which interacts
and inhibits the activity of the cyclin-CDK2, -CDK1 and -CDK4/6 com-
plexes, regulating the cell cycle progression during the G1 and S phases
(Gartel and Radhakrishnan, 2005), thereby preventing phosphorylation
of pRb and suppressing the expression of proliferation-associated genes
(Narita et al., 2003). Our results showed an upregulation in p53 and p21
gene expression, and a downregulation in CDK4 and CDK6 gene
expression in response to treatment with methoxyeugenol. These results
showed a strong correlation between the reduction in the cell number
and the induction of G1/S-phase cell cycle arrest, triggered by the
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(10 pM). Data represent the mean + SD from three independent experiments (**p < 0.01, ***p < 0.001 vs control).

p53-p21 pathway, which is an important regulator of the progression of
cell senescence. Cho et al. (2011) also identified a rapid increase in p53
and p21 levels in the early stages of senescence in MCF-7 cells (Cho
et al., 2011). Methoxyeugenol did not affect p16 gene expression levels.

Cellular senescence can be triggered in response to multiple stressors
and damaging agents, including telomere shortening, DNA damage,
oncogenic signaling, and ROS (Munoz-Espin and Serrano, 2014).
Although moderate levels of ROS contribute to the control of cell pro-
liferation and differentiation (Perillo et al., 2020), high levels of ROS
that exceed cellular antioxidant capacity lead to oxidative stress,
severely damaging biomolecules such as DNA, proteins, and lipids
(Jezek and Hlavata, 2005). ROS levels increase after several different
types of stress, such as chemotherapeutic agents and DNA damage, and
can trigger programmed cell death (Azad et al., 2009). Interestingly, a
rise in ROS levels can also promote cellular senescence through the
activation of p38MAFX Jeading to the increased transcriptional activity
of p53 and upregulation of p21 (Debacq-Chainiaux et al., 2010). Our
results showed that Ishikawa cells treated with methoxyeugenol
increased ROS levels. These data highlight the role of ROS modulation as
a key factor in signaling anticancer treatment pathways.

Natural phenolic compounds, such as phenylpropanoids, are part of
the diet and have health-beneficial properties, largely due to their high
antioxidant capacity (Zhang et al., 2015). Although antioxidant treat-
ment has been reported to delay or prevent cell senescence (Lee et al.,
1999), methoxyeugenol showed high antioxidant activity; in contrast,
when in cell culture, methoxyeugenol demonstrated to act in a
pro-oxidant way, increasing the levels of intracellular ROS. Neverthe-
less, studies conducted with eugenol, a compound of the phenyl-
propanoid class, same class as methoxyeugenol, demonstrated a double
effect on oxidative stress: (1) cancer-preventive action due to its effec-
tive antioxidant nature and (2) pro-oxidant action that affects several

10

cell signaling pathways, culminating in the death of tumor cells (Bezerra
et al., 2017).

Interestingly, antioxidant compounds can also exert pro-oxidant
activities under certain conditions, such as in the presence of metal
ions and when administered in high doses (Raza and John, 2005; Sotler
etal., 2019). Due to redox cycling capacity, iron and copper are essential
for many biological functions because they act as cofactors and cell
mediators (Cai et al., 2005; Kalinowski and Richardson, 2005). How-
ever, under redox cycling reactions, these metallic ions also result in
cytotoxicity through the donation of electrons to oxygen, leading to the
generation of ROS, such as superoxide and hydroxyl radicals (Jomova
and Valko, 2011). Thus, the concentration of redox-active metal ions is
tightly regulated in mammalian cells allowing their bioavailability but
also avoiding the generation of ROS (Grubman and White, 2014; Lane
et al., 2015). Consequently, imbalances in the concentrations of redox
cycling metals are frequently observed in several pathologies, including
cancer (Kalinowski et al., 2016). High levels of copper have been found
in gynecological tumors of the breast, cervix, and ovaries (Gupte and
Mumper, 2009). Antitumor therapies have already been proposed to act
on the redox cycling of metal by depleting iron or copper or by gener-
ating cytotoxic ROS levels in cancer cells (Kalinowski et al., 2016; Torti
and Torti, 2013). The mobilization of endogenous copper ions in
humans by the pro-oxidant activity of phenolic compounds can lead to
oxidative DNA damage and be responsible for inducing antitumor
properties (Azmi et al., 2006; Farhan et al., 2016; Galati and O’Brien,
2004).

Although not fully understood, the production of ROS by mito-
chondria seems to be influenced by the A¥m, consequently affecting
several cellular processes, such as the control of redox and pH micro-
environment, which can ultimately affect mechanisms of cell prolifera-
tion and death (Zorova et al., 2018). The A¥m can have a paradoxical
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effect. While low AWm values are related to insufficient ATP production,
low ROS levels, and cell death (Perillo et al., 2020), the mitochondrial
respiratory chain becomes a significant producer of ROS in response to a
high A¥Ym (Starkov and Fiskum, 2003). Cisplatin, a chemotherapeutic
drug known to induce DNA damage leading to cell death, has been
shown to mediate its effects by increasing ROS and A¥Ym in ovarian
cancer cells (Kleih et al., 2019). Therefore, mitochondrial hyperpolar-
ization can lead to an exponential increase in the generation of ROS, and
maintaining an excessively high A¥m can lead to mitochondrial and
cellular damage (Gergely et al., 2002). Interestingly, in addition to the
rise in ROS levels, the A¥m of Ishikawa cells also increase in response to
treatment with methoxyeugenol, leading to cell damages.

5. Conclusion

Medicinal plants have been considered a valuable source of com-
pounds with pharmacological activities. Here we demonstrate that
methoxyeugenol (60 pM) was able to increase ROS levels and induce
mitochondrial damage in Ishikawa cells. The high ROS levels show to be
responsible for the activation of antiproliferative signaling pathways.
Methoxyeugenol upregulates the expression of p53 and p21, which in
turn inhibits CDK4/6 and triggers the inhibition of cell cycle progres-
sion. Cell phenotypic changes such as enlarged nuclear size and the
increased number of acidic vesicular organelles corroborate with the
initial senescence-inducing phenotype in Ishikawa cells treated with
methoxyeugenol. The antiproliferative effect did not cause cytotoxicity
and proved to be effective in reducing the proliferative capacity of
endometrial cancer cells even after treatment withdrawal. Our findings
uncovered the promising anticancer effect of methoxyeugenol in endo-
metrial cancer cells and which molecular mechanisms are involved in
this therapeutic response.
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