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Abstract

Background

The factors behind the pathogenesis of lung cancer are not clear, and treatment failure is generally
caused by drug resistance, recurrence, and metastasis. Development of new therapeutic agents to
overcome drug-resistance remains a challenge clinically. Various extracts of Foeniculum vulgare have
shown promising anticancer activity; however, effects on lung cancer and the underlying molecular
mechanisms of action are not clear.

Methods

The cytotoxicity effects of EEFS were assessed by morphological changes or MTT assay. The BALB/c
nude mice xenograft model was used for the in vivo study. Apoptotic ratio assay based on Annexin V-PI
staining were measured by flow cytometry. Effect of EEFS on expression of apoptotic proteins was
measured by Western blot. Mitochondria toxicity was evaluated by fluorescence to show membrane
potential under a fluorescent microscope and Cytochrome C release.

Results

We found that the ethanol extract of Foeniculum vulgare seeds (EEFS) significantly reduced lung cancer
cell growth in vitro and in vivo. EEFS decreased the viability of and triggered apoptosis in the lung cancer
cell lines NCI-H446 and NCI-H661. EEFS induced apoptosis mainly through inhibition of Bcl-2 protein
expression, reduction of mitochondrial membrane potential, and release of Cytochrome C. Moreover,
EEFS significantly inhibited colony formation and cell migration in lung cancer cells. EEFS also
effectively inhibited the growth of xenograft tumors derived from NCI-446 cells by reducing Bcl-2 protein
expression and inducing apoptosis.

Conclusions

Taken together, these findings suggest that EEFS exerts anti-lung cancer activity by targeting the Bcl-2
protein and may have potential as a therapeutic drug for lung cancer.

Background

Lung cancer is a highly malignant tumor type, with the highest incidence and mortality rates in the world
[1]. Lung cancer is mainly divided into non-small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC). The former accounts for approximately 85% of the total lung cancer incidence rate and most
patients are in the late stage at the time diagnosis [2]. SCLC accounts for approximately 14% of all lung
cancers, is more aggressive than NSCLC, and is the number one cause of cancer deaths in men and the
second highest cause of cancer deaths in women [3]. In the early stage of lung cancer, surgical resection
is the main therapeutic strategy; radiotherapy and chemotherapy are often supplemented in the middle
and late stages. First-line chemotherapy drugs include cisplatin, carboplatin, and epidermal growth factor
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receptor tyrosine kinase inhibitors (EGFR-TKI). In the later stages, resistance and metastasis commonly
occur, leading to treatment failure [4, 5]. Therefore, there is an urgent need to identify new treatment
regimens for lung cancer.

Fennel, also known as sweet fennel (Foeniculum vulgare), belongs to the Apiaceae family, which is widely
distributed worldwide [6]. The chemical components of the fruit of Foeniculum vulgare are mainly
comprised of trans-anethole, fenchone, estragole, sterol, glycosides, essential oils, and alkaloids [7]. Two
studies showed that extracts of fennel possessed anticancer activity [8, 9]. For example, Singh et al.
found that the incidence of skin and forestomach tumors in Swiss albino mice were significantly reduced
by feeding the animals fennel seeds [10]. Sara Levorato et al. reported that fennel seed essential oil
induced apoptosis in HepG2 liver cancer cells [11]. The chloroform fraction of fennel seeds inhibited the
proliferation of MCF-7 cells and induced cell cycle arrest and apoptosis [12]. The fennel compound
anethole induced cell cycle arrest and apoptosis in human prostate cancer cells and exhibited antitumor
effects [13]. The coumarin extracted from the dried fruits of fennel demonstrated antioxidant effects,
promoted the production of inflammatory factors such as interleukin (IL-6) and tumor necrosis factor a
(TNF-a), and inhibited the growth of tumor cells [14, 15]. At present, there are no reports of the anti-lung
cancer activity of the ethanol extract of Foeniculum vulgare seeds (EEFS), and the underlying molecular
mechanisms of its activity remain unknown.

In this study, we determined that EEFS exerted anti-lung cancer activity by inducing apoptosis in lung
cancer cells. EEFS effectively inhibited the formation of lung cancer cell clone formation and cell
migration. Both in vivo and in vitro experiments confirmed that EEFS exhibited anti-cancer bioactivity by
targeting the expression of Bcl-2. Our data indicate that EEFS is worthy of further study for the benefit of
patients with lung cancer.

Materials And Methods
Cell culture and Reagents

Human lung cancer cell lines, NCI-H446 (SCLC) and NCI-H661 (NSCLC), were purchased from Keygen
Biotechnology Company (Nanjing, China). Cells were cultured in RPMI 1640 (Hyclone, LA, USA) medium
containing 10% fetal bovine serum (Hyclone, LA, USA) and antibiotics (penicillin and streptomycin). Cells
were maintained in an incubator with 5% CO, at 37 °C and saturated humidity. Hoechst 33258 fluorescent
dye and Mito-tracker red probe were purchased from Sigma (St. Louis, MO, USA). CellTiter 96 aqueous
non-radioactive cell proliferation assay (MTS) cell activity test kit was purchased from Promega (WI,
USA). Annexin V-Pl apoptosis detection kit was purchased from BD Biosciences (San Diego, CA, USA).
Anti-Bak, anti-Bax, anti-Bcl-2, anti-Survivin, anti-Cytochrome C, anti-cleaved Caspase 3 polyclonal primary
antibodies, anti-B-actin monoclonal antibody, and anti-rabbit/mouse horseradish peroxidase (HRP)
conjugated secondary antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). ABT-
263 was purchased from MedChemExpress (NJ, USA).
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EEFS Preparation

Fennel dry seeds (250 g) were washed quickly with sterile distilled water once to remove dust and
impurities. Then, they were soaked in 75% ethanol at 4 °C for 48 h and the leach solution was obtained by
filter paper filtration. The leach solution was transferred to a rotary evaporator and evaporated and
concentrated at a low temperature and reduced pressure to obtain a dark green extract. The extract

(100 mg) was re-dissolved in 75% ethanol and sterilized with a 0.2 pm needle filter to produce 50 mg/ml
EEFS, which was aliquoted into equal parts and stored at 4 °C, without additional substances added. In
this study, except for the special statement, all the control groups contained 75% alcohol as the vehicle

group.

Hoechst Staining

The cytotoxicity of EEFS was determined by observing changes in nuclear morphology (chromatin
condensation or DNA fragmentation). NCI-H446 and NCI-H661 cells were seeded in 6-well plates at a
density of 5x 10° cells/well, and cells in logarithmic growth were treated with EEFS (0—0.8 mg/ml for
NCI-H446 cells, 0-1 mg/ml for NCI-H661 cells) for 48 h. Following treatment, Hoechst 33258 (1 ug/ml)
was directly added to the culture medium and incubated in the dark for 15 min at room temperature. To
measure apoptosis, the morphological changes of the nucleus were observed via inverted fluorescence
microscope (Nikon, Japan); six fields were randomly selected and photographed.

Cell Viability Test

Relative cell viability was evaluated by MTS assay. NCI-H446 and NCI-H661 cells were seeded in 96-well
plates (5 x 102 cells/well), and when cell density reached 60%, cells were treated with different
concentrations of EEFS (0, 0.1, 0.2, 0.4, and 0.8 mg/ml) for 48 h or the same concentration (NCI-H446
cells: 0.8 mg/ml and NCI-H661 cells: 1 mg/ml were set up as effective dose) for different time periods
(12, 24, and 48 h). Following treatment, the relative viability (to vehicle control group) of the cells was
detected according to the kit manufacturer's instructions. The relative cell viability was calculated using
the following formula: relative cell viability (%) = (1 = (OD¢ontrol - ODireated)/ ODcontror) X 100% [16].

Detection Of Apoptosis By Flow Cytometry

Apoptosis was assessed via the detection of phosphatidylserine (PS) exposure and the binding of
Annexin V to the surface of the cell membrane, as well as Pl nuclear dye exclusion. NCI-H446 and NCI-
H661 cells were grown in 6-well plates at a density of 5x 10° cells/well. When the cells were in the
logarithmic growth stage, they were treated with different concentrations of EEFS (0-0.8 mg/ml for NCI-
H446 cells, 0-1 mg/ml for NCI-H661 cells) for 48 h or 0.8 mg/ml for 12, 24, or 48 h. After treatment, the
cells were collected and stained according to the instructions of the Annexin V-Pl apoptosis detection kit.
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A FACSCalibur (BD Biosciences, San Diego, CA, USA) was used to detect apoptosis. Cell quest software
(BD Biosciences, San Jose, CA, USA) was used to analyze the data and calculate the apoptotic ratio.

Western Blotting

Western blotting was performed in NCI-H446 and NCI-H661 cells as well as tumor tissues from xenograft
mice to examine protein levels, based on a previously published method with minor modifications [17].
Briefly, after treatment with EEFS, ABT-263 or EEFS + ABT-263 under various conditions, NCI-H446 and
NCI-H661 cells were collected and washed in PBS and then re-suspended in lysis buffer with 1% NP-40
containing protease inhibitor cocktail. The tumor tissues were homogenized in an ice bath. After the
tumor tissues or cell cultures were fully lysed, they were centrifuged at 12,000 rpm and 4 °C for 10 min.
The supernatants were transferred to new EP tubes and the protein concentration was measured using
the Bradford method. After sample preparation, an equal amount of protein (20 ug) was loaded onto
polyacrylamide gels for electrophoresis. Following electrophoresis, the proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore, Stafford, VA, USA) and blocked at room temperature
with Tris-Buffered Saline Tween-20 (TBST) containing 5% skim milk for 30 min. Then, the membrane was
incubated overnight at 4 °C with bovine serum albumin (BSA) (1:1000) containing a specific first
antibody. After washing the membrane 3 times (10 min/time) with PBST, the membrane was incubated
with the corresponding second antibody (1:5000) at room temperature for 2 h. In the darkroom, an
enhanced chemiluminescence (ECL) luminescent solution (Millipore, Billerica, MA, USA) was used to
display the immunoreactive strip, which was further exposed on film.

Mitochondrial Toxicity Test

Mitochondrial toxicity following EEFS treatment was evaluated by membrane potential reduction and
Cytochrome C release. Briefly, NCI-H446 cells were seeded in 6-well plates and once in logarithmic growth,
the cells were treated with 0.8 mg/ml EEFS for 6, 12, and 24 h. Following treatment, Mito-tracker red probe
(500 nM) was directly added into the culture medium and incubated at 37 °C in the dark for 15 min. The
changes of mitochondrial membrane potential were observed and evaluated under a fluorescent
microscope (Nikon, Japan). In addition, mitochondria were isolated and purified according to the protocol
provided by the mitochondrial extract kit (Solarbio Science & technology, Beijing, China). Western blotting
was performed to examine Cytochrome C release from mitochondria.

Wound Healing Test

Wound healing (closure) tests were performed to assess the effects of EEFS on lung cancer cell
migration. Briefly, NCI-H446 and NCI-H661 cells were seeded in 6-well plates. After scratching with a
pipette tip, the floating cells were washed off with PBS and serum-free medium was added. Then, the
cells were treated with EEFS (0, 0.1, 0.2, and 0.4 mg/ml for NCI-446 cells and 0, 0.125, 0.25, and
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0.5 mg/ml for NCI-H661 cells) for 48 h. Cells were observed under a microscope and images of the
scratches were taken at 0 h and 48 h after scratching. The wound closure width was measured by Image
J software to calculate the difference in cell migration rate. Wound area was standardized using the
following formula: wound closure rate (%) = ((initial wound area - wound area after 48 h) / initial wound
area) x 100% [18].

Clonogenic Assays

The inhibitory effect of EEFS on the tumorigenicity of lung cancer cells was examined by clonogenic
assay (colony formation test). NCI-H446 cells were inoculated into 6-well plates at a density of 1 x 103
cells/dish and treated with 0.1, 0.2, and 0.4 mg/ml EEFS for 48 h. Then, the cells were rinsed with PBS
and new culture medium was added. After 14 days, culture medium was removed, and cells were rinsed
with PBS. Cells were fixed with 4% paraformaldehyde and stained with 0.4 g/L crystal violet at room
temperature for 15 min. Photos were taken and the colonies were counted.

Tumor Growth Inhibition Test

All animal experiments were conducted with a protocol approved by the animal care and use Committee
of Shengjing Hospital of China Medical University. Male BALB/c-nu/nu nude mice, weighing between 14—
16 g and aged from 4 to 6 weeks were reared in SPF (specific pathogen free) conditions with a 12 h
light/12 h dark cycle and room temperature of 24-26 °C with a relative humidity of 50-60%. Nude mice
were given standard feed and sterile drinking water. The mice were implanted with 5 x 108 NCI-H446 cells
in 0.2 ml PBS in the armpit of the right forelimb. Tumor volume was assessed by measuring the length
(L) and width (W) with Vernier calipers every other day. Tumor volume was calculated according to the
following formula: tumor volume (mm?) = 0.52 x L x W2, When the tumor volume reached 100 mm?, the
mice were randomly divided into two groups (n = 4). In the treatment group, 0.1 ml EEFS (200 mg/kg) was
dissolved with 0.1% sodium carboxymethylcellulose (CMC-Na) and given by gavage daily for 26 days, the
control group was gavaged with CMC-Na. At the end of the experiment, the animals were sacrificed by
intraperitoneal injection of 150 mg/kg pentobarbital sodium. After photographing the mice, the tumors
were excised and photographed. The tumors were weighed to calculate the average tumor mass. The
tumor tissues were stored at - 80 °C for further analysis.

Statistical analysis

Graphpad prism 8.0 (San Diego, CA, USA) was used to analyze data. Student's t test was used to
compare means between two groups, and one-way ANOVA followed by Dunnett’s test was used to
compare means between multiple groups. A p value less than 0.05 was considered statistically
significant.
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Results
EEFS induced morphological changes in lung cancer cells

To investigate the cytotoxic effects of EEFS, NCI-H446 or NCI-H661 lung cancer cell lines were treated
with different concentrations of EEFS for 48 h or the same concentration of EEFS for different time
frames, as indicated. Morphological changes in adherent cells were observed and photographed using a
phase contrast microscope. Results showed that 0.8 mg/ml (NCI-H446 cells, Fig. 1A and 1B) or T mg/ml
(NCI-H661cells, Fig. 1C and 1D) EEFS resulted in adherent cells becoming round, shrinking, and
separating from the bottom of the culture plate, all changes indicative of apoptosis. To further test the
cytotoxicity of EEFS, DNA condensation or fragmentation in the cell hucleus was observed under
fluorescence microscope using Hoechst 33258 fluorescent dye staining. Results demonstrated that

0.8 mg/ml (for NCI-H446 cells, Fig. 1D and 1E) or T mg/ml (for NCI-H661cells, Fig. 1F and 1G) resulted in
the occurrence of apoptotic nuclei (apoptotic nuclei are lighter than non-apoptotic cell nuclei) in both lung
cancer cell lines. These data suggest that EEFS is toxic to lung cancer cells in vitro in a time and
concentration-dependent manner.

EEFs Inhibited Lung Cancer Cell Viability

To evaluate the effect of EEFS on cell proliferation, we treated NCI-H446 and NCI-H661 cells with different
concentrations of EEFS (0, 0.25, 0.5, and 1 mg/ml) for 48 h, or with the same concentration of EEFS for
different time frames (12, 24, and 48 h). After treatment, MTS assay was performed to assess cell
viability. Results demonstrated that EEFS significantly reduced the viability of NCI-H446 (Fig. 2A and 2B)
and NCI-H661 (Fig. 2C and 2D) cells in a time and dose dependent manner. When NCI-H446 cells were
treated with 0.8 mg/ml EEFS, or NCI-H661 cells were treated with 1.0 mg/ml EEFS for 48 h, cell viability
decreased to 27.9% and 34.87%, respectively. These data suggest that EEFS effectively inhibited the
proliferation of lung cancer cells in vitro.

Quantitative Analysis Of EEFS-induced Apoptosis

To quantitatively analyze apoptosis induced by EEFS, NCI-H446 or NCI-H661 cells were treated with
different concentrations of EEFS or the same concentration for various time frames, as indicated. After
treatment, the cells were collected for Annexin V (FITC, green) - Pl (Red) double staining and apoptosis
was analyzed by flow cytometry. As shown in Fig. 3A, when NCI-H446 cells were treated with different
concentrations of EEFS (0.2, 0.4, and 0.8 mg/ml), the apoptosis rate was 9.18%, 12.15%, and 88.05%,
respectively, which was significantly higher than in the control group (7.55%). When NCI-H446 cells were
treated with 0.8 mg/ml EEFS for different time periods (12, 24, and 48 h), the apoptosis rate was 29.16%,
54.22%, and 66.36%, respectively, which was significantly higher than in the control group (8.77%)

(Fig. 3B). Similarly, the apoptosis rate in NCI-H661 cells was 6.69%, 15.9%, and 64.93% (Fig. 3C) after

48 h of treatment with 0.25, 0.5, and 1 mg/ml EEFS, respectively, which was significantly higher than in
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the control (4.89%). When NCI-H661 were treated with 0.8 mg/ml EEFS for different time periods (12, 24,
and 48 h), the apoptosis rate was 28.61%, 48.82%, and 63.43%, respectively, which was significantly
higher than in the control group (5.83%) (Fig. 3D). These data suggest that EEFS effectively induced
apoptosis in lung cancer cells.

EEFS Decreased Bcl-2 Protein Expression In Lung Cancer
Cells

We next explored the mechanisms through which EEFS induced apoptosis by analyzing apoptosis-related
protein expression or activation via Western blotting. NCI-H446 or NCI-H661 cells were treated with
different concentrations of EEFS for 48 h or the same concentration of EEFS for different time periods, as
indicated. The protein levels of cleaved Caspase 3, Bak, Bax, Bcl-2 and Survivin were examined. As shown
in Fig. 4A (NCI-H446 cells) and 4B (NCI-H661 cells), EEFS-induced an increase in cleaved Caspase 3 in a
time- and dose-dependent manner, implying that EEFS triggered apoptosis by activating the protease
Caspase 3. Further detection revealed that expression of the anti-apoptotic proteins Bcl-2 and Survivin
was down-regulated, while expression of the pro-apoptotic proteins Bak and Bax increased in both cell
lines (Fig. 4C, NCI-H446 and Fig. 4D, NCI-H661). To further verify that EEFS induced apoptosis by
inhibiting Bcl-2 expression, cells were left untreated or treated with a sub-lethal dose of the Bcl-2 inhibitor
ABT-263, EEFS, or ABT-263 + EEFS. The protein levels of cleaved Caspase 3 and Bcl-2 were assessed. As
shown in Fig. 4E (left panel), compared to the control, cleaved Caspase 3 was only elevated in the ABT-
263 and EEFS co-treatment groups. In addition, NCI-H446 cells were treated with 0.1 uM ABT-263 plus

0.4 mg/ml EEFS for different time frames. Results showed that the addition of ABT-263 increased the
effectiveness of EEFS in inducing Caspase 3 cleavage activation in NCI-H446 cells (Fig. 4E, right panel).
This result indicated that EEFS may induce apoptosis by inhibiting Bcl-2.

EEFS Induced Mitochondrial Toxicity In Lung Cancer Cells

The Bcl-2 protein is essential for the maintenance of mitochondrial function [19]. To investigate whether
the decrease of Bcl-2 induced by EEFS had an effect on mitochondria, we treated NCI-H446 cells with
0.8 mg/ml EEFS for different time points (0, 6, 12, and 24 h), stained them using Mito-tracker red probe,
and observed the change in mitochondrial membrane potential. As shown in Fig. 5A, mitochondrial
membrane potential decreased starting at 6 h and was mostly gone at 24 h. Next, we used Western
blotting to measure Cytochrome C release from the mitochondria. NCI-H446 cells were treated with
different concentrations of EEFS (0, 0.1, 0.2, 0.4, and 0.8 mg/ml), and mitochondria were purified. As
shown in Fig. 5B, the Cytochrome C protein content in the mitochondria decreased gradually, while the
content of Cytochrome C in the cytoplasm increased correspondingly. This indicated that EEFS may
trigger Cytochrome C by inducing a decrease in mitochondrial membrane potential. These data suggest
that EEFS may exert its cytotoxic effects by targeting the mitochondria.
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EEFS Inhibited Lung Cancer Cell Migration

To evaluate the effects of EEFS on cell migration, NCI-H446 and NCI-H661 cells were treated with
different concentrations of EEFS for 48 h, and cell migration was determined by measuring wound
healing over time. Results showed that EEFS treatment significantly inhibited the migration of both lung
cancer cell lines in a concentration dependent manner (Fig. 6A and 6B). These data show that EEFS can
inhibit lung cancer cell migration.

EEFS Inhibited Colony Formation In Lung Cancer Cells

Colony formation is very important for tumorigenesis [20]. Therefore, we evaluated the effect of EEFS on
the tumorigenicity of lung cancer cells via colony formation assay. After treatment with different
concentrations of EEFS, the cells were stained with crystal violet and photographed. As shown in Fig. 7A
(left panel), colony formation decreased as the concentration of EEFS increased. Compared with the
control group, the amount of colony formation in the treatment group with 0.4 mg/ml EEFS decreased by
72.25% (Fig. 7, right panel). This data suggests that EEFS effectively inhibited colony formation in lung
cancer cells.

EEFS Inhibited Lung Tumor Growth In Mice

Finally, we examined EEFS inhibition of tumor growth and its effects on Bcl2 and apoptosis in vivo. NCI-
H446 cells were injected subcutaneously into nude mice and the inhibitory effect of oral gavage of EEFS
on tumor growth was assessed. EEFS (200 mg/kg) or 0.1% CMC-Na as control was administered by
gavage daily for 26 days to the lung cancer xenograft mice. As shown in Fig. 8A and 8C, the tumor
volume of the EEFS-treated group was visibly smaller than that of the control group. The average
increase in tumor volume in the EEFS treatment group was significantly lower than that of the control
group (Fig. 8B). The average tumor weight in the EEFS treatment group was 3-fold lower than the control
group (Fig. 8D). To analyze the effect of EEFS on Bcl-2 and Caspase-3 protein expression in lung cancer
cells in vivo, the proteins from the above tumor samples were prepared for Western blotting. As shown in
Fig. 8E, compared with the control group, the level of Bcl-2 protein in the EEFS group decreased while
cleaved Caspase 3 activation increased. These data suggest that EEFS inhibited tumor growth in vivo by
targeting Bcl-2-mediated apoptosis. Finally, we summarized the anti-lung cancer effects of EEFS in vitro
and in vivo by a schematic diagram (Fig. 8F).

Discussion

Although there has been great progress in the screening, prevention, and treatment of lung cancer, it

remains the cancer with the highest incidence and mortality rate, with a five year survival rate of less than

5% [21]. One main reason for the lethality of lung cancer is that there is currently no effective treatment

regime for mid and advanced lung cancer, and most patients die due to uncontrolled distant metastasis
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and recurrence [22, 23]. Compared with conventional chemotherapy drugs, such as platinum or paclitaxel,
various new molecular targeted drugs such as tyrosine kinase inhibitors including Gefitinib and Erlotinib,
or angiogenesis monoclonal antibodies, including Bevacizumab and Ramolumab, have been developed.
Although these targeted drugs alone or in combination with conventional drugs have achieved some
therapeutic effects, there remain impediments such as resistance, metastasis, and recurrence in the later
stages of treatment [24, 25]. Therefore, a key issue in lung cancer management is to identify drugs with
low toxicity and multiple targets. Here, we have provided fundamental evidence demonstrating that
intragastric administration of EEFS effectively inhibited the growth of lung cancer xenograft tumors with
no significant toxic side effects in tumor bearing mice. Our findings suggest that the extract has potential
clinical application as a lung cancer treatment.

Fennel is widely grown all over the world, especially in Asia, and has long been considered a safe herbal
medicine or condiment [26, 27]. Although various extracts from different parts of fennel have shown
anticancer activity [12, 28, 29], many studies lack evidence of the detailed molecular mechanisms or in
vivo verification. First, our study preliminarily showed that EEFS significantly decreased cell viability and
induced apoptosis in two types of lung cancer cells in vitro. Cancer is a result of the infinite proliferation
of cells (a loss of apoptosis)[30], and mitochondria play a key role in the regulation of the balance
between cell viability and apoptosis [31]. Our mechanistic analysis revealed that EEFS induced
mitochondrial toxicity, as 0.8 mg/ml of EEFS reduced the mitochondrial membrane potential within 6 h,
and 0.2 mg of EEFS effectively induced mitochondrial release of Cytochrome C. Mitochondrial membrane
potential and Cytochrome C are important to the maintenance of mitochondrial function, and the
permeability of the mitochondrial outer membrane is mainly regulated by the Bcl-2 protein family [31]. In
further examining the molecular mechanism of EEFS-induced mitochondrial Cytochrome C release as
well as the decrease of membrane potential, we found that EEFS effectively decreased Bcl-2 protein
expression and increased Bax and Bak pro-apoptotic protein expression. Therefore, the decrease of Bcl-2
may lead to the activation of Bax or Bak and migration to the mitochondria, subsequently decreasing
membrane potential and the release of Cytochrome C. Thus, we hypothesized that EEFS may induce
apoptosis by targeting Bcl-2. We then blocked the activity of Bcl-2 with ABT-263 and analyzed the effect
on EEFS-induced apoptosis in lung cancer cells. As expected, a sub-lethal dose of ABT-263 effectively
sensitized the cells to a sub-lethal dose of EEFS, indicating that inhibition of Bcl-2 activity is crucial for
EEFS-induced apoptosis. These results are consistent with a report showing that ABT-263 inhibition of
Bcl-2 enhanced lung cancer cell apoptosis induced by cisplatin or radiation [32]. Second, we confirmed
that the EEFS induced apoptosis of lung cancer cells in vivo. Lung cancer cells were inoculated into nude
mice subcutaneously to obtain a xenograft lung cancer mouse model. After continuous administration of
EEFS (200 mg/kg) for 26 days, tumor growth was significantly reduced compared to controls. Therefore,
oral administration of EEFS resulted in anti-lung cancer bioactivity. These results are consistent with the
results showing that gavage of Ginkgo biloba exocarp extracts induced apoptosis in xenograft tumors
derived from Lewis lung cancer cells [33]. Importantly, Western blotting data indicated that EEFS affected
the tumor site following gastric absorption and induced apoptosis by inhibiting expression of the Bcl-2
protein and inducing Caspase 3 activation. Therefore, this is the first study to elucidate that oral EEFS

Page 10/25



exerts anti-lung cancer activity by targeting the onco-protein Bcl-2. This result is relevant to lung cancer
patients because in clinical samples, approximately 30% of non-small cell lung cancer tissues and more
than 80% of small cell lung cancer tissues over-express Bcl-2 [34]. Clinical trials have also confirmed that
reducing Bcl-2 expression can effectively improve the therapeutic outcomes of chemotherapy drugs such
as paclitaxel or carboplatin in lung cancer[35]. Thus, the anti-lung cancer effect of EEFS through targeting
Bcl-2 is worthy of further study. Third, treatment of lung cancer with various chemotherapeutic drugs
often results in cancer cell metastasis, which leads to treatment failure. We further investigated whether
EEFS can inhibit the migration and colony formation of lung cancer cells. Interestingly, the wound healing
and colony formation data demonstrated that that EEFS not only inhibited lung cancer cell metastasis,
but also reduced tumorigenesis. These findings are in agreement with a previous report that pomegranate
juice and peel extracts inhibited migration and colony formation in prostate cancer cells [36].

Conclusions

Our data demonstrate that EEFS exhibits antitumor activity by inhibiting lung cancer cell viability, clone
formation and migration, and by inducing apoptosis. This anticancer activity is achieved by decreasing
Bcl-2 protein expression. EEFS can inhibit xenograft tumor growth following gastric administration

(Fig. 8F). Therefore, EEFS has potential clinical applications as a drug for lung cancer treatment. This
study had some limitations, such as the lack of further separation, purification, and extraction of effective
components in EEFS. Thus, more in-depth tests are warranted.
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Figure 1

EEFS induced morphological changes in lung cancer cells. Cells were grown in 6-well plates with 5 x 105
cells per well. (A) NCI-H446 cells were treated with different concentrations of EEFS (0, 0.1, 0.2, 0.4, and
0.8 mg/ml) for 48 h. Phase contrast microscope was used to observe and photograph morphological
changes in adherent cells (magnification: 200x). (B) NCI-H446 cells were treated with 0.8 mg/ml EEFS for
different time points (0, 12, 24, and 48 h). Morphological changes were observed by phase contrast
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microscope (magnification: 200x). (C) NCI-H661 cells were treated with different concentrations of EEFS
(0,0.125,0.25, 0.5, and 1 mg/ml) for 48 h, and morphological changes were observed with a phase
contrast microscope (magnification: 200x). (D) The morphological changes of NCI-H446 cells treated
with 1 mg/ml EEFS at different times (0, 12, 24, and 48 h) were observed by phase contrast microscope
(magnification: 200x). (E) NCI-H446 cells treated as in Fig. 1A were stained with Hoechst 33258
fluorescent dye to show nuclear morphological changes and to assess apoptosis (Apoptotic cells show
condensed nuclei and fragmented DNA) (magnification: 200x). (F) NCI-H661cells were treated as in Fig.
1B. Apoptosis was assessed via nuclear morphological changes based on Hoechst 33258 staining to
show cells with apoptotic nuclei (magnification: 200x). (G) NCI-H446 cells were treated as in Fig. 1C, then
Hoechst 33258 was used to stain nuclei (magnification: 200x). (H) NCI-H661 cells were treated as in Fig.
1D. Apoptosis was determined by nuclear morphological changes based on Hoechst 33258 staining
(magnification: 200x).
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EEFS inhibited lung cancer cell viability. (A) NCI-H446 cells were grown in 96-well plates with 5 x 103 cells
per well. Cells were treated with 0, 0.2, 0.4, and 0.8 mg/ml EEFS for 48 h. MTS was used to assess relative
cell viability as described in Materials and Methods (*P < 0.05). (B) NCI-H446 cells were grown in 96-well
plates with 5 x 103 cells per well. Cells were treated with 0.8 mg/ml EEFS for 0, 12, 24 and 48 h. Relative
cell viability was examined by MTS assay (*P < 0.05). (C) NCI-H661 cells were grown in 96-well plates
with 5 x 103 cells per well and treated with various concentrations of EEFS (0, 0.25, 0.5, and 1 mg/ml) for
48 h. Relative cell viability was assessed by MTS assay (*P < 0.05). (D) NCI-H661 cells were grown in 96-
well plates with 5 x 103 cells per well. Cells were incubated with 1 mg/ml EEFS for 0, 12, 24, and 48 h.
MTS assays were performed to test cell viability (*P < 0.05).
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Figure 3

EEFS induced apoptosis in lung cancer cells. (A) NCI-H446 cells were grown in 6-well plates with 5 x 105
cells per well. Cells were treated with different concentrations of EEFS (0, 0.2, 0.4, and 0.8 mg/ml) for 48
h. Cells were harvested for Annexin V-Pl double staining and subjected to flow cytometry (Left panel).
Statistical analysis was performed to determine apoptotic ratio (Right panel, *P < 0.05). (B) NCI-H446
cells were grown in 6-well plates with 5 x 105 cells per well. Cells were treated with 0.8 mg/ml EEFS for
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different times (0, 12, 24, and 48 h). After treatment, cells were harvested for Annexin V-PI double staining
and apoptosis was analyzed through flow cytometry (Left panel). Statistical analysis was performed to
determine apoptotic ratio (Right panel, *P < 0.05). (C) NCI-H661 cells were grown in 6-well plates with 5 x
105 cells per well. Cells were treated with different concentrations of EEFS (0, 0.25, 0.5, and 1 mg/ml) for
48 h. Flow cytometry to identify Annexin V-PI double staining was used to analyze apoptosis (Left panel).
Statistical analysis was performed to determine the apoptotic ratio (Right panel, *P < 0.05). (D) NCI-H661
cell treatments with 1 mg/ml EEFS for different times (0, 12, 24, and 48 h) were harvested for Annexin V-
Pl double staining and apoptosis was analyzed through flow cytometry (Left panel). Statistical analysis
was performed to determine apoptotic ratio (Right panel, *P < 0.05).
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Effect of EEFS on apoptosis-related proteins in lung cancer cells. (A) NCI-H446 cells or (B) NCI-H661 cells
were grown in 25 cm2 flasks with 5 x 106 cells. The cells were treated with EEFS (0, 0.1, 0.2, 0.4, and 0.8
mg/ml) for 48 h or 0.8 mg / ml for different time frames (0, 12, 24, and 48 h). Cells were harvested and
subjected to Western blotting to assess cleaved Caspase 3 protein levels. B-actin was used as an internal
control for equal protein loading. (C) NCI-H446 cells or (D) NCI-H661 cells were grown in 25 cm2 flasks
with 5 x 106 cells. The cells were treated with EEFS (0, 0.1, 0.2, 0.4, and 0.8 mg/ml) for 48 h or 0.8 mg/ml
for different time frames (0, 12, 24, and 48 h). At the end of various treatments, cells were harvested and
subjected to Western blotting to assess protein levels of Bak, Bax, Bcl-2, and Survivin. B-actin was used as
an internal control for equal protein loading. (E, right panel) NCI-H446 cells were grown in 25 cm2 flasks
with 5 x 106 cells. Cells were untreated or treated with 0.1 uM ABT-263, 0.4 mg/ml EEFS or ABT-263 +
EEFS for 48 h. Cells were harvested for Western blotting to analyze cleaved Caspase 3 and Bcl-2. B-actin
was used as an internal control for equal protein loading. (E, left panel) NCI-H446 cells were grown in 25
cm?2 flasks with 5 x 106 cells. Cells pretreated with 0.1 uM ABT-263 were incubated with 0.4 mg/ml EEFS
for 0,12, 24, and 48 h. Cells were harvested for Western blotting to analyze cleaved Caspase 3 and Bcl-2.
B-actin was used as an internal control for equal protein loading.
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Figure 5

EEFS induced mitochondrial toxicity in lung cancer cells. (A) NCI-H446 cells were grown in 6-well plates
with 4 x 105 cells per well. Cells were treated with EEFS (0, 0.1, 0.2, and 0.4 mg/ml) for 48 h, Mito-tracker
red probe was directly added to the culture medium for mitochondria staining, and the change of
membrane potential was observed by fluorescence microscope (magnification: 200x). (B) NCI-H446 cells
were grown in 6-well plates with 4 x 105 cells per well. Cells were treated with EEFS (0, 0.1, 0.2, 0.4, and
0.8 mg/ml) for 48 h. Cells were harvested for mitochondrial purification and Western blotting was
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performed to test Cytochrome C release. Cox-IV was used as an internal control for equal mitochondrial
protein loading. B-actin was used as an internal control for equal cytosol protein loading.
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Figure 6

EEFS inhibited lung cancer cell migration. (A) NCI-H446 cells were seeded in 6-well plates with 1 x 106
cells per well. After scratching the bottom of the plate, cells were treated with 0, 0.1, 0.2 and 0.4 mg/ml
EEFS. After 48 h, cells were photographed (left panel, magnification: 40x). The scratch width was
measured to calculate the relative healing rate (Right panel, *P < 0.05). (B) NCI-H661 cells were seeded in
6-well plates. The bottom of the plate was scratched and cells were treated with 0, 0.125,0.25 and 0.5
mg/ml EEFS for 48 h. After treatment, cells were photographed (Left panel, magnification: 40x). The
scratch width was measured to calculate the relative healing rate (Right panel, *P < 0.05).
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Figure 7

EEFS inhibited lung cancer cell colony formation. NCI-H446 cells were grown in 6-well plates with 1 x 103
cells per well. Cells were treated with 0, 0.1, 0.2, and 0.4 mg/ml EEFS for 48 h. Then, EEFS was removed
by changing the culture medium and cells were cultured for another two weeks. (A) Crystal violet staining
was performed to show cell colony formation (Left panel). (B) The cell colonies were counted, and
statistical analysis was performed to evaluate the inhibition colony formation (Right panel, *P < 0.05).
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Figure 8

EEFS inhibited tumor growth in vivo. Lung cancer xenograft mice were gavaged with EEFS (200 mg/kg, n
= 4) or given an equal volume of 0.1% CMC-Na (negative control, n = 4) daily for 26 days. Tumor volume
and animal weight were measured daily during administration of EEFS or placebo. At the end of the
experiment, the mice were sacrificed and photographed, then the tumors were dissected and
photographed. (A) The EEFS treatment significantly inhibited the growth of lung cancer transplanted
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tumors. (B) The tumor volume of the treatment group was lower than that of the control group. (C) The
tumor size of the EEFS-treatment was smaller than that of the control group. (D) The average of tumor
weight in the EEFS-treatment group was 3-fold less than that of the control group (*P < 0.05). (E) Tumor
tissues from the control and EEFS groups were randomly selected, and the level of Bcl-2 and cleaved
Caspase-3 proteins were measured by Western blotting. B-actin was used as an internal control for equal
cytosolic protein loading. (F) Schematic diagram of the anti-lung cancer activity of EEFS: EEFS induced
mitochondrial toxicity by targeting Bcl-2, leading to the inhibition of NSCLC and SCLC cell activity and
apoptosis. Overall, antitumor activity was achieved by EEFS treatment in xenograft mice.
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