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Abstract. Lung adenocarcinoma (LUAD) is a major cause of
cancer-related mortality worldwide. Sesamin is a lignan with
potent anticancer properties and promising therapeutic poten-
tial. In the present study, it was aimed to investigate the specific
mechanisms through which sesamin reduces cell invasiveness
and cancer-associated immunosuppression in LUAD cells.
The effects of sesamin on LUAD cell invasiveness were inves-
tigated using a wound healing assay and anoikis resistance
assay. NK-92 MI cells were used to analyze cancer-associated
immunosuppression upon sesamin treatment. The therapeutic
effect of sesamin in LUAD was measured using a subcu-
taneous mouse model. Our results indicated that sesamin
inhibited the proliferation, survival and migration of LUAD
cells (A549 and CLI1-5) in a dose-dependent manner. Sesamin
also enhanced the proapoptotic effects of chemotherapeutic
agents such as docetaxel and paclitaxel through the activation
of the caspase-3/poly(ADP-ribose) polymerase pathway. In
addition, sesamin reduced cancer cell migration and anoikis
resistance by downregulating the expression of N-cadherin
and inhibiting the phosphoinositide 3-kinase/protein kinase
B/mammalian target of rapamycin (PI3K/AKT/mTOR)
pathway. It also induced the downregulation of programmed
death ligand 1 through hsa-microRNA-34a-5p, resulting in the
increased cytotoxicity of natural killer cells. This sequence
of events consequently interfered with the immune evasion
mechanism of LUAD cells. In conclusion, sesamin has a
multifaceted effect on the migration, anoikis resistance and
antitumor immunity of LUAD cells, indicating its potential as
adjunctive therapy.
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Introduction

Lung adenocarcinoma (LUAD), the most prevalent subtype of
non-small-cell lung cancer, is a leading cause of cancer-related
mortality worldwide and accounts for ~40% of all cases of
lung cancer (1). Despite advancements in chemoradiotherapy,
the 5-year overall survival rate of LUAD remains 15% in
Western countries, with particularly high mortality rates
observed in Taiwan (2). Given the challenges associated with
the early detection of LUAD and the limitations in the current
therapeutic strategies, innovative treatment modalities are
urgently required.

Naturally derived compounds, particularly those from
dietary sources, have attracted considerable attention because
of their potential for augmenting conventional cancer thera-
pies (3). Sesamin, a major lignan extracted from sesame seeds
(Sesamum indicum), exhibits diverse biological effects,
including antioxidative, anti-inflammatory and antineoplastic
effects (3,4). Its anticancer effects, particularly its ability to
inhibit cell proliferation and metastasis while promoting
apoptosis and autophagy, render it a promising treatment for
cancer (5). Sesamin is also effective against various cancer cell
lines, indicating its broad therapeutic potential (6-8). It influ-
ences the activation of caspase-3, a key process in apoptotic
pathways, and the subsequent cleavage of poly(ADP-ribose)
polymerase (PARP) (9,10). Despite the aforementioned
benefits of sesamin, the specific mechanisms through which
it induces apoptosis in LUAD cells, particularly when used in
combination with chemotherapy, remain unknown.

Epithelial-mesenchymal transition (EMT) is a key process
in cancer pathogenesis, conferring cells with increased invasive
and metastatic potential through the modulation of markers
such as E-cadherin and N-cadherin (11). Although the inhibi-
tory effects of sesamin on cell migration and invasion through
EMT pathways have been well documented in prostate cancer,
gallbladder cancer and head and neck squamous cell carci-
noma (12), the detailed mechanisms underlying these effects
remain to be fully elucidated. Regarded as an integral compo-
nent of cell proliferation and survival, the PI3K/AKT/mTOR
signaling pathway has been implicated in the development
of resistance to cancer therapies (13,14). In the present study,
the signaling pathways underlying the inhibitory effects of


https://www.spandidos-publications.com/10.3892/ijmm.2025.5635

2 CHAO et al: ANTITUMOR EFFECTS OF SESAMIN ON HUMAN LUNG ADENOCARCINOMA

sesamin on EMT were investigated to evaluate the potential of
sesamin as an antitumor agent for LUAD.

The expression of programmed death ligand 1 (PD-L1),
a major ligand of programmed death receptor 1, plays a key
role in immune checkpoint inhibition and tumor immune
evasion (15,16). PD-L1 blockade offers valuable insights
into its role in immune-mediated tumor suppression through
checkpoint-based immunotherapy (17). In various cancers,
including gastric cancer, colorectal cancer, B-cell lymphoma
and prostate cancer, numerous microRNAs (miRNAs) act as
negative regulators of PD-L1 and immune evasion mecha-
nisms (18,19). Specifically, hsa-miR-34a has been found to
play a critical role in regulating antitumor immunity and
the tumor immune microenvironment (20). It targets PD-L1
and serves as a potential immunotherapeutic target in acute
myeloid leukemia (21). However, it remains unknown
whether sesamin regulates PD-L1 and immune evasion
through hsa-miR-34a in LUAD.

In the present study, the tumor-suppressing effects of
sesamin on LUAD cells were examined. The present results
indicated that sesamin enhanced the therapeutic efficacy of
chemotherapeutic agents and modulated EMT through the
PI3BK/AKT/mTOR signaling pathway. The findings also indi-
cated that sesamin had a regulatory effect on the antitumor
immune response through the miR-34a/PD-L1 axis, thereby
providing valuable insights into the potential of sesamin an
adjunctive therapy for patients with LUAD.

Materials and methods

Cell culture. The human lung cancer cell line A549 (cat.
no. CCL-185) and the human NK cell line NK-92MI (cat.
no. CRL-2408) were obtained from the American Type
Culture Collection. The lung cancer cell line CL1-5 was
established by Professor Pan-Chyr Yang (22). A549 and
CL1-5 cells were cultured on Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS; both from Gibco; Thermo Fisher Scientific,
Inc.). The NK-92MI cells were maintained in alpha minimum
essential medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 0.1 mM 2-mercaptoethanol, 0.2 mM
inositol, 0.02 mM folic acid, 12.5% horse serum, and 12.5%
FBS. All cell lines were subcultured until they reached 80%
confluence and were incubated in a humidified atmosphere
with 5% CO, at 37°C.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brom
ide cell viability assay. Cell viability was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, A549 and CL1-5 cells were plated at
a density of 1x10*cells per well in 96-well culture plates
containing DMEM and were allowed to adhere overnight.
Subsequently, the cells were treated with various concentrations
of sesamin (0, 25, 50 and 100 xM) for 24 h, followed by incuba-
tion with 50 pl of MTT dye (0.5 mg/ml; MilliporeSigma) for 4 h
at 37°C in a CO, incubator. After the supernatant was discarded,
formazan crystals were dissolved in 150 pl of dimethyl sulf-
oxide. Finally, a spectrophotometric plate reader was used to
measure the absorbance of the dissolved formazan at 540 nm,
with a reference wavelength of 630 nm.

Colony formation assay. LUAD cells were seeded onto 6-well
plates at a density of 3x10° cells per well. A colony was defined
as a group of at least 50 cells. After 7 days of incubation for
colony formation, the colonies were fixed with 3.7% formal-
dehyde for 20 min and stained with 0.05% crystal violet (w/v)
for 20 min at room temperature. Finally, after the dye was
extracted with 10% acetic acid, the colonies were quantified
by measuring their absorbance at 590 nm.

Immunofluorescence (IF) staining. LUAD cells were seeded
onto a chamber slide (Sigma-Aldrich; Merck KGaA) and
treated with or without sesamin (50 yM) for 24 h. IF staining
was conducted following a previously described protocol (23).
Briefly, LUAD cells were incubated with a primary antibody
against Ki-67 (1:50; cat. no. ab15580; Abcam) for 1 h at room
temperature. Subsequently, the cells were incubated with
a secondary antibody conjugated to Alexa Fluor 647 red
fluorescent dye (1:50; cat. no. ab150079; Abcam) for another
1 h. Finally, Ki-67* cells were visualized using a Nikon Ti2
fluorescence microscope (Nikon Corporation).

Transfection of miRNA mimics and inhibitors. A synthetic
negative control (NC) mimic (sense: UUGUACUACACA
AAAGUACUG; antisense: GUACUUUUGUGUAGUACA
ANN), an NC inhibitor (CAGUACUUUUGUGUAGUA
CAA; full-length nucleotide with 2'-methoxy modification),
an hsa-miR-34a-5p mimic (sense: UGGCAGUGUCUUAGC
UGGUUGU; antisense: AACCAGCUAAGACACUGC
CANN), and an hsa-miR-34a-5p inhibitor (ACAACCAGC
UAAGACACUGGC ; full-length nucleotide with 2'-methoxy
modification) were purchased from MedChemExpress.
Transfection was performed using a ViaFect Transfection
Reagent (Promega Corporation) following the manufacturer's
instructions. LUAD cells were seeded onto a 6-well plate at a
density of 3x10° cells per well and were transfected with either
the NC mimic (25 nM), NC inhibitor, hsa-miR-34a-5p mimic
(25 nM), or hsa-miR-34a-5p inhibitor (25 nM) for 24 h in a
37°C incubator. Following transfection, the cells were treated
with sesamin for an additional 24 h under the same incubation
conditions.

