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Several experimental and biological studies have emphasized the tumor suppression efficacy and low toxicity of
Apigenin (API); however, its exact underlying mechanism on human endometrial carcinoma Ishikawa cell line
(EQ) is still unknown. We found that API could inhibit the proliferation of Ishikawa cells at IC5¢ of 45.55 pM,
arrest the cell cycle at G2/M phase, induce apoptosis by inhibiting Bcl-xl and increasing Bax, Bak and Caspases.
Further, API could induce apoptosis by activating the endoplasmic reticulum (ER) stress pathway by increasing
the Ca®", ATF4, and CHOP. It could impede cell migration and invasion through PI3K-AKT-GSK-3p signaling

pathway, preventing wound healing, restraining cells migration from the upper chamber to the lower chamber.
This study demonstrated that API can be used as a promising dietary supplement and an adjuvant chemother-
apeutic agent for cancer treatment.

1. Introduction

Cancer is considered the most alarming life-threatening disease due
to the high death and morbidity rate worldwide. Among the various
cancer types, endometrial carcinoma (EC), a gynecological malignant
tumor, has high incidences which have increased from 56% since 1990
to 21% in the recent years in the developed countries (Prabhakar et al.,
2022). The incessant advances in the treatment of EC involve both
chemotherapy and radiotherapy which are widely used in anticancer
therapy targeting mainly cell cycle arrest and apoptosis induction (Wu,
Yang, & Wang, 2019). However, clinical studies reveal that subsequent
apoptotic escape leads to adverse effects of chemotherapy (Soto-Gamez

etal., 2022). In recent years, studies have focused on the development of
new targeted therapies with minimal effects on adjacent normal cells. In
this regard, increasing importance is given to plant-derived natural
compounds which are constantly proving to be suitable anti-cancer
agents for different kinds of targeted therapies in cancer prevention
and treatment (Abedul, Daniel, & Arm, 2021).

Natural compounds can induce programmed cell death including
apoptosis, necrosis, and pyrosis, thus achieving anticancer effects
(Stoner, 2020; Marunaka, Niisato, Zou, Xiao, & Nakahari, 2020). Each
type of programmed cell death has its unique characteristics and acti-
vation pathways (Abhijit et al., 2022). Cell death caused by apoptosis
hinders the occurrence and development of cancer, and many natural
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compounds are reported to induce cell apoptosis. Mitochondria are or-
ganelles of eukaryotic cells, involved in intracellular calcium homeo-
stasis regulation, an important source of intracellular ROS, as well as
involved in intracellular signal transduction, which is closely related to
cell apoptosis (Wang et al., 2022). The members of the Bcl-2 family have
distinct effects on apoptosis. Previous studies have suggested that fennel
seed extract induced apoptosis of lung cancer cells by down-regulating
Bcl-2 (Ke, Zhao, & Lu, 2021). Moreover, ROS is involved in
mitochondria-dependent apoptosis (Li et al., 2021). Chimaphilin
induced apoptosis of human breast cancer MCF-7 cells through the ROS-
mediated mitochondrial pathway (Ma et al., 2014). Another study
showed that allicin sensitized the hepatocellular carcinoma cells to the
antitumor activity of 5-fluorouracil through the ROS-mediated mito-
chondrial pathway (Zou et al., 2016). Many researchers have shown that
the endoplasmic reticulum (ER) is concerned with the genesis and
development of cancer, and it can also be used as a target for cancer
treatment. When the ER is stressed, PERK is activated and apoptosis is
triggered to eliminate the ER stress cells. It has been suggested that the
PERK/elF20/CHOP pathway is involved in fumonisin Bl-induced
cytotoxicity (Yu, Jia, Yang, Liu, & Wu, 2020). Tumor cell migration is
an adverse event and one of the important causes of death in tumor
patients (Sim et al., 2021). Recent evidence suggest that epithelial-
mesenchymal transformation (EMT) plays a key role in tumor metas-
tasis (Kaur, Mukhlis, Natesh, Penta, & Meeran, 2022). The PI3K/AKT/
GSK-3p signaling pathway has been reported to affect the expression of
epithelial-mesenchymal transformation-related proteins, including
MMP2, MMP9, and E-cadherin (Chen et al., 2021). Colorectal cancer
cells related studies have shown that PISK/AKT/GSK-3p signaling
pathway is involved in the P2X7 receptor-induced proliferation (Zhang
et al,, 2021). Previous studies revealed that isohapontigenin (ISO)
inhibited EMT in bladder cancer cells; Bashuol, the main component of
Cornus officinalis root bark, could inhibit the EMT in vitro and metastasis
of cancer cells in vivo (Lee et al., 2021). Therefore, the exploration of
novel natural compounds with efficient anticancer activity is the most
prominent research area for cancer-related future studies.

