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ABSTRACT

Background: Chinese herbal medicines (CHMSs) are a resource of natural compounds (ingredients)
and their potential chemical derivatives with anticancer properties, some of which are already in
clinical use. Bei-Mu (BM), Jie-Geng (JG), and Mai-Men-Dong-Tang (MMDT) are important CHMs
prescribed for patients with lung cancer that have improved the survival rate.

Hypothesis/Purpose: The aim of this study was to systemically investigate the mechanisms of action
of these CHM products in lung cancer cells.

Methods: We used a network pharmacology approach to study CHM product-related natural
compounds and their lung cancer targets. In addition, the underlying'anti-lung cancer effects of the
natural compounds on apoptosis, cell cycle progression, autophagy, and the expression of related
proteins was investigated in vitro.

Results: Ingredient—lung cancer target network analysis identified 20 natural compounds. Three of
these compounds, ursolic acid,
2-(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano(6,5=f)chromen-3-yl)-5-methoxyphenol, and
licochalcone A, inhibited the proliferation of A549 lung cancer cells in a dose-dependent manner.
Signal pathway analyses suggested that these three ingredients may target cellular apoptosis,
anti-apoptosis, and cell cycle-related proteins. These three ingredients induced apoptosis through the
regulation of the expression of apoptotic and anti-apoptotic proteins, including B-cell lymphoma-2
and full-length and cleaved poly(ADP-ribose) polymerase proteins. They also induced cell cycle
arrest in S ahd G2/M phases and autophagy in A549 cells.

Conclusion;_The pharmacological mechanisms of ingredients from MMDT on lung cancer may be
strongly associated with their modulatory effects on apoptosis, autophagy, cell cycle progression, and

cell proliferation.
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Abbreviations: BM, Bei-Mu; BX, Ban-Xia; CHM, Chinese herbal medicine; DZ, Da-Zao; FITC,
fluorescein isothiocyanate; GC, Gan-Cao; GDC, Genomic Data Commons; IPA, Ingenuity Pathway
Analysis; JG, Jie-Geng; KEGG, Kyoto Encyclopedia of Genes and Genomes; MMDT,
Mai-Men-Dong-Tang; PBS, phosphate-buffered saline; PI, propidium iodide; RS, Ren-Shen; TCM,
traditional Chinese medicine; TCMSP, Traditional Chinese Medicine Systems/ Pharmacology

database and analysis platform; WHO, World Health Organization



Introduction

Cancer is a leading cause of mortality worldwide. According to a World Health Organization

(WHO) report, approximately 8.8 million deaths were associated with cancers in 2015

(http://www.who.int/mediacentre/factsheets/fs297/en/). The mortality rate of patients with lung

cancer is noteworthy, with 1.69 million deaths reported. In Taiwan, lung cancer is_the mast. common

cause of cancer-related death. Survival of patients with lung cancer is poor.and ranges from 6% to

18% (Chiang et al., 2016; Wang et al., 2013a).

Chinese herbal medicines (CHMs) are an important part of the healthcare system in Taiwan (Lee

et al., 2010). Taiwanese people choose western medicine;;CHM, or both. The pattern of use of CHMs

has been investigated for diseases such as childhood ‘asthma (Huang et al., 2013), breast cancer (Hsu

et al., 2015), and diabetes (Tsai et al., 2017). The National Health Insurance Research Database

provides a platform to explore the utilization and therapeutic effects of Chinese herbal therapies

prescribed by traditional Chinese medicine (TCM) doctors in Taiwan. To better understand the role

of CHM as an adjunctive therapy in patients with lung cancer, we investigated the demographic

characteristics, overall'survival, and CHM-prescribing patterns for these patients using data retrieved

from aywpopulation-based database. Our findings showed that CHM users had a high cumulative

survival probability among patients with lung cancer (Li et al., 2018a). We obtained detailed data on

the most commonly used prescription patterns of herbal formulae, single herbs, and their

combinations among CHM users. Bei-Mu (BM), Jie-Geng (JG), and Mai-Men-Dong-Tang (MMDT)



were important CHM prescriptions for patients with lung cancer and were associated with good

survival rates.