Western blot analysis. The LUAD cells were treated
with activators of PI3K (740 Y-P; cat. no. HY-PO175;
MedChemExpress), AKT (SC79; cat. no. 305834-79-1;
Sigma-Aldrich; Merck KGaA), or mTOR (MHY1485; cat.
no. 326914-06-1; Sigma-Aldrich; Merck KGaA) for 30 min,
followed by treatment with sesamin. Cells were then harvested
and washed with ice-cold phosphate-buffered saline (PBS).
Total cell lysates were obtained using a 1X radioimmunopre-
cipitation (RIPA) lysis buffer (Thermo Fisher Scientific, Inc.).
After protein concentrations were quantified using a BCA
Protein Assay kit (Thermo Fisher Scientific, Inc.), electropho-
resis and transfer were conducted as previously described (24).
In brief, a 12% SDS-PAGE gel was prepared using 30%
acrylamide. Protein extracts (30 yg) were separated by elec-
trophoresis and subsequently transferred onto immobilon
polyvinylidene fluoride (PVDF) membranes. After blocking
with 5% skim milk for 1 h, PVDF membranes were incubated
with primary antibodies at 4°C for 2 h, followed by incuba-
tion with horseradish-peroxidase-conjugated anti-mouse
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(1:3,000; cat. no. GTX213111-01; GeneTex, Inc.) and
anti-rabbit (1:3,000; cat. no. GTX213110-01; GeneTex, Inc.)
secondary antibodies for 1 h. The primary antibodies used
were the following: E-cadherin (1:3,000; cat. no. ab231303;
Abcam), N-cadherin (1:3,000; cat. no. ab76011; Abcam),
vimentin (1:3,000; cat. no. GTX100619; GeneTex, Inc.),
phosphorylated (p)-PI3K/PI3K (1:1,000; cat. no. GTX636838/
GTXGTX641922; GeneTex, Inc.), p-AKT/AKT (1:1,000;
cat. no. GTX640358/GTX26076; GeneTex, Inc.), p-mTOR/
mTOR (1:1,000; cat. no. GTX132803/GTX638220; GeneTex,
Inc.), PD-L1 (1:3,000; cat. no. GTX635975; GeneTex, Inc.)
and glyceraldehyde 3-phosphate dehydrogenase (1:5,000; cat.
no. GTX100118; GeneTex, Inc.). Immunoreactive bands were
visualized using an ImageQuant LAS 4000 biomolecular
imager (GE Healthcare Life Sciences), and protein expression
levels were quantified with UN-SCAN-IT gel analysis software
(version 6.1).

Gap closure assay. A wound healing assay was conducted using a
3-well silicone insert (Ibidi GmbH), and uniform scratches were
created across the cell monolayer. A549 and CL1-5 cells (3x10%)
were treated with various concentrations of sesamin (0, 25, 50
and 100 yM) for 24 h. Following treatment, non-adherent cells
were gently washed away with PBS, and the remaining adherent
cells were cultured on a serum-free medium for an additional
24 h. Migratory cells in the wound area were imaged using a
ZEISS microscope (Carl Zeiss AG). Finally, the gap width was
measured at multiple defined points along each scratch by using
ImagelJ software v.1.44p (National Institutes of Health).

Anoikis resistance assay. Briefly, 24-well plates were coated
with poly(2-hydroxyethyl methacrylate) (20 mg/ml in ethanol)
and allowed to dry for 24 h at room temperature. A549
cells (3x10%) were seeded onto these low-attachment plates
containing DMEM. After 24 h of seeding, the cells were
treated with sesamin at concentrations of 0, 25 and 50 uM. At
2,4 and 6 days after treatment, cell aggregates were collected
and disaggregated into single-cell suspensions through gentle
pipetting. Finally, the cells were stained using a 0.4% trypan
blue solution to determine their viability and were counted
using a hemocytometer.

Luciferase reporter assay. A DNA fragment containing the
3'-untranslated regions (3'UTRs) of either the wild-type (WT)
PD-L1 sequence (5'-... TCAGACTGCCA...-3") or the mutant
PD-L1 sequence (5'-.. TCAGACGGACT.. .-3"), was cloned into
the pmirGLO vector (Promega Corporation) with the technical
assistance of MDBio, Inc. BC cells were seeded into 12-well
plates and transfected with either the empty vector or the
3'UTR reporter constructs (1 pg/ul) using ViaFect transfection
reagent (Promega Corporation) for 24 h. After transfection,
cells were treated with either a control or miR-34a inhibitor for
an additional 24 h. The activities of firefly and Renilla lucif-
erase were subsequently measured using the Dual-Luciferase
Reporter Assay System (Promega Corporation) according to
the manufacturer's protocol. Relative activity was expressed as
firefly/Renilla luciferase ratio.

Apoptosis analysis by flow cytometry. Following anoikis
resistance analysis (as aforementioned), apoptotic cells
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were detected using the fluorescein isothiocyanate (FITC)
Annexin V Apoptosis Detection Kit (BD Biosciences) in
accordance with the manufacturer's instructions. Early apop-
totic (Annexin V*/PI') and late apoptotic (Annexin V*/PI*)
cells were analyzed using an Accuri C5 flow cytometer (BD
Biosciences), and the data were processed with CellQuest Pro
software (version 5.1; BD Biosciences).

Cytotoxicity of NK cells. A549 and CLI1-5 cells (1x10%) were
seeded onto a 48-well plate and treated with 100 xM sesamin
for 24 h. After treatment, the cells were stained with calcein
acetoxymethyl (calcein AM, green fluorescent dye, 1 pug/ul)
for 1 h at 37°C in a CO, incubator. Following staining, the
cells were washed three times with 500 ul of PBS to remove
excess dye. Subsequently, NK-92MI cells were added to the
wells at a ratio of 1:5 (cancer cells to NK cells) and incubated
for 2-4 h. The green fluorescence of calcein AM, indicative
of live cancer cells, was captured using an Eclipse Ti2 micro-
scope (Nikon Corporation), with appropriate filters installed
for green fluorescence. Finally, the cells were lysed in 0.1%
Triton X-100, and the fluorescence of was measured using a
Varioskan LUX multimode microplate reader (Thermo Fisher
Scientific, Inc.).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from BC cells using TRIzol® manu-
facturer's protocol (Thermo Fisher Scientific, Inc.). RNA
concentration was measured using Nanodrop (Thermo Fisher
Scientific, Inc.). After total RNA was isolated from A549 and
CL1-5 cells, a Mir-X™ miRNA First-Strand Synthesis (Takara
Bio, Inc.) was used to reverse-transcribe this total RNA
to complementary DNA (100 ng). The forward primer for
hsa-miR-34a-5p is 5"-TGGCAGTGTCTTAGCTGGTTGTT-3,
while the universal reverse primer for hsa-miR-34a-5p was
included in the Mir-X™ miRNA First-Strand Synthesis Kit.
The forward and reverse primers for U6 (RNU6-1) snRNA,
used as an internal control, were also provided in the kit.
RT-gPCR was conducted by using a TagMan® one-step PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.), following a previously described methodology (25). The
cycling conditions consisted of polymerase activation at 95°C
for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 60 sec. Quantification of hsa-miR-34a-5p transcript levels
was performed using the 224°4 method, with U6 used for
normalization (26).

Animal model. All experimental procedures involving
animals were approved (approval no. 112SKHO015) by the
Institutional Animal Care and Use Committee of Shin Kong
Wu Ho-Su Memorial Hospital (Taipei, Taiwan) and were
conducted following the institution's Guidelines for Animal
Experimentation. A total of eight male BALB/c nude mice
(6 weeks old; weight, ~25 g) were obtained from BioLASCO
(Taipei, Taiwan) and housed in a specific pathogen-free facility
under controlled conditions (temperature: ~27°C; humidity:
~50%) with a 12/12-h light/dark cycle. The mice had free
access to sterilized drinking water and standard food pellets.
A total of ~1x10° A549 cells suspended in 50 ul of PBS mixed
with 50 ul of Matrigel were subcutaneously inoculated into
the mice. Tumor formation was considered successful when
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the subcutaneous tumor volume reached over 100 mm? and
became palpable one week after cell inoculation. The mice were
then divided into two groups (a treatment group and a control
group; each comprising five animals) to receive different
treatment regimens. The control group received injections of
PBS, and the treatment group received sesamin at a dose of
20 mg/kg, delivered twice weekly for a total of three weeks.
Tumor progression was monitored twice per week, in accor-
dance with the treatment schedule. At the end of the treatment
period, the mice were euthanized via CO, asphyxiation. CO,
was introduced at a flow rate of 40% chamber air displacement
per min (40% V/min; 2.4 I/min). The gas was administered
for at least 4 min to ensure complete euthanasia, and death
was confirmed by the cessation of heartbeat and respiratory
movement. Tumor tissues were subsequently excised, and
tumor growth was assessed by measuring tumor weight.

Immunohistochemistry (IHC) staining. Paraffin-embedded
tissue sections (5 ym) obtained from the aforementioned animal
model were stained with anti-Ki-67 (1:400; cat. no. ab15580;
Abcam), PD-L1 (1:200; cat. no. GTX635975, GeneTex, Inc.)
and N-cadherin (1:200; cat. no. ab76011; Abcam) at room
temperature for 2 h, following a previously described meth-
odology (27). The IHC staining results were evaluated using
ImagelJ software, considering both the percentage of tumor
tissue displaying specified protein staining (ranging from 0
to 100%) and the intensity of staining (negative: 0, weak: 1,
moderate: 2, and strong: 3). These assessments were indepen-
dently performed by three pathologists, yielding a final score
ranging from O to 300.

Statistical analysis. All experiments were performed at least
three times, with each experiment conducted in triplicate.
Data are presented as the mean + standard deviation (SD).
Statistical significance between two groups was determined
using an unpaired Student's t-test. For experiments involving
three or more groups, one-way analysis of variance (ANOVA)
was performed, followed by Tukey's multiple comparisons
test for post hoc analysis. P<0.05 was considered to indicate
a statistically significant difference. All statistical analyses
were carried out using GraphPad Prism software (version 9;
Dotmatics).

Results

Sesamin inhibits the viability of human LUAD cells in a
dose-dependent manner. First of all, it was investigated
whether sesamin exerts similar anticancer mechanisms across
different types of LUAD cells. To this end, experiments were
conducted using two LUAD cell lines, A549 and CL1-5. A549
exhibits typical lung epithelial cell characteristics, whereas
CL1-5, a highly invasive subline of the CL1 series, possesses
strong metastatic potential. Using MTT assays, cell viability
was evaluated for A549 and CLI1-5 cells treated with various
concentrations of sesamin (0, 25, 50, 100, 200 and 400 xM)
for 24 h. Moreover, the 50% inhibitory concentration (ICs,)
values of sesamin for A549 and CLI1-5 cells were determined
to be 317.3 and 240.7 mM, respectively. The results indicated
that sesamin significantly reduced the viability of A549 and
CL1-5 cells in a dose-dependent manner (Fig. 1A and B).

Colony formation assays further confirmed the reduction in
cell survival (Fig. 1C and D). IF staining was performed on
A549 and CLI1-5 cells to evaluate the expression of Ki-67, a
well-known marker of cell proliferation (28). As shown in
Fig. 1E and F, IF analysis revealed the reduced expression of
Ki-67 in cells treated with 100 guM sesamin. Overall, these
findings indicate that sesamin exerts an antitumor effect on
LUAD cells by inhibiting their proliferation.

Sesamin promotes the chemosensitivity of LUAD cells.
Administering chemotherapeutic agents such as docetaxel
and paclitaxel is a standard clinical practice for managing
LUAD (29). In the present study, the potential of sesamin
for enhancing the efficacy of these chemotherapeutic agents
against LUAD cells was investigated. Our results indicated
that co-treatment with sesamin (100 M) and either docetaxel
(12.5 uM) or paclitaxel (5 M) significantly reduced the
viability of A549 and CL1-5 cells (Fig. 2A and B). Colony
formation assays further confirmed a reduction in cell survival
(Fig. 2C-F). Moreover, the combination treatment of sesamin
with docetaxel or paclitaxel had a synergistic effect (CI<1)
(Fig. S1). The activation of caspase-3 and cleavage of PARP are
well-established indicators of apoptosis (9,30). In the present
study, it was investigated whether sesamin contributes to the
induction of apoptosis in LUAD cells. Our results indicated
that the co-administration of sesamin with either docetaxel or
paclitaxel significantly upregulated the expression of cleaved
caspase-3 and PARP (Fig. 2G and H). These results suggest
that sesamin potentiates the apoptotic effects of chemothera-
peutic agents in LUAD cells by increasing the cleavage of
caspase-3 and PARP.

Sesamin suppresses the motility and anoikis resistance of
LUAD cells by downregulating N-cadherin. In cancer cells,
cadherin switching, a phenomenon characterized by the
upregulation of N-cadherin and the concomitant downregula-
tion of E-cadherin, is associated with increased migratory and
invasive capabilities, which are a hallmark of EMT (31). Next,
it was examined whether sesamin suppresses EMT activity.
Treatment of LUAD cells with sesamin resulted in changes in
cell morphology from a mesenchymal-like to an epithelial-like
phenotype (Fig. S2A). Sesamin also downregulated the
expression of N-cadherin in both A549 and CL1-5 cells in a
concentration-dependent manner (Fig. 3A and B). In Fig. 3A,
a statistically significant change in vimentin expression was
observed at 50 yuM compared with the control group, and in
Fig. 3B at 100 uM compared with O uM. Regarding E-cadherin,
a significant increase was noted at 25 uM in Fig. 3B. However,
no clear dose-dependent changes were observed in the expres-
sion levels of vimentin or E-cadherin.

Cell migration and anoikis resistance are the hallmarks
of oncogenic EMT in cancers (11,32). To further investigate
the role of sesamin-inhibited EMT activity in alleviating the
migratory and metastatic potential of LUAD cells, wound
healing and anoikis resistance assays were conducted. The
wound healing assay revealed that sesamin inhibited the migra-
tion of both A549 and CL1-5 cells in a dose-dependent manner
(Fig. 3C and D). As shown in Fig. 3E, the anoikis resistance
of A549 cells decreased with treatment at various sesamin
concentrations for 2, 4 and 6 days. Importantly, a significant
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Figure 1. Sesamin reduces the viability of human LUAD cells in a dose-dependent manner. (A-D) The effect of various concentrations of sesamin (0-100 M)
on the viability and survival of LUAD cells was evaluated using MTT and colony formation assays, respectively. (E and F) LUAD cells were treated with
sesamin at a concentration of 100 #M, and cell proliferation was evaluated using Ki-67 staining. Scale bars, 100 ym. Data are expressed as mean + SD for
triplicate samples. "P<0.05, “P<0.01, ““P<0.001 and “*"P<0.0001 relative to the control group. LUAD, lung adenocarcinoma; ns, not significant.

reduction in anoikis resistance was particularly notable after
6 days of sesamin treatment. Additionally, it was confirmed
during the anoikis resistance analysis that sesamin induced
LUAD cells to undergo apoptotic cell death (Fig. S2B). Overall,
these results indicated that the inhibitory effects of sesamin
on the motility and anoikis resistance of LUAD cells may be
attributed to its downregulation of N-cadherin expression.

Sesamin suppresses the motility and anoikis resistance of
LUAD cells by downregulating PI3K/AKT/mTOR. To eluci-
date the molecular mechanism underlying the inhibitory
effects of sesamin on cell motility and anoikis resistance, the
PIBK/AKT/mTOR signaling pathway was examined in LUAD
cells. It was discovered that sesamin inhibited the expression
of p-PI3K, AKT and mTOR in a time-dependent manner
(Fig. 4A and B; Fig. S3A-C). The co-administration of sesamin
and a PI3K activator interrupted sesamin-inhibited AKT phos-
phorylation (Fig. 4C and D; Fig. S3D). Moreover, the PI3K
and AKT activator also interrupted sesamin-inhibited mTOR
activation, demonstrating that sesamin could downregulate
the PI3K/AKT/mTOR signaling pathway in LUAD cells
(Fig. 4E and F; Fig. S3E).

To confirm whether the PI3K/AKT/mTOR signaling
pathway is involved in the sesamin-mediated suppression
of N-cadherin, cell motility and anoikis resistance, A549
and CL1-5 cells were pretreated with the specific activators
of PI3K, AKT and mTOR for 30 min before the addition of
sesamin. Co-administration of sesamin with specific activa-
tors of PI3K, AKT, or mTOR significantly attenuated the
sesamin-mediated suppression of N-cadherin protein expres-
sion (Fig.4G-L; Fig. S3F-H). Furthermore, treatment with these
activators significantly alleviated the sesamin-induced reduc-
tions in cell motility, anoikis resistance and chemosensitivity
(Fig. 4M-O; Fig. S4A and B). Overall, these findings indicate
that the inhibitory effect of sesamin on cell migration and
its anoikis-conducive effect may be attributable to its down-
regulation of the PI3K/AKT/mTOR signaling pathway; this
mechanism may contribute to the antitumor effects of sesamin.

Sesamin attenuates the expression of PD-L1 and mitigates
cancer-associated immunosuppression. PD-L1 is an essential
biomarker of immune evasion that functions as an inhibitory
checkpoint (16). In the present study, the effect of sesamin
on cancer-associated immunosuppression was examined by
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Figure 2. Sesamin increases the chemosensitivity of LUAD cells. (A-F) Viability and survival of LUAD cells treated with sesamin in combination with a
chemotherapeutic agent (12.5 M docetaxel or 5 uM paclitaxel), evaluated using both an MTT assay after incubation for 24 h and a colony formation assay
after incubation for 1 week. (G and H) The protein expression levels of cleaved caspase-3 and PARP in LUAD cells were determined using a western blot
assay after treatment with sesamin in combination with a chemotherapeutic agent (docetaxel or paclitaxel). Data are expressed as the mean + SD for triplicate
samples. "P<0.05, “P<0.01, “"P<0.001 and “*"P<0.0001 relative to the control group. LUAD, lung adenocarcinoma; PARP, poly(ADP-ribose) polymerase.

measuring the expression of PD-L1 and analyzing the cyto-
toxic activity of NK cells. The current results revealed that
sesamin downregulated the expression of PD-L1 in both A549
and CL1-5 cells in a dose-dependent manner (Fig. SA and B).
Calcein AM staining of A549 and CL1-5 cells also revealed
increased NK-cell-mediated cytotoxicity following the admin-
istration of sesamin (Fig. 5C and D). This downregulation of
the expression of PD-L1 suggests that sesamin plays a role in
mitigating cancer-associated immunosuppression.

Hsa-miR-34a mediates the sesamin-induced downregulation
of PD-LI and enhances the cytotoxicity of NK cells. In various
types of cancer cells, PD-L1 is regarded as a target gene of
hsa-miR-34a-5p (33-35). Experiments were conducted to deter-
mine the effect of sesamin on the levels of hsa-miR-34a-5p
in LUAD cells. According to the RT-qPCR results, sesamin
upregulated the levels of hsa-miR-34a-5p in A549 and CL1-5
cells in a dose-dependent manner (Fig. 6A and B). To deter-
mine the regulatory role of hsa-miR-34a-5p in the expression
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ns, not significant.
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of PD-L1, a hsa-miR-34a-5p inhibitor was used. First, it
was confirmed that the inhibitor successfully suppressed

hsa-miR-34a-5p expression in A549 and CL1-5 cells
(Fig. S5A and B). Next, our results indicated that transfection
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region; WT, wild-type; ns, not significant.

with this inhibitor reversed the sesamin-induced reduction
of PD-L1 protein levels (Fig. 6C and D). To investigate the
potential interaction between hsa-miR-34a-5p and PD-L1 in
LUAD cells, the 3'UTRs of both the WT PD-L1 sequence
and the mutant PD-L1 sequence were constructed (Fig. 6E).
Luciferase activity was increased by myostatin in the WT
PD-L1 3-UTR plasmid; no such change was observed with the
mut PD-L1 3'-UTR plasmid, while the hsa-miR-34a-5p inhib-
itor reduced sesamin-suppressed WT PD-L1 3'-UTR activity
(Fig. 6F and G). Most importantly, hsa-miR-34a-5p inhibitor
reduced sesamin-enhanced NK cell cytotoxicity against
LUAD cells (Fig. 6H). By contrast, successful transfection with
a hsa-miR-34a-5p mimic was confirmed (Fig. S5C and D),
and overexpression of hsa-miR-34a in LUAD cells resulted in
diminished PD-LI protein levels (Fig. 61 and J) and increased

NK cell cytotoxicity (Fig. 6K). Overall, these results suggested
that sesamin potentiates the cytotoxicity of NK cells through
the miR-34a/PD-L1 axis, thereby disrupting the immune
evasion strategies of LUAD cells.

