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Anethole attenuates lung cancer progression by regulating the
proliferation and apoptosis through AKT and STAT 3 signaling
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Abstract

Background: The main constituent of fennel, anethole, exerts beneficial effects in many diseases, includ-
ing antiproliferative and tumoricidal capacities. This study aimed to investigate the effect of anethole on
the human non-small cell lung cancer (NSCLC) cell line, A549, and the related molecular mechanisms.
Methods: The proliferation was assessed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide and colony formation assays. Apoptosis situation was determined using fluorescence-activated cell
sorting and DNA fragmentation assay combined with immunoblotting assay probing-related protein
expression. Phosphoinositide 3-kinases-protein kinase B (PI3K-AKT) and signal transducer and acti-
vator of transcription 3 (STAT3) signaling proteins were evaluated using immunoblotting. Xenograft
model was constructed to determine the tumor volume and weight and to evaluate the expression of
Ki67 via immunohistochemistry and cleaved caspase 3 via immunoblotting.

Results: Anethole inhibited proliferation and clonal growth of A549 cells. The promotion of A549
cell apoptosis by anethole was evidenced by increased apoptotic ratio, abundant DNA fragments, and
caspase-3 activation. Key proteins in PI3K-AKT and STAT3 signaling pathways were decreased in
anethole group. Additionally, xenografted tumors in anethole group retarded with decreased Ki67 and
increased cleaved caspase 3 expression.

Conclusions: Anethole induced tumor cell apoptosis and retarded cell proliferation. AKT and STAT3
signaling pathways might be involved in the effects of anethole. Our findings highlight the feasibility of

anethole in the treatment of lung cancer.
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tiological studies of Iung cancer have been focused
on smoking and environmental pollution along
with genetic factors (1, 2). Histologically, lung
cancer is composed of two subtypes: non-small lung can-
cer (NSCLC) and small cell lung cancer (SCLC) (3). The
majority of NSCLC cases is diagnosed at advanced stages
of cancer, which is insensitive to most antitumor therapies
and contributes to the high morbidity of lung cancer in
many countries, especially the developing ones (3).
Conventional treatments for lung cancer include
radiotherapy, chemotherapy, surgery as well as immu-
notherapy, among which chemotherapy is of the pre-
dominant importance (4, 5), while the severe side effects
correlated with chemotherapeutic choices could not
be ignored, such as fatigue, bleeding, gastrointestinal
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reactions, kidney and liver dysfunction, bone marrow
suppression, and so on (6-8). Hence, finding more safe
and effective chemotherapeutic agents is extraordinarily
urgent now.

Anethole is the main flavoring component of essential
oils usually extracted from anise, star anise, and sweet fen-
nel (9). Previous studies indicated that anethole possesses
extensive pharmacological effects in disease therapy, such
as anti-inflammatory, neuroprotective, antidiabetic, im-
munomodulatory as well as antithrombotic effects (9).
Anethole suppresses the migration and proliferation of
prostate cancer cells and breast cancer cells while accel-
erates cell apoptosis (10, 11). Anethole suppresses NF-«xB
activation to block tumor necrosis factor transduced cel-
lular responses (12). PI3K/AKT and signal transducer
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and activator of transcription 3 (STAT3) signaling path-
ways have been reported to be involved in the antitumor
process of anethole (13). The role of anethole on lung
cancer has not been illustrated yet.

Since anethole has exhibited inhibitory effects on vari-
ous types of cancers, we hypothesized that it might exert
antitumor effects on lung cancer.

Methods and materials

Cell culture

NSCLC cell line A549 cells were obtained from the ATCC
(Manassas, VA). A549 cells were cultured in Roswell Park
Memorial Institute-1640 medium (Hyclone, Logan, UT)
supplemented with 10% fetal bovine serum (FBS, Hy-
clone) and 1% penicillin/streptomycin solution (Sigma
Aldrich, St. Louis, MO) at 37°C, 5% CO,.

Drug preparation

For in vitro assays, anethole power (anethole, MedChe-
mExpress, Monmouth Junction, NJ) was dissolved in
dimethyl sulfoxide (DMSO). For in vivo assays, aneth-
ole power was dissolved to make a stock solution of
6.25 mg/ml by sequentially adding DMSO (10% in the
final solution) and corn oil (90% in the final solution).
All the stock solutions were placed at —80°C for long-
term storage.

Cell proliferation assessment
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) as well as colony formation assays was
employed to evaluate cell proliferation.

For MTT assay, A549 cells were plated into the culture
plates at the density of 3,500 cells per well for 24 h be-
fore treatment with anethole of indicated concentrations
(0, 25, and 50 uM). After incubating for 24, 48, or 72 h,
MTT solution (10 puL, S mg/mL in phosphate-buffered sa-
line (PBS), Sigma Aldrich) was added and incubated the
cells at 37°C for 4-5 h. The absorbance at 570 nm was
measured using a microplate reader.

Colony formation assay was conducted using Giemsa
staining. Cells were seeded into 6-well plates at the con-
centration of 500 cells per well for 24 h before treatment
with 50 uM anethole. Then, the cells were washed with
sterile PBS once and stained with Giemsa solution. The
number of colonies were counted.

Cell apoptosis detected by flow cytometry

After the cells were treated with indicated concentrations of
anethole for 48 h, they were collected after trypsin digestion.
Then, cells were resuspended in PBS with 2% FBS on ice, fol-
lowed by the addition of Annexin V-fluorescein isothiocya-
nate and propidium iodide (PI). Cell apoptosis was detected
using a flow cytometer (Beckman Coulter, Brea, CA).
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Western blot

Cells were lysed using radioimmunoprecipitation lysis buf-
fer with protease inhibitor (Thermo Waltham, MA). Equal
amount (20 ug) of protein in each group was loaded and
separated using sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and then transferred onto a polyvi-
nylidene fluoride membrane. They were further incubated
with primary antibodies at 4°C overnight. The primary an-
tibodies include anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) antibody (MA#2118; CST, San Diego,
CA; 1:5000), anti-Cleaved Caspase 3 antibody (#9661;
CST; 1:1000), anti-BCL2 Antagonist/Killer (BAK) anti-
body (#3814; CST; 1:2000), anti-bcl-2-like protein (BAX)
antibody (#2772; CST; 1:2000), anti-B-cell lymphoma 2
(BCL-2) antibody (12789-1-AP; Proteintech, Chicago, IL,
USA; 1:1000), anti-myeloid cell leukemia-1 (MCL-1) anti-
body (#5453; CST; 1:1000), anti-p-AKT antibody (#9271;
CST; 1:1000), anti-AKT antibody (#9272; CST; 1:2000),
anti-Stat3 antibody (#9139; CST; 1:3000), anti-p-Stat3 an-
tibody (#9145; CST; 1:1000), anti-PI3K antibody (#4228;
CST; 1:2000), and anti-p-PI3K antibody (#4257; CST,;
1:1000). GAPDH served as inner control.

DNA fragmentation electrophoresis

After treatments by different concentrations of anethole
for 48 h, cells were collected using trypsin digestion. Equal
numbers of cells (about 5 x 10 cells) for each group was
suspended in 500 pL Tris—ethylenediaminetetraacetic acid
(EDTA) with 0.2% Triton X-100 for 30-min dissociation.
Then, cell lysates were precipitated in ethanol with 0.5
M Nacl for 6 h and extracted using phenol-chloroform.
Next, isopropanol was added into the mixture before
placing at —20°C for 2 h. Afterward, the pellet collected
was re-suspended in Tris-EDTA solution and digested in
Rnase A at 37°C for 35 min. Finally, the DNA fragments
were separated by 1% agarose gel.

Tumor xenograft

BALB/c nude mice (18-22 g) were fed ad libitum. All ani-
mals involved in experiments in this study were performed
under the approval of Maharishi Markandeshwar Institute
of Medical Science and Research. A549 cells were inoc-
ulated subcutaneously in the dorsal flanks of mice at the
volume of 3 x 10%site. Two weeks later, those with tumor
volume of 100 mm? were selected for further drug treatment.
Then, mice were treated by vehicle, 25 or 50 mg/kg anethole
via oral gavage daily for 25 consecutive days. On day 25,
animals were sacrificed, and xenografted tumors were col-
lected, weighed, and subjected to immunohistochemistry.

Immunohistochemistry

After fixation in 10% neutral formalin at 4°C for 24 h fol-
lowed by dehydration in gradient concentrations of alcohol,
samples were cut into 4-um sections. Then, 0.3% hydrogen
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Fig. 1. Anethole inhibited the proliferation of A549 cells. (a) A549 cells were treated with anethole at the indicated concentra-
tions for the indicated times, and cell proliferation was determined by MTT assay. (b and c) Colony formation assay of A549 cells
under the treatment of vehicle or 50 pM anethole was conducted to examine the effect of anethole on the proliferation of A549
cells. Four replicated wells for each condition. Error bar represents SEM. “P < 0.01 and ***P< 0.0001.

peroxide was applied to block endogenous peroxidase ac-
tivity. The sections were blocked by 5% normal goat serum
at room temperature for 30 min and probed with anti-Ki67
antibody (1:500; ab21700; Abcam, Cambridge, MA, USA)
at 4°C overnight. Elivision super HRP (Mouse/Rabbit) IHC
Kit (Maixin-Bio, Shenzhen, China) as well as 3, 3'-diamino-
benzidine was utilized to visualize the reaction; meanwhile,
hematoxylin was administered to visualize nuclei. Ethanol
was used for the dehydration of the final sections before
mounting with neutral resins (Solarbio).

Statistics

Data were analyzed using two-tailed 7-test, two-way anal-
ysis of variance (ANOVA) test, or one-way ANOVA with
Tukey’s multiple-comparisons test. Error bar represents
standard error of mean (SEM).

Results

Anethole inhibited the proliferation of A549 cells

As shown in Fig. 1a, A549 cell proliferation was inhibited
by low dose of anethole (25 uM) at the 48-h and 72-h time
point. Noteworthy, moderate and high doses of anethole
(50 and 100 uM) sharply inhibited A549 cell proliferation
at all time points. Furthermore, moderate to high con-
centrations of anethole exerted similar inhibitory effects
on A549 cells, which was further confirmed using colony
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formation assay. It was demonstrated that the colonies
formed in 50-uM group were significantly less than those
in the control group (Fig. 1b, ¢). These two experiments
co-suggest that anethole exerts inhibitory effects on A549
cells, which provide a solid base for the following study.

Anethole promoted the apoptosis of A549 cells
Fluorescence-activated cell sorting (FACS) and DNA
fragmentation combined with immunoblotting assays
were used to evaluate the effects of anethole on apopto-
sis of A549 cells. FACS assay revealed that the ratio of
apoptotic cells was significantly increased by anethole
dose-dependently (Fig. 2a, b). As shown in Fig. 2c and d,
DNA fragments were obviously abundant in A549 cells
after anethole treatment in a dose-dependent manner,
indicating anethole promote apoptosis of A549 cells. In
Fig. 2e and f, the detection of apoptotic effector protein,
cleaved caspase 3, showed an obvious increased expres-
sion of cleaved caspase 3 in anethole-treated A549 cells
dose-dependently, further confirming the promotion of
anethole on the apoptosis of A549 cells.

Anethole regulated the expression of apoptosis-related proteins
in A549 cells

To further explore the apoptosis-related response of A549
cells after anethole treatment, the apoptosis-related proteins
of cells treated by anethole for indicated times (0, 12, and
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Fig. 2. Anethole promoted the apoptosis of A549 cells. A549 cells were treated with anethole at the indicated concentrations
for 48 h, and cell apoptosis was determined by FACS (a and b), DNA fragmentation (¢ and d), and the immunoblotting assays
(e and f). Four replicated wells were designed for each condition. Error bar represents SEM. ™ P < 0.001 and ™ P < 0.0001.

24 h) were detected. Here, the dose of 50 uM was adopted
for its highest antitumor effect on A549 cells. Western blot
assay showed that, compared with the control group, me-
dium dosage of anethole markedly enhanced the expression
of proapoptotic BAK (Fig. 3a, b) and BAX (Fig. 3a, c),
whereas it reduced antiapoptotic BCL2 (Fig. 3a, d) and
MCLI (Fig. 3a, ¢) in A549 cells in a time-dependent manner.

Anethole regulated AKT and STAT3 signaling in A549 cells

To explore the possible molecular mechanisms underlying
the antitumor effects of anethole in A549 cells, the expres-
sion of the two pathway-related proteins was analyzed 6 h
after anethole treatment (0, 25, and 50 uM). As shown in
immunoblotting assay, the protein levels of p-PI3K (Fig.
4a, b), p-AKT (Fig. 4a, c), and p-STAT3 (Fig. 4a, d) were
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all significantly decreased compared with those in the vehi-
cle control group, indicating that the observed effects may
be via downregulating Phosphoinositide 3-kinases-protein
kinase B (PI3K-AKT) and STAT3 pathway effectors.

Anethole inhibited tumor progression

Furthermore, we verified whether anethole exerted inhibi-
tory effects on A549 cells in vivo in order to echo the above
in vitro findings. Mice with xenografted tumor were treated
by indicated doses of anethole for 25 days. As shown in
Fig. 5a, curves of tumor volume rose over time in three
groups, and anethole obviously decreased the tumor vol-
ume dose-dependently. Compared with the vehicle control
group, anethole also significantly decreased the tumor
weight in a dose-dependent manner (Fig. 5b).
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Fig. 3. Anethole regulated the expression of apoptosis-related proteins in A549 cells. A549 cells were treated with 50 uM aneth-
ole for indicated times, and then cells were harvested to determine the protein levels of BAK (a and b), BAX (a and c¢), BCL2
(aand d), and MCLI (a and e) by Western blot. Four replicated wells for each condition were performed. Error bar represents
SEM. “P < 0.01 and P < 0.0001.
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Fig. 4. Anethole regulated AKT and STAT3 signaling in A549 cells. A549 cells were treated with vehicle, 25, or 50 uM anethole
for 6 h and then harvested to analyze the protein level of p-PI3Kp85a (a and b), p-AKT (a and c), and p-STAT3 (a and d) by
Western blot. Four replicated wells for each condition. Error bar represents SEM. ***P < 0.0001.
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Fig. 5. Anethole inhibited the progression of A549 tumor in vivo. A549 tumor-bearing mice were treated by vehicle, 25, or 50
mg/kg anethole. The indexes of tumor volume (a) and weight at the end point (b) were measured. n = 7 for each group. Error bar
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Fig. 6. Anethole inhibited the proliferation and promoted the apoptosis of A549 tumor in vivo. A549 tumor-bearing mice were
treated by vehicle, 25, or 50 mg/kg anethole. The tumors were harvested at day 25 to analyze the expression levels of Ki67
(a and b) by IHC and cleaved Caspase 3 (c and d) by Western blot. n = 7 for each group. Error bar represents SEM. "P < 0.05,

P <0.01,"P<0.001, and ""P < 0.0001.

Anethole inhibited the proliferation and promoted

the apoptosis

Furthermore, we determined the proliferation and apop-
tosis of xenografted tumor cells, via determining the level
of Ki67, a marker for cell proliferation, as well as cleaved
Caspase 3, a apoptosis-related protein. Data implied that
the percentage of Ki67 positive tumor cells was signifi-
cantly lower (Fig. 6a, b), and the protein level of cleaved
caspase 3 was obviously higher (Fig. 6¢, d) in Aent-treated
group than control group. In brief, anethole markedly in-
hibited the proliferation and enhanced the apoptosis of
A549 tumor in vivo.

Citation: STEMedicine 2023, 4(1): e |53 - http://dx.doi.org/10.37175/stemedicine.v4il .153

Discussion

Nowadays, lung cancer remains to be the most deadly can-
cer worldwide, and it is urgent to develop more powerful
therapeutic options, especially chemotherapies, to enhance
patients’ 5-year survival rate (14, 15). Anethole is a natu-
ral ingredient existing in multiple spices, and studies prove
that it has powerful antitumor function in breast cancer,
prostate cancer, and other chronic diseases (10, 11, 13). In
the present study, we found that anethole suppressed pro-
liferation of lung cancer cells cultured in vitro. Anethole
also promoted apoptosis of lung cancer cells via enhancing
the expression of proapoptotic proteins as well as reducing
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the expression of antiapoptotic proteins in vitro. Further-
more, we demonstrated that AKT and STAT3 signaling
might be involved in the molecular mechanism underly-
ing the antitumor effects of anethole on lung cancer cells
in vitro. The inhibitory effects of anethole on lung cancer
cells were further validated in vivo, and the results of which
were consistent with those obtained in vitro. These find-
ings were similar with previous studies. Elkady reported
that anethole inhibited the proliferation of prostate cancer
cell line via the induction of G2/M phase arrest, apoptosis,
and the suppression of NF-kB nuclear localization (11).
Another study indicated the similar inhibitory effects on
human breast cancer cells manifested by suppressed cell
survival, which increased apoptosis in an estrogen receptor
independent manner (10).

PI3K/Akt signaling pathway plays important roles in
cellular events, including cell proliferation, growth, and
migration (16). This pathway has been demonstrated to
be upregulated and lead to increased cell proliferation
and survival in many malignant tumors, for example, mel-
anoma, gastric cancer, myeloma, and lung cancer (17-21).
PI3K/Akt upregulation has been recorded to contribute
to radiotherapy resistance of NSCLC, and specific path-
way inhibitors function substantially sensitizes cancer
cells to radiotherapy (16).

Another signaling pathway involved in the tumorigen-
esis is STAT3, which is essential to many cellular func-
tions, such as proliferation, angiogenesis, invasion, and
metastasis (22, 23). Abnormal activation of STAT3 has
been referred to in malignant tumors involving brain, kid-
ney, prostate, and lung (24-26). Song et al. indicated that
NSD2-mediated STAT3 methylation-activated STAT3
pathway eventually promoted tumor angiogenesis (27).
Activated STAT3 also correlates with drug resistance in
lung cancer cells. Previous studies illustrated JAK/STAT3
signaling is significantly increased in cisplatin-resistant
lung cancer cells, and the inhibition of Ataxia Telangi-
ectasia Mutated targeting JAK/STAT3 signaling could
retard the metastatic behavior of cancer cells (28). STAT3
pathway has been highlighted as a therapeutic target with
promising potential for cancers, including lung cancer
(26). In brief, PI3K/Akt and STAT3 are promising targets
for lung cancer therapy. To be consistent with the previ-
ous studies regarding PI3K/Akt and STAT3 pathways, we
also found the decreased expression of related effectors
is positively correlated with reduced cell proliferation of
lung cancer cells.

Anethole has been stated to inhibit cancer malignancy
via the suppression of the chemokine CXCR4 power-
fully without cytotoxicity in prostate cancer cells in vitro
(29). The downregulation of Akt is involved in the an-
timetastatic process of anethole to prostate cancer cells
(30). Choo et al. mentioned the antimetastatic activity
of anethole on human fibrosarcoma tumor cells via the
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inhibition of AKT/mitogen-activated protein kinase/
NF-«B signaling (13). Our study demonstrates that aneth-
ole possesses inhibitory effect on lung cancer cells using
in vitro and in vivo experiments and indicates its negative
modulation of PI3K/Akt and STATS3 signaling pathways.
Several limitations should be noted in the present study.
We did not explore thoroughly the effects of anethole on
metastatic and invasive capacities, which are also critic
characteristics of advanced NSCLC. The concrete molec-
ular mechanisms were not further validated. Loss-func-
tion and gain-function assays should be designed and
performed in the future study. Besides, the safety and cy-
totoxicity would also be investigated in our future work.

Conclusions

Taken together, our study implied that anethole exerts an-
titumor potentialities on lung cancer cells via retarding
proliferation and promoting apoptosis possibly through
AKT and STAT3 signaling in vivo and in vitro. We con-
fidently believe that anethole is a promising chemothera-
peutic drug to lung cancer in future.
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