So far, many plant bioactive compounds have been shown to exert
prominent anti-cancerous effects with low intrinsic toxicity (Abu-Izneid
et al., 2020). Among them, polyphenols are the most abundant and
flavonoids constitute 60% of all natural polyphenols. Among the fla-
vonoids, 4',5,7-trihydroxyflavone, known as apigenin (API) exists in
edible plant foods. A Japanese study showing the effects of flavonoids on
the blood system was also carried out in a seven-day study of 18 healthy
men and women, where researchers examined the effects of daily di-
etary supplements (which provide apigenin in parsley) on platelet ag-
gregation and other hemostatic variables. The authors of this study did
not observe significant changes in platelet count, factor VII, plasmin-
ogen, PAI-1 activity or fibrinogen concentration induced by collagen or
ADP (Nielsen, Young, Daneshvar, Lauridsen, & Knuthsen, 1999). The
study also found that total flavonoid intake was inversely associated
with plasma total cholesterol and low-density lipoprotein concentra-
tions in women after adjusting for age, body mass index, and total en-
ergy intake. These properties classify Apigenin as A beneficial
compound with dietary effects that promote health and prevent disease
(Maduni, Maduni, Gajski, Popi, & Vrhovac, 2018). Studies have shown
that subjects on apigenin-rich diets can systematically absorb apigenin.
The results showed that there was no change in the activities of catalase
and glutathione peroxidase (Janssen et al., 1998). In previous studies, no
significant differences in apigenin absorption or transport were
observed between mixed vegetables and snacks using the CaCo-2
Transwell model. Simulated in vitro digestion demonstrated a large
release of apigenin (Morala et al., 2018). In another study, in vitro
gastrointestinal digestion model was used to study the bioaccessibility of
apigenin, and the results showed that intestinal apigenin content was
higher than gastric apigenin content. The bioavailability of apigenin was
20.26 + 3.06% and 79.74 + 3.06% after 1 h of gastric juice treatment,
while the bioavailability of apigenin was 41.53 + 13.99% and 58.47 +

Journal of Functional Foods 94 (2022) 105116

13.99% after 2 h of pancreatic enzyme treatment, respectively. Thus, the
bioaccessibility of apigenin suggests that apigenin can be absorbed in
the upper intestine, leading to health-related outcomes (Marina, Amin,
Loh, Fadhilah, & Kartinee, 2019). Therefore, apigenin may be used as a
potential dietary supplement.

API has been investigated in many studies (in vitro and in vivo) for its
anti-cancer effects (Madunic, Maduni, Gajski, Popi, & Garaj-Vrhovac,
2018) associated with antioxidant effects. However, in recent years,
studies have reported its effect on cell cycle arrest, counteracting
oxidative stress, apoptosis induction, and immunestimulating effects
(Dou, Zhou, Ren, & Xu, 2020). API could enhance 5-fluorouracil-
induced apoptosis of colorectal cancer cells by regulating thymine syn-
thase (Yang et al., 2021), inhibit hepatocellular carcinoma cell prolif-
eration by up-regulating cleaved caspases-3/8 and down-regulating p-
STAT3/p-JAK1/p-JNK2 (Omar et al., 2020). However, the cellular
mechanisms underlying the action of API in the induction of cell cycle
arrest and apoptosis have not been elucidated on EC Ishikawa cells.
Because different phytochemicals have different mechanisms of action
on different cancer cells, this study was conducted to evaluate the
inhibitory effects of API on the cell viability using EC Ishikawa cells,
explore its underlying mechanism for cell cycle modulation, cell
apoptosis induction, as well as cell migration and invasion inhibition.

2. Materials and methods
2.1. Chemicals

Apigenin (Muenster, Chengdu, China); DMEM media and serum
(Hyclone, Logan, UT); PS (Hyclone, Logan, UT); Trypsin (Hyclone,
Logan, UT); PBS (Servicebio, Wuhan, China); MTT (Sigma, St. Louis,
MO); primary and secondary antibodies (CST, Danvers, MA; Abcam,
Shanghai, China); RT-qPCR kit (Novoprotein, Beijing, China); BCA assay
kit (Servicebio, Wuhan, China). SDS-PAGE Gel Preparation Kit (Serv-
icebio, Wuhan, China); Cell Cycle and Apoptosis Analysis Kit (beyotime,
Shanghai, China); Annexin V-FITC/PI Double staining Apoptosis
Detection Kit (BestBio, Shanghai, China); Reactive Oxygen Species
Assay Kit (beyotime, Shanghai, China); Mitochondrial membrane po-
tential assay kit with JC-1 (beyotime, Shanghai, China); Fluo-3 AM
(beyotime, Shanghai, China); GSK2656157 and LY294002 (Med Chem
Express, Monmouth Junction, NJ).

2.2. Cell culture and treatment

The human endometrial cancer cells (Ishikawa) were incubated in a
DMEM medium supplemented with 10% FBS and 1% PS at 37 °C (Zhang
et al., 2020). Then, the cells were allowed to grow to more than 80%
confluence followed by subculturing with 0.25% trypsin-EDTA. Briefly,
cells were seeded in a plate, incubated for 24 h, then treated with API for
48 h. The treated and untreated cells were processed for further
experiments.

2.3. Cell viability and cell morphology assay

MTT assay was used to detect the cytotoxicity of API on human
endometrial cancer cells. As per previously described methods (Ma
et al., 2020), Ishikawa cells (8 x 10* cells/well) were allowed to incu-
bate for 12 h and adhered to the six-well plate walls. The original me-
dium was replaced and Ishikawa cells were co-incubated with various
concentration gradients (0, 20, 40, 60, 80, 100, 120, 140, and 160 pM)
of APL, using 5-FU as the positive control. After the treatment with API
for 48 h, the epipelagic medium was discarded and the cells were
washed with 150 pL of PBS. Then, 20 pL of 5 mg/ml MTT reagent and
100 pL freshly prepared medium was added, and the cells were incu-
bated for 4 h. Then, 150 pL of dimethyl sulfoxide (DMSO) was added to
each well to dissolve formazan (A water-insoluble blue-purple crystal).
After 10 mins, the absorbance was detected at 490 nm and 630 nm using
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a microplate reader (AMRESCO, Solon, OH).

Based on the MTT results, Ishikawa cells were treated with 0, 30, 50,
and 70 pM of API for 48 h, and morphological changes of the Ishikawa
cells were scanned using an inverted light microscope (TS100, Nikon,
Japan).

2.4. Cell cycle analysis

According to the specification of the cell cycle detection kit and
previous experimental results (Yin et al., 2021), Ishikawa cells at the
logarithmic growth stage were evenly seeded in a six-well plate at a
density of 1 x 10° cells/well and incubated with the fresh medium
containing different concentrations of API (0, 30, 50, and 70 pM).
Finally, the cells were harvested, fixed with 75% ethanol for 2 h,
washed, and stained with propyl iodide (PI) for 30 min at 37 °C, and red
fluorescence was detected by flow cytometry (Beckman Coulter, USA) at
the excitation wavelength of 488 nm.

2.5. Detection of apoptosis by Annexin-PI double-staining

According to the instructions of the apoptosis kit and previous
experimental results (Liu et al., 2022), Ishikawa cells were treated with
different concentrations of API (0, 30, 50, and 70 pM) for 48 h, followed
by trypsin digestion. The harvested cells were resuspended in the 1 x
Annexin V binding solution and co-incubated with 5 pL. Annexin V-FITC
staining solution at 4 °C for 15 min, followed by co-incubation with
5-10 pL PI for 5 min for flow cytometry analysis (Beckman Coulter,
USA).

2.6. Reactive Oxygen Species (ROS) detection

According to the instructions of reactive oxygen species detection
kits and previous experimental results (Qin et al., 2021), Ishikawa cells
were treated with API (0, 30, 50, and 70 pM) for 48 h followed by trypsin
digestion. The final concentration of DCFH-DA was set as 10 pM/L by
diluting DCFH-DA with a medium without serum. The collected cells
were resuspended in diluted DCFH-DA, incubated for 20 mins, then
washed three times. The fluorescence intensity after API treatment was
measured by flow cytometry at 488 nm and 525 nm.

2.7. Effect of API on mitochondrial membrane potential (Aym)

According to the instructions of the mitochondrial membrane po-
tential detection kit and the previously reported method (Li et al., 2021),
Ishikawa cells were treated with API (0, 30, 50, and 70 pM) for 48 h and
collected into the EP tubes. Cells were resuspended with 500 pL fresh
medium and then added with 500 pL JC-1 staining solution, incubated at
37 °C for 20 min. Then, the Ishikawa cells were cleaned and resuspended
with JC-1 staining buffer (1x), and the fluorescence intensity was
detected by flow cytometry and observed by an inverted fluorescence
microscope (CKX31; Olympus, Japan).

2.8. Detection for intracellular Ca®>* concentration

According to the instructions of the calcium ion fluorescent probe
reagent kit and a previous study (Feng et al., 2021), Ishikawa cells were
treated with API (0, 30, 50, and 70 pM) for 48 h, washed with PBS, and
loaded with 0.5-5 pM Fluo-3 AM. Ishikawa cells were cultivated for 60
min at 37 °C, then washed appropriately for fluorescence detection by
flow cytometry.

2.9. Cell colony formation assay
According to the previous study (Won & Seo, 2020), Ishikawa cells

(1000 cells/well) were inoculated in a six-well plate. After 12 h of
adherence, Ishikawa cells were incubated with a medium containing

Journal of Functional Foods 94 (2022) 105116

different concentrations of API (0, 30, 50, and 70 uM) for 48 h. Subse-
quently, the medium was replaced once two days for 10 consecutive
days. The treated cells were washed properly with PBS, fixed with
methanol for 30 min, then stained with 0.1% crystal violet dye for 10
min. After washing off the crystal violet with PBS, the colony count was
carried out using Image J. software (BIO-RAD).

2.10. Wound healing assay

According to the previous study (Kim, Kim, & Kim, 2019), Ishikawa
cells were seeded in a six-well plate overnight, then draw a straight line
at the bottom of the six-well plate with a 200 pL spear tip and took
pictures. After cells were treated with API (0, 30, 50, and 70 pM) for 48
h, observed the healing of wounds and took pictures again. The photo-
graph was taken with an inverted fluorescence microscope (CKX31;
Olympus, Japan).

2.11. Cell migration and invasion

Ishikawa cells were treated with API (0, 30, 50, and 70 uM) for 48 h.
Cell suspensions of 5 x 10* density were prepared in a fresh medium
without serum. The 200 pL cell suspensions were moved into each upper
chamber. At the same time, 600 pL complete medium was moved into
the lower chamber. After migration or invasion for 24 h, the upper
chamber was washed three times with PBS, fixed for 30 min, then the
methanol was washed with PBS. The cells were stained with crystal vi-
olet solution for 20 min, then observed with a light microscope (CKX31;
Olympus, Japan). For the invasion experiment, a similar procedure was
followed as for the migration experiment. Matrix glue was added into
the upper chamber and allowed to be solidified at 37°C followed by
inoculation of Ishikawa cells (Ma et al., 2020).

2.12. RT-qPCR

Total RNA of Ishikawa cells was extracted with Trizol reagent after
treatment with API (0, 30, 50, and 70 pM) for 48 h. For this, 1 mL of
Trizol reagent was added to each set of samples followed by cell shed-
ding and transfer to 1.5 mL EP tubes. Then, 200 pL chloroform was
added to each tube, vortexed for 30 s and left for 5 min. The obtained
suspension was centrifuged at 4 °C and 12000 rpm for 15 min to stratify
the liquid. The upper water phase was transferred to new EP tubes, and
isopropyl alcohol was added in equal volume and allowed to stand for
10 min after oscillating followed by centrifugation at 12,000 rpm at 4 °C
for 10 min. The white precipitate at the bottom of the EP tubes was
collected as total RNA. The supernatant was washed and precipitated
with 75% ethanol. After drying, the value of A260/A280 (1.8-2.0) was
measured. Total RNA was reverse transcribed using a reverse tran-
scription kit. The details are as follows: 1 pL. gDNA clean Reagent, 2 pL 5
x gDNA clean buffer, and appropriate volume of total RNA (total RNA
not exceeding 1 pg) were added into the 200 Apl EP tubes, supplemented
with RNase free water to 10 pL, reacted at 42 °C for 2 min. Then, 1 pL
EVO-M—MLvrtase Enzyme Mix, 1 pL RT-Primer Mix, 4 pL. 5 x RTase
Reaction Buffer Mix 1 and 4 pL RNase free water were mixed and
allowed to react at 37 °C for 15 min and then further allowed to react at
85 °C for 5 sec, and heat preservation at 4 °C. After reverse transcription,
the relative mRNA expression level was evaluated using Light Cycler 96
system using the 2-AACt method and p-actin as an internal reference
gene (Ma et al., 2020). The details are as follows: 10 pL of SYBR, 1 pL of
cDNA, 7 pL of DEPC water, 1 pL of forward and 1 pL of reverse (Table 1)
were added to each well.

2.13. Western blot
After the total protein was extracted, the BCA kit was used for protein

concentration determination. Briefly, Ishikawa cells were treated with
API (0, 30, 50, and 70 pM) for 48 h, then cell samples were lysed with
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Table 1
Primers for quantitative real-time PCR.

Gene Primer Sequence (5'-3')

CHK2 Forward CCAGCCAGTCCTCTCACTCCAG
Reverse GTTCTTGGTCCTCAGGTTCTTGGTC

p53 Forward CTACTGGGACGGAACAGCTTTGAG
Reverse CTTGCGGAGCCGTGTGCCATTGTG

p21 Forward GAACTTCCAGCACCGTGTCCAC
Reverse TGTCCAGGATGTTCTGCCATTGTG

Cdc2 Forward GGAAGTCGGCAAAGAGGTACAGGTC
Reverse CGAACGAGGAGCTGCTGAAGAC

Cyclin B Forward GCTTTGAGGAAGGAGGTGAAGG
Reverse AGAGGAGGGCTCGGACACAATC

Bad Forward GCCAACCAGCAGCAGCCATC
Reverse CCCCATCCCTTCGTCGTCCTC

Bax Forward ACGGCCTCCTCTCCTACTTT
Reverse AAACACAGTCCAAGGCAGCT

Bel-xl Forward GCATTGTGGCCTTTTTCTCC
Reverse GCTGCTGCATTGTTCCCATA

Cyto-c Forward AAAGGGAGGCAAGCAGAAGACTG
Reverse ATTGGCGGGTGTGTAAGATCC

Caspase 9 Forward GACCAGAGATTCGCAAACCAGAGG
Reverse AAGAGCACCGACATCACCAAATCC

Caspase 3 Forward CGATGCAGCAAACCTCAGGG
Reverse AGCACACAAACAAAACTGCTCCT

Caspase 12 Forward CACCAGTCCTCAGACAGCACATTC AGACTCTGGCAGTTACGGTTGTTG
Reverse

Bip Forward GGTGGGCCAAAGGATGAAGAG
Reverse CCACAAGCCAAACGACTTCC

IREla Forward CCAGCACCAGCAGTTCCAGAAG CCGTCCTGAGCCGTGTCTCC
Reverse

TRAF2 Forward GGCTGCGGCAAGAAGAAGATCC TCCTGCTGTTTCTCACCCTCTACC
Reverse

ASK1 Forward CGAATATTGCGGTGGTGGAGATGAG
Reverse TCGCAGTAGAGGATGATGTTGTTGG

JNK Forward GCATCCATCATCATCGTCGTCTGTC
Reverse GCTGCTGCTTCTAGACTGCTGTC

XBP1 Forward TTGGGCATTCTGGACAACTTGGAC AAGGGAGGCTGGTAAGGAACTGG
Reverse

ATF6 Forward GCGGAGCCACTGAAGGAAGATAAG TGTTTGAGTCTTGGGTGCTGCTG
Reverse

PERK Forward CCACGCCGCTCTTGACAGTC CCAGGCAAACAAGGTCCCATCC
Reverse

eif2a Forward GCCGAGGTGACTGTGGAGGAC GTCGCAACTCTGTCTCATCGTCTG
Reverse

ATF4 Forward ATGGATTTGAAGGAGTTCGACT AGAGATCACAAGTGTCATCCAA
Reverse

CHOP Forward CCCTCCCGTCTCCTCAAAGT CCATTCCTCTCTCGGACGGT
Reverse

PI3K Forward CTGCGAAATCTGAAGTGCGG CACCTTGCGCCATTTGAGAC
Reverse

AKT Forward CCTTCTTGGCCTGGGAGAAC CACACGATACCGGCAAAGAA
Reverse

GSK-3p Forward AGACGCTCCCTGTGATTTATGT
Reverse CCGATGGCAGATTCCAAAGG

Snaill Forward CCTCGCTGCCAATGCTCATCTG
Reverse AGCCTTTCCCACTGTCCTCATCTG

Slug Forward CGAACTGGACACACATACAGTG
Reverse CTGAGGATGTCTGGTTGTGGT

B-catenin Forward AAAGCGGCTGTTAGTCACTGG
Reverse CGAGTCATTGCATACTGTCCAT

MMP2 Forward CGCCTTTAACTGGAGCAAA
Reverse AGGTTATCGGGGATGGC

MMP9 Forward ACGCAGACATCGTCATCC
Reverse CCAGGGACCACAACTCG

Vimentin Forward AGTCCACTGAGTACCGGAGAC
Reverse CATTTCACGCATCTGGCGTTC

E-cadherin Forward AGCAGCCCCTTGTAAGC
Reverse ACTCCGTGGCATCTGTTC

N-cadherin Forward GACAATGCCCCTCAAGTGTT
Reverse CCATTAAGCCGAGTGATGGT

B-actin Forward TCTCCCAAGTCCACACAGG

Reverse

GGCACGAAGGCTCATCA
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150-300 pL cell lysis buffer (Beyotime, Shanghai, China) for 30 min. The
supernatant was centrifuged and placed into new EP tubes. The BCA kit
was used to determine the protein concentration. After determining the
protein concentration, the loading buffer was added to each EP tube and
heated at 98.3 °C for 10 min and then allowed to cool down for 5 min.
The extracted protein was stored at —80 °C for later use. Then, the SDS-
PAGE was used and blotted onto a PVDF membrane. The details are as
follows: under the condition of 80 V, the protein bands were pressed to a
line so that the proteins with different molecular weights were at the
same starting line, and then the markers were separated under the
condition of 100 V. Finally, the proteins were separated at 120 V. The
protein was transferred to PVDF membrane at 130 V and 250 mA. The
5% skim milk diluted by PBST was used to seal the PVDF membrane for
2 h, and then the membrane was cleaned with PBST three times for 10
min each time. The primary antibody (1:1000 dilutions) was incubated
on the membrane and kept overnight at 4 °C. Then the membrane was
cleaned with PBST three times for 10 min each time, and co-incubated
with the secondary antibody (1:3000 dilutions) on a shaker at 37 °C
and 80 rpm for 1 h. Then the membrane was cleaned with PBST three
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times for 10 min each time again. Finally, exposed by the Molecular

Imager system (Thermo Scientific, USA), the quantization of protein was
carried out using Image J. software (BIO-RAD) (Ma et al., 2020).

2.14. Statistical analysis
All the obtained data were presented as mean =+ standard deviation
(SD) (n > 3) before analysis by IBM SPSS Statistics 20 and Origin 2018 at
a significant difference of p < 0.05.
3. Results
3.1. Inhibitory effects of API on Ishikawa cell activity and morphology
To evaluate the cell survival and growth, Ishikawa cells were treated
with API for 48 h. Ishikawa cells were the most sensitive to API in the
concentration range of 20-60 pM with an ICsg value of 45.55 pM, lower

than that of 5-FU (54.20 pM) in the control group (Fig. 1A). Cell
morphology was also changed after API treatment for 48 h (Fig. 1B). In

Untreated

b
c
-_dl
30 50 70

Concentration (nM)

30 uM

Untreated

Fig. 1. Inhibitory action and morphological changes of API on Ishikawa cells. (A) Inhibition rate of API and 5-FU on the proliferation of Ishikawa cells. (B)
Morphological changes. (C) The colony formation after API treatment. (D) The quantitative analysis of data mentioned in API inhibits colony formation. The data

were presented as means + SD of triplicates experiments.
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the control group, the cells appeared as polygonal, grew vigorously, and
adhered firmly to the wall. After API treatment, the cell morphology was
changed, the cells were shrunken and the antenna disappeared.
Compared to the untreated group, the 70 pM treatment group showed
the most significant morphological changes which indicated that the
changes in cell morphology were dose-dependent.

Cell colony assay is a way to measure cell viability, which avoids the
experimental error caused by counting dead cells or non-dividing cells.
According to Fig. 1C and D, the colony formation rate of Ishikawa cells
decreased significantly with the increase of API concentration, showing
a dose-dependent trend.
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3.2. Effects of API on cell cycle

After API treatment for 48 h, Ishikawa cells were aggregated at the
G2/M phase. PI is a kind of fluorescent dye that can bind to double-
stranded DNA to produce fluorescence, and when the content of ds
DNA in cells was increased, the fluorescence intensity was also
increased. Based on the above principle, according to the experimental
results in Fig. 2A and B, the proportion of the G2/M phase cells was
22.36% in the untreated group, 27.09% in the 30 uM treatment group,
31.37% in the 50 pM treatment group, and 39.38% in the 70 pM
treatment group. To further explore the molecular mechanism of
aggregated cells at the G2/M phase, the mRNA and protein expression
levels of key regulatory factors in the G2/M phase were evaluated. As
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shown in Fig. 2C, mRNA levels of cell cycle-related key genes such as
CHK2 and cdc2 were down-regulated, while that of p53 and p21 were up-
regulated. Fig. 2D confirmed the expression levels of cell cycle-related
proteins, and Fig. 2E represented the relative expression of related
proteins. The amount of translation of cell cycle key proteins was
consistent with that of mRNA, with the rising amount of translation of p-
p53 and p21, and the decrease in cdc2.

3.3. Effects of API on cell apoptosis

As demonstrated in Fig. 3A and B, the proportion of early apoptotic
cells increased gradually with the increase of API concentration. The
relative percentage of early apoptosis in 30 pM, 50 pM, and 70 pM
groups increased by 14.22%, 22.64%, and 27.79%, respectively. The
membranes of normal and early apoptotic cells were intact, and Annexin
V-FITC could bind to PS when phosphatidylserine was evaginated on the
membranes of early apoptotic cells. Annexin V-FITC could also bind to
PS when the membranes of late apoptotic cells and necrotic cells were
broken. PI could not bind to the nucleic acid of normal and early
apoptosis cells but could bind to the nucleic acid of the middle and late
apoptosis cells.

3.4. Effects of API on ROS generation and mitochondrial membrane
potential (MMP)

ROS promotes apoptosis mainly via increasing the permeability of
the mitochondrial membrane, thereby releasing Ca®* and Cyto-c, lead-
ing Caspase-9 to activate Caspase-3 and reducing MMP. The non-
fluorescent DCFH probe is oxidized by intracellular ROS into fluores-
cent DCF, thus the amount of intracellular ROS can be detected. Ac-
cording to the results of Fig. 4A and B, the level of intracellular ROS
increased gradually with the increase of API concentration. According to
Fig. 4C, with the increase of API concentration, the fluorescence grad-
ually changed from red to green, indicating the decrease in MMP. We
also quantified the decrease of MMP, and Fig. 4D and E showed that
mitochondrial membrane potential of 30 uM, 50 pM, and 70 pM groups
decreased by 2.19%, 11.32%, and 14.91%, respectively.

To further study the underlying molecular mechanism of apoptosis,
we determined the key mRNAs and proteins of the mitochondrial
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signaling pathway. According to the results in Fig. 4F, APl increased the
relative mRNA expression of pro-apoptotic genes Bad, Bak, and Cyto-c,
down regulated the anti-apoptotic genes Bcl-xI, and the mRNA level of
Caspase-9 and Caspase-3 were also decreased. According to Fig. 4G and
H, the protein levels of Bad, Bak, Cyto-c, Caspase-9, and Caspase-3 were
up-regulated, while the protein levels of Bcl-xl were down-regulated
indicating the role of mitochondrial signaling pathway in API induced
apoptosis.

3.5. Effects of API on Ca®?" and endoplasmic reticulum stress

Calcium homeostasis is involved in maintaining normal structure
and function in the cell. Fluo-3/AM can be decomposed by intracellular
esterase into Fluo-3, which can bind with intracellular Ca?*, and the
fluorescence intensity becomes stronger with the increase of Ca®* con-
centration. According to the results of Fig. 5A and B, after API treatment
for 48 h, the intracellular Ca®* concentration increased in cells in a dose-
dependent manner. When the concentration of Ca? * in ER is unbal-
anced, it can lead to ER stress, and continuous ER stress can lead to cell
apoptosis. To verify that ER stress is involved in cell apoptosis, key genes
and proteins of ER stress were detected after API treatment. As shown in
Fig. 5C, D, and E, the mRNA levels of IRE1a, TRAF2, XBP1, ATF6, elF2a,
ATF4, and CHOP were up-regulated, and the mRNA levels of Caspase-12,
Bip, ASK1, JNK, and PERK were down-regulated. The protein levels of
Caspase-12, IREla, p-JNK, elF2a, p-elF2a, ATF4, and CHOP were up-
regulated, while the protein levels of JNK1, JNK2, and PERK were
down-regulated. After pretreatment with PERK inhibitor GSK2656157
(Fig. 5F and G), the inhibition of API on PERK and the promotion of
ATF4 and CHOP were alleviated which indicated that ER stress was
involved in apoptosis after API treatment for 48 h.

3.6. Inhibitory effects of API on cell migration and invasion

To explore whether API can reduce the migration and invasion
ability of Ishikawa cells, we conducted cell wound healing experiments,
and the results are shown in Fig. 6A and B. After 48 h of healing, the
number of cells migrating to the gully in the untreated cells was
distinctly elevated than that in the API treated cells. Transwell experi-
ment results in Fig. 6C and D also showed that the migration and
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invasion rates of Ishikawa cells were comparatively distinctly reduced in
the API treated cells. We further investigated the levels of key genes
(Fig. 6E) and proteins (Fig. 6F and G) responsible for migration and
invasion, we found that the mRNA levels of Snaill, Slug, MMP9, and E-
cadherin were up-regulated and the mRNA levels of PI3K, GSK-3p, and
MMP2 were down-regulated in Ishikawa cells after API treatment.
Meanwhile, the protein translation levels of p-PI3K and E-cadherin were
up-regulated and the protein translation levels of p-AKT, GSK-3p,
MMP2, and MMP9 were down-regulated. After pretreatment with PI3K
inhibitor LY294002, Ishikawa cells were treated with API for 48 h. As
shown in Fig. 6H and Fig. 61, the promoting effect of API on PI3K, p-
PI3K, and E-cadherin was weakened. We speculate that API restrained
the migration and invasion of Ishikawa cells. In addition, the promoting
effect of API on Caspase-3 was also weakened, indicating the role of the
PI3K-AKT signaling pathway in cell apoptosis (Fig. 7).

4. Discussion

Cancer cells are characterized by rapid growth, disordered division,
abnormal DNA synthesis, rapid metabolism, and energy production.
Chemotherapy and radiotherapy are the most available and commonly-
used strategies. Due to their side effects and drug intolerance, the use of
chemotherapy agents has been limited (Dehkordi et al., 2021). Uterine
cancers, more than 90% of their origin is in endometrium, influence
almost 10,000 women in the UK and over 300,000 worldwide each year.

Journal of Functional Foods 94 (2022) 105116

Generally, post-menopausal women are more susceptible to this risk
(Perera & Hoskin, 2021). Cancer still stands as main causes of mortality
worldwide, despite the huge advances in its diagnosis and treatment
over the past few decades, killing an estimated 9.6 million people each
year. Endometrial cancer is the fourth most common cancer affecting
women in the United States, and it is becoming more common in
younger women. Early or advanced endometrial cancers with medi-
um-high or high-risk characteristics have a high recurrence rate. In
addition, sometimes existing treatments for endometrial cancer do not
work well, patients with endometrial cancer still have a very poor
prognosis, and sometimes existing drugs do not respond to patients with
endometrial cancer, so new treatments are needed (Saripalli, Griffin,
Ross, & Roeske, 2022). API is a reliable natural compound known for
anti-cancer effects (Yang et al., 2021). API could block the cell cycle,
induce apoptosis in hepatocellular carcinoma cells (Yang, Pi, & Wang,
2018) and inhibit cell migration in pancreatic cancer cells (He et al.,
2015) through the PI3K-AKT signaling pathway. In our study, API
restrained the viability of Ishikawa cells, and the inhibition effect of API
on Ishikawa cells was better than that of 5-FU. Our study demonstrated
that apigenin has a good inhibitory effect on endometrial carcinoma in
vitro. However, further in vivo and clinical trials are needed to classify
apigenin as an anticancer drug (Zhang et al., 2021).

According to previous studies, the cell cycle mechanism is regarded
as one of the targets of cancer therapy. The cell cycle is mainly divided
into four stages, including G1, S, G2, and M. Cell cycle checkpoints hold

apigenin

B LT
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Migration

Fig. 7. Possible molecular mechanism behind the anticancer effects API on Ishikawa cells.
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an orderly progression from one cell cycle stage to the next. Cell cycle
checkpoints included the G1/S checkpoint, G2/M checkpoint, and
spindle assembly checkpoint (Liu et al., 2021). One of the most obvious
mechanisms is by which API induces p53 tumor suppressor proteins at
the translational level and the induces p21 (Lee et al., 2014). Similar to
previous studies, we found that API induced p53 and p21 at the trans-
lational level, which could block Ishikawa cells in the G2/M phase and
further inhibit cell proliferation. Cdc2 is the catalytic subunit of the M
stage promoter and is activated when cell transition occurs from G2 to
M. Cdc2 also controls the onset of mitosis. It has been reported that the
combination of Cdc2 and Cyclin B plays a key role in the transformation
from G2 to the M phase (Choi and Kim, 2009). API-treated Ishikawa cells
showed increased expression levels of p-p53 and p21. Our results sug-
gested that down-regulation of cdc2 and up-regulation of p-p53 and p21
may be responsible for API-induced Ishikawa cell arrest in the G2/M
phase. One of the regulated cell death mechanisms, apoptosis plays a
vital role in the removal of cancerous cells (An et al., 2018). According
to a previous study, apoptosis is initiated through two principal path-
ways: extrinsic and intrinsic pathways (Kim et al., 2019). Caspase plays
a vital role in the adjustment and control of cell apoptosis (Shrestha &
Clark, 2021). The mitochondria are the main regulators of the intrinsic
pathway, which activate the intra-cellular caspases. The Bcl-2 family
(Manogaran, Beeraka, Huang, & Padma, 2019), including pro-apoptotic
and anti-apoptosis proteins, control the discharge of cytochrome ¢ and
other promote apoptosis proteins, which is contacted with the integrity
of the mitochondrial membrane. After the mitochondria release the
Cyto-c, the Caspase-9 is activated, resulting in increased activity of
Caspases (Vijaya et al., 2018). Over-expression of the Bak and Bad can
increase mitochondrial membrane permeability, which is useful for
Cyto-c release. ROS is a key factor in tumor genesis and development,
and superfluous intracellular aggregation of ROS can lead to apoptosis.

When the cells are stimulated by apoptosis signals, ROS aggregation can
transform the translation of anti-apoptotic proteins, therefore activating
mitochondria-mediated apoptosis. In our study, the expression levels of
Bad, Bax, Cyto-c, Caspase-9 and Caspase-3 proteins were up-regulated,
while the expression level of Bcl-xl was down-regulated which indi-
cated that the mitochondrial signaling pathway intervened in the API
induced apoptosis.

The ER is an intracellular organelle responsible for the folding and
complex formation of proteins (Lee, Lee, Kim, & Chae, 2019). The ER
stress can be caused by redox alterations, calcium equilibrium, and
protein degradation, which leads to the unfolded protein response
(UPR). ER stress can improve cell survival by acting against UPR stress,
however, persistent ER results in apoptosis through the mutual effect
between ER and mitochondria. The stress-activated protein kinase, JNK,
plays a significant role to regulate and control apoptosis. It has been
proved that ROS plays a key role in the phosphorylation and mainte-
nance of JNK activation (Liu et al., 2021). IREla is a transmembrane
protein resident in ER and is considered to command UPR signaling
pathway. When ER stress is persistent, the activated IREla joins TRAF2
and ASK1, leading to the activation of the JNK pathway. It has been
proposed that JNK is activated through the formation of the IREla-
TRAF2-ASK1 complex (Zhang et al., 2016). In addition, under the ER
stress, pancreatic ER kinase (PERK) enhances phosphorylation of elF2a
to mediate the UPR. The elF2a can inhibit Cap-mediated eukaryotic
translation initiation. After elF2a phosphorylation, the ATF4 is pre-
sciently up-regulated, which then leads to the activation of CHOP
(Jayasooriya et al., 2018). Moreover, Caspase-12 is a key and unique
molecule located on the ER membrane that regulates apoptosis through
ER stress. Therefore, during ER stress, increased intracellular Ca* levels
activate Calpain, which can generate Caspase-12 through cleavage of
procaspase-12. Caspase-12 performs apoptosis by triggering down-
stream Caspase-9 and Caspase-3 genes (Wu et al., 2020). In our study,
the intracellular level of ROS and Ca®" was elevated and the p-JNK,
CHOP, and Caspase-12 expression levels were up-regulated. We
demonstrated that API could promote apoptosis through the PERK-
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elF2a-ATF4-CHOP pathway, IRE1a-TRAF2-ASK1-JNK pathway, and
Caspase-12 pathway.

Cancer cell migration is considered to be one of the most important
cellular functions in tumor metastasis. Epithelial-mesenchymal trans-
formation (EMT) is characterized by the transformation of epithelial
cells into mesenchymal cells through a specific process responsible for
tumor metastasis. The primary features of the EMT process include
decreased expression level of cell adhesion molecules and replacement
of cytokeratin by vimentin in the cytoskeleton to obtain morphological
characteristics of mesenchymal cells (Xu et al., 2021). Previous studies
have acknowledged the PI3K/AKT/GSK-3p signaling pathway, as a
classic signaling pathway in tumorigenesis and its key role in cell growth
and metabolism has already been described. Ultimately, it affects the
invasion, metastasis, and invasiveness of cancer cells. It has been proved
that increased expression levels of MMP2 and MMP9 can accelerate
prostate cancer metastasis, and the translation levels of MMP2 and
MMP9 are negatively correlated with the prediction of prostate cancer
progression (Fan et al., 2021). E-cadherin plays a key role in maintaining
epithelial tissue function by forming cell-to-cell adhesion connections.
The absence of E-cadherin imparts the capacity of cancer cells to invade
and migrate and is therefore considered a hallmark of EMT (Li et al.,
2022). Our results showed that API treatment could up-regulate the
expression level of E-cadherin and inhibit the translation level of MMP2
and MMP9 in Ishikawa cells, indicating that API could suppress the
migration of Ishikawa cells.

5. Conclusion

To summarize, our study reported the significant inhibition of the
proliferation of Ishikawa cells after treatment with API (ICsq of 45.55
pM). API affected the expression of cycle genes and blocked the cell cycle
in the G2/M phase. API interfered with the expression of the Bcl-2 family
and induced the apoptosis via mitochondrial signaling pathway. After
API treatment, intracellular ROS and Ca®" concentrations were
increased, causing intracellular net stress, and inducing apoptosis
through Caspase-12, IRE1a-TRAF2-ASK1-JNK, and PERK-elF2a-ATF4-
CHOP pathways. In addition, under the influence of API, the cell
adhesion was enhanced through up-regulation of E-cadherin expression
level and down-regulation of the MMP2 and MMP9 expression levels,
and the ability of migration and invasion was reduced. Our results
suggest that API is a natural compound with anti-cancer effects. API can
be considered a promising anticancer compound because of its charac-
teristics of safety, low toxicity, and high efficiency. For the future
studies, the effects of API on endometrial cancer under in vivo conditions
are worthy of consideration.
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