Sesamin inhibits lung tumor growth in vivo. To further investi-
gate the inhibitory effects of sesamin on LUAD cells in vivo, a
subcutaneous animal model was established using BALB/c nude
mice. Briefly, A549 cells (1x10°) were subcutaneously injected
into the mice. One week after injection, to ensure sufficient tumor
growth, the mice were divided into two groups: a control group
(receiving PBS) and a treatment group (receiving sesamin at a
dosage of 20 mg/kg twice a week). Each group initially included
five mice; however, one mouse in each group failed to develop
a measurable tumor (Fig. 7A). Consequently, analysis of the


https://www.spandidos-publications.com/10.3892/ijmm.2025.5635

10

CHAO et al: ANTITUMOR EFFECTS OF SESAMIN ON HUMAN LUNG ADENOCARCINOMA

7 |

N-cadherin

mm Control

= Sesamin *

S
T Y Tumor Sesamin treatment Control =
Igrowth.v 'l' 'l' VI ontro
] ] 1 ] 1
\ Day 0 7 14 21 Day 28
Suli):;tcat;\::us ¥ Control group: PBS
(A549 1x10°) v Sesamin group: 20 mg/kg
Sesamin
C D H&E Ki-67
0.25 *
Control
B 0.20
©0.15
B
5 0.10
£
= 0.05 Sesamin
0.00
Control Sesamin

e
3
i |

Staining intensity
n
o
<

Ki-67 N-Cadherin PD-L1

Figure 7. Sesamin inhibits lung tumor growth in vivo. (A) Flowchart demonstrating the protocol for sesamin treatment with a subcutaneous animal model.
(B) Representative images of tumors excised from each group were obtained after 4 weeks of sesamin treatment. (C) Tumor weights of the treatment and
control groups. (D) Expression of N-cadherin and PD-L1 proteins in tumor tissues, determined using an IHC analysis. (E) Quantitative IHC analysis of
N-cadherin and PD-L1 expression. Data are expressed as the mean + SD for triplicate samples. "P<0.05 relative to the control group. PD-LI, programmed

death ligand 1; IHC, immunohistochemical.

remaining four tumors revealed that, compared with the control
group, the treatment group exhibited significantly lower tumor
weights, indicating that sesamin effectively suppressed tumor
growth (Fig. 7B and C). IHC analysis was conducted on mouse
tumor tissues to examine the expression of N-cadherin and
PD-L1. The results revealed a significant reduction in the expres-
sion of N-cadherin and PD-L1 in tumors treated with sesamin,
which was consistent with the results of cell-based experiments
(Fig. 7D and E). These findings confirmed the substantial anti-
tumor efficacy of sesamin against lung tumor growth.

Discussion

Paclitaxel and docetaxel, as chemotherapeutic agents, induce
anticancer effects by inhibiting the disassembly of microtu-
bules, leading to cell cycle arrest and apoptosis (36,37). Some
cases of severe toxicity associated with these drugs have been
reported, as well as the development of resistance to these
drugs in certain cancer cells (38,39). Addressing the chal-
lenge of reducing the side effects and drug resistance caused
by chemotherapy is crucial. Many natural compounds have
been identified as safe and potent adjunctive therapies against
cancer (40). For instance, lignans, a diverse group of phenolic
compounds from dietary fibers, have been confirmed to have
anticancer effects, particularly against lung cancer (41,42).
Sesamin is a prominent lignan found in sesame seeds. In
cervical cancer cells, sesamin induces apoptosis by activating
the p53 pathway, which is facilitated by the upregulation of
phosphatase and tensin homolog expression (43). Sesamin
triggers cell cycle arrest by upregulating p53 and Chk2,
and induces apoptosis through the activation of the Bax and
caspase-3 pathways in breast cancer (44). Caspase-3 is a key
indicator of apoptosis, a physiological process elicited by
various stimuli, such as stress, cytotoxic drugs and variations
in reactive oxygen species levels in LUAD (7). Additionally,

sesamin suppresses TNF-induced expression of cell-prolifer-
ative gene products such as cyclin D1 and cell-survival gene
products such as Bcl-2 and survivin. Sesamin exhibits its
chemo-preventive effects by inhibiting NF-xB-mediated cell
survival and proliferation in LUAD (45). The results of the
present study support the aforementioned findings, indicating
that sesamin, when used in combination with paclitaxel and
docetaxel, reduces cell viability and survival in human LUAD
cells through caspase-3 and PARP activation. This highlights
the potential of sesamin as a supplementary agent to optimize
chemotherapy in clinical applications.

EMT molecular markers, including E-cadherin and
N-cadherin, are key indicators of the phenotypic shift from the
epithelial to the mesenchymal state, which is associated with an
increase in cancer aggressiveness and metastatic potential (46).
N-cadherin has been reported to be aberrantly expressed in
various human malignancies, promoting cancer cells inva-
sion, adhesion, apoptosis, angiogenesis and metastasis (47). In
addition, N-cadherin is associated with worse recurrence-free
survival and is considered a prognostic biomarker in patients
with non-muscle-invasive bladder cancer (48). Downregulation
of N-cadherin promotes tumor suppression in pancreatic
intraepithelial neoplasia and inhibits metastatic spread in
neuroblastoma (49,50). These findings provide evidence that
N-cadherin is a promising target for the development of inno-
vative onco-therapeutic agents. The present results suggested
that sesamin comprehensively inhibits N-cadherin expression
both in vitro and in vivo, resulting in the disruption of cell
migration and anoikis resistance in LUAD. In the future, it is
worth investigating whether sesamin could serve as a natural
onco-therapeutic agent in other cancers characterized by
aberrant N-cadherin expression.

Elevated PD-L1 expression significantly reduces the
activity of immune cells, facilitating cancer cells in evading
immunosurveillance (17). Consequently, PD-L1 expression
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Figure 8. Graphical representation of the mechanisms underlying the effect of sesamin on LUAD cells. Sesamin inhibits cancer cell motility and anoikis resistance
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serves not only as a pivotal biomarker of tumor immune evasion
but also as a therapeutic target in checkpoint-based immuno-
therapy (16,18). There is an increasing number of scholars
developing PD-L1 inhibitors, such as anti-PD-L1 antibodies
and peptides, which block the activity of PD-L1 and have
positive effects on endogenous antitumor immune responses,
thus representing a feasible therapeutic strategy (51,52). Our
results revealed that sesamin inhibits the expression of PD-L1
in a dose-dependent manner in LUAD cells, resulting in the
augmented cytotoxicity of NK cells. In a previous study, it was
reported that at a specific concentration, sesamin downregu-
lated the mRNA and protein expression of PD-L1 in breast
cancer cells, which is consistent with our findings (16). Another
prominent lignan found in sesame seeds is sesamolin, which,
similar to sesamin, exhibits significant biological activity (53).
Notably, sesamolin enhances the expression of natural killer
group 2D (NKG2D) ligands, key molecules that regulate
NK cell-mediated anticancer responses, without reaching
toxic concentrations. This upregulation was also observed
in other key molecules, including UL-16 binding protein 1
(ULBPI1), ULBP2 and MHC class I chain-related protein A
(MICA) and B (MICB). Additionally, sesamolin increased the
phosphorylation of the ERK pathway, which is linked to the
regulation of NKG2D ligand expression in Burkitt's lymphoma
cells (54). These findings indicate the potential of sesamin
as an adjunctive immunotherapeutic agent that can enhance
immune-mediated tumor suppression.

Generally, miRNAs are small, non-coding RNA molecules
that regulate gene expression after transcription, typically
by binding to the 3'-UTR of their target mRNAs (55). The
tumor-suppressive miRNA, hsa-miR-34a-5p, induces GO/G1
cell cycle arrest by inhibiting the expression of cyclin D1
and cyclin E2 proteins (56). Additionally, it suppresses cell

motility by downregulating EMT activity in bladder cancer
cells (56). In triple-negative breast cancer cells, upregulation
of hsa-miR-34a-5p suppresses cellular activity and migration,
promotes apoptotic cell death,and enhances cytotoxic antitumor
responses (34). In vivo studies have shown that hsa-miR-34a-5p
agomir inhibits breast tumor growth and downregulates
PD-L1 expression (34). An inverse correlation between PD-L1
and hsa-miR-34a levels was also observed in acute myeloid
leukemia (AML), where hsa-miR-34a overexpression in AML
cells reduced PD-L1-specific T cell apoptosis, suggesting that
hsa-miR-34a could serve as a potential immunotherapeutic
target (21). In addition to regulating PD-L1, hsa-miR-34a
has been identified as a key upstream regulator of C-C motif
chemokine ligand 22 and diacylglycerol kinase € (DGKY)
expression, playing a crucial role in modulating the tumor
immune microenvironment by enhancing T cell activation
and inhibiting Treg cell recruitment (57,58). Consistent with
these findings, the present results demonstrated that sesamin
upregulates the expression of hsa-miR-34a-5p in LUAD cells,
leading to the downregulation of PD-L1 expression. This
sesamin-induced upregulation of hsa-miR-34a-5p contributed
to the enhanced cytotoxicity of NK cells, thereby disrupting
the immune evasion mechanisms of LUAD cells. Although the
present study demonstrated these promising in vitro results,
in vivo experiments to validate the role of sesamin in reducing
LUAD immune evasion were not conducted. Therefore, future
research should focus on in vivo studies to improve under-
standing of the efficacy and potential side effects of sesamin
in a more physiologically relevant setting.

In conclusion, sesamin increased the proapoptotic effects
of chemotherapeutic agents in LUAD cells. Sesamin also
attenuated cancer cell migration and anoikis resistance by down-
regulating the expression of N-cadherin through the suppression
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of the PI3K/AKT/mTOR signaling pathway. In addition, sesamin
increased the cytotoxicity of NK cells by upregulating the expres-
sion of hsa-miR-34a, resulting in the downregulation of PD-L1
expression and the disruption of the immune evasion mechanisms
of LUAD cells (Fig. 8). In summary, sesamin inhibits the aggres-
siveness of LUAD while reducing immune escape, demonstrating
its multifaceted anticancer mechanisms. Sesamin combined with
chemotherapy is expected to enhance treatment effectiveness and
reduce the occurrence of side effects in LUAD.
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