Cancer cell apoptosis is characterized by mitochondrial outer membrane permeabilization and the

release of cell death factors, including cytochrome c, into the cytoplasm, which leads to caspase

activation and apoptosis (Liang et al., 2012). Studies have shown that CHMs«induce cancer cell

apoptosis (Lu, 2016; Niu et al., 2011; Zhang et al., 2012; Zhong et al., 2013) and are a resource of

natural compounds and their potential chemical derivatives with_anticancer properties, some of

which are already in clinical use (Bailon-Moscoso et al., 2017; Venkata Sairam et al., 2016). In this

study, we aimed to investigate the mechanisms underlying the effects of CHM product-related

natural compounds on lung cancer cell apoptasis using network analysis and in vitro functional

studies.

Materials and methods

Ingredients (natural compounds) in BM, JG, and MMDT, and their targets

Data on BM, JG, and MMDT were obtained from TCMSP (http://Isp.nwu.edu.cn/ updated on

May, 2014) (Ru-et al., 2014), TCM-MESH (http://mesh.tcm.microbioinformatics.org/ updated on

April, 2017) (Zhang et al., 2017), and SymMap (http://www.symmap.org/search/ updated on October,

2018) (Wu et al., 2019) (Table 1 and Table S1).

For BM, seven ingredients were found in at least two of the three CHM databases (Table S2).

These seven ingredients had a total of 44 targets, and ingredient-target interaction data from the
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three CHM databases are presented in Table S2. For JG, nine ingredients were found in at least two

of the three CHM databases (Table S3), with a total of 130 targets. Ingredient-target interaction data

from the three CHM databases are presented in Table S3. MMDT was composed of five single herbs,

Ban-Xia (BX), Gan-Cao (GC), Ren-Shen (RS), Da-Zao (DZ), and Tian-Dong (TD). For RS, 41

ingredients were found in at least two of the three CHM databases (Table S4). These 41 ingredients

had a total of 263 targets, and ingredient—target interaction data from thethree CHM databases are

presented in Table S4. For DZ, 41 ingredients were found in at least two of the three CHM databases

(Table S5), with a total of 390 targets. Ingredient-target<interaction data from the three CHM

databases are presented in Table S5. For BX, 40 ingredients were found in at least two of the three

CHM databases (Table S6). These 40 ingredients had a total of 365 targets, and ingredient—target

interaction data from the three CHM databases-are presented in Table S6. For GC, 88 ingredients

were found at least two of the' three CHM databases (Table S7), with a total of 307 targets.

Ingredient-target interaction data.from the three CHM databases are presented in Table S7. For TD,

15 ingredients werewfound in at least two of the three CHM databases (Table S8). These 88

ingredients had a‘toetal of 217 targets, and ingredient—target interaction data from the three CHM

databases are,presented in Table S8.



Lung cancer targets obtained from Ingenuity Pathway Analysis (IPA) and Genomic Data

Commons (GDC) resources

Human lung cancer targets were retrieved from

https://www.giagenbioinformatics.com/products/ingenuity-pathway-analysis/. When using the search

term “lung cancer,” 2,628 lung cancer targets were retrieved, and when using the search term “lung

cancer and protein,” 837 lung cancer targets were found (Table S9). In addition, human lung cancer

targets were retrieved from the GDC Data Portal, National Cancer Institute, National Institutes of

Health (https://portal.gdc.cancer.gov/). In total, 570 lung cancer targets were retrieved from this

database (Table S9). In this study, we used 2,628 human, lung cancer targets with their Entrez Gene

ID as lung cancer target resource.

Network analysis

Network analysis was+performed as follows. (1) Networks of ingredient—lung cancer target and

ingredient-target were plotted using Cytoscape (https://cytoscape.org/, version 3.7.0) (Shannon et al.,

2003). Ingredient—=target interaction data from the three CHM databases were used to plot networks

(BM, Table'S2 and Fig. S1; JG, Table S3 and Fig. S2; MMDT Tables S4-S8 and Fig. S3. For BM, JG,

and MMDT, ingredient—lung cancer target interaction data from the three CHM databases were used

to plot a network (Tables S2-S9 and Fig. 1). (2) A putative gene—gene interaction network of the

obtained lung cancer targets of the natural compounds was constructed using IPA software



(https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) (Fig. S4 and Table

S8). (3) Putative signaling pathways of the obtained lung cancer targets of three natural compounds,

ursolic acid, 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol,

and licochalcone A, were mapped to “pathways in cancer” using the Kyoto Encyclopedia of Genes

and Genomes (KEGG) website (https://www.genome.jp/kegg/) (Fig. S6 and TableS13).

Cells

The human non-small cell lung cancer cell line A549 was used in/this study. Cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10% ‘heatwinactivated fetal bovine serum

and 1% antibiotic at 37°C in a 5% CO- incubator.

Chemical compounds

Ursolic acid (catalog number: S2370; purity. 99.8%), baicalein (catalog number: S2268; purity:
98.5%), luteolin (catalog number: S2320; purity: 99.1%), and acacetin (catalog number: S5318;
purity: 99.9%) were purchased fromy/'Selleck Chemicals (Houston, TX, USA). Beta-elemene (catalog
number: 19641; purity: >95.0 %) and naringenin (catalog number: 14173; purity: >98.0%) were
purchased from Cayman Chemical (Ann Arbor, MI, USA). Quercetin (catalog number: ab120247;
purity: >99.0%) and glabridin
(2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-fJchromen-3-yl]-5-methoxyphenol; catalog
number: “abl43625; purity: >98.0%) were purchased from Abcam (Cambridge, MA, USA).
Beta-sitosterol (catalog number: S9889; purity: >96.0%) and cisplatin (catalog number: P4394;
purity: 100%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Licochalcone A (catalog
number: CFN99575; purity: >98.0%), 1-methoxyphaseollidin (catalog number: CFN96878; purity:

>98.0%), (L)-alpha-terpineol (catalog number: CFN80110; purity: >98.0%), kaempferol (catalog



number: CFN98838; purity: >98.0%), palmitic acid (catalog number: CFN99716; purity: >98.0%),
berberine (catalog number: CFN98049; purity: >98.0%), and formononetin (catalog number:
CFN99962; purity: >98.0%) were purchased from ChemFaces Biochemical (Wuhan, Hubei, China).
5-Methyl-7-methoxyisoflavone (7-methoxy-2-methyl isoflavone; catalog number: 00013612; purity:
98.8%) was purchased from ChromaDex (Irvine, CA, USA). Paclitaxel (Phyxol®, a clinically
available paclitaxel formulation containing 6 mg paclitaxel, 527 mg Cremaphor EL,.and.47.7% (v/v)
alcohol/mL) was obtained from Sinphar Pharmaceutical (Taipei, Taiwan). Topotecan (Hycamtin®,
Injection, a clinically available topotecan, 4MG) was obtained from Novartis Pharmaceuticals (East

Hanover, NJ, USA).

Cell viability assay

A549 cells were seeded in 96-well plates (1 x 10 cells/well) and allowed to settle for 12 h before
treatment. The cells were treated with natural¢compounds (10, 50, and 100 uM for each natural
compound) for 24 h in an incubator at 37°C with 5% CO, (Shi et al., 2016). Cell viability was
determined using a 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate
(WST-1) assay (Roche, Indianapolis), following the manufacturer’s instructions (Table 1 and Fig.
S4). Cell survival rates were calculated as the ratio of the optical density at a wavelength of 450 nm
(OD450) of treated cells (10,50, and 100 uM for each natural compound) to that of non-treated cells.
Each concentration was tested in quadruplicate, and representative results of three independent

experiments.are shown.



Cell apoptosis analysis

A549 cells were seeded in six-well plates and incubated for 12 h before treatment. The cells
were then treated with ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, or licochalcone
A (20, 40, and 80 uM for each natural compound) for 24 h in an incubator at 37°C with 5% CO,.
Then, the cells were harvested, washed twice with ice-cold phosphate-buffered saline (PBS),
incubated with Annexin V-fluorescein isothiocyanate (FITC) for 10 min, and treated with propidium
iodide (PI) for 5 min. The apoptosis rate was evaluated using<a FLOW-TUNEL assay
(APO-DIRECT™ Kit (cat no. 556381), FACSCalibur, BD Biosciences, CA, USA). Apoptotic cells
were calculated as the sum of the percentages in the second and<ourth quadrants. Each concentration

was tested in quadruplicate, and representative results of three independent experiments are shown.

Cell cycle analysis

A549 cells were seeded in six-well plates and incubated for 12 h before treatment. The cells
were treated with ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, or licochalcone
A (20, 40, and 80 uM for-each natural compound) for 24 h in 5% CO, incubator at 37°C. Following
treatment, the cells werge-collected and fixed with 75% ice-cold ethanol and stored at —20°C for 1 h.
Cells were harvested by centrifugation, washed twice with ice-cold PBS, and incubated with Pl at
4°C for 20"min. Cell cycle evaluation was performed using a cell cycle assay (Propidium lodide
Flow Cytometry Kit [ab139418], FACSCalibur; BD Biosciences, CA, USA). The cell fractions in
sub-G0O, GO0/G1, S, and G2/M phases were used for statistical analysis with FlowJo 7.6 software
(TreeStar, San Carlos, CA, USA). Each concentration was tested in quadruplicate, and representative

results of three independent experiments are shown.
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Western blot analysis

A549 cells were seeded in six-well plates for 12 h before treatment. The cells were treated with
ursolic acid, 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, or
licochalcone A (20, 40, and 80 uM for each natural compound) for 24 h in and incubator at 37°C
with 5% CO,. Cells treated with 0.5% dimethyl sulfoxide were used as a vehicle control (0 uM).
Post-treatment, cells were lysed in radioimmunoprecipitation assay buffer (catalog/number 89900;
Pierce/Thermo Fisher Scientific, Rockford, IL, USA) and the cell lysates were clarified by
centrifugation at 12,000 x g for 10 min at 4°C. Protein concentrationstwere_determined and the
lysates were subjected to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis. The
separated proteins were transferred onto polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA). The membranes were incubated with primary antibodies overnight at 4°C. The primary
antibodies included anti-B-cell lymphoma-2 (Bcl-2)“.antibody (catalog number 2876) and
anti-poly(ADP-ribose) polymerase (PARP) rabhit mAb (catalog number 9532) from Cell Signaling
Technology, Inc. (Beverly, MA, USA), anti-Beclin-1 antibody (catalog number NB110-87318),
anti-LC3B antibody (catalog number,NB100-2220), anti-p62/SQSTM1 antibody (catalog number
NBP1-42822), and anti-beta-actinvantibody (catalog number NB600-501) from Novus Biologicals
(Littleton, CO, USA), andanti-AFG-7 (C-term) antibody (catalog number AP1813D) from Abgent
(San Diego, CA, USA). The membranes were incubated with alkaline phosphatase-conjugated
secondary antibodies )(Sigma-Aldrich). Signals were visualized using a chemiluminescence kit
(Chemicon), following the manufacturer’s protocol. Proteins were quantified by densitometry using

ImageJ software.
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Statistical analysis

All data are the mean * standard error of mean (SEM) of three independent experiments and
were analyzed using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). All data
were analyzed using a two-tailed, unpaired Student’s t-test. A p-value of less than 0.05 was

considered significant.

Results
Ingredient—lung cancer target network

Our previous study showed that the use of CHM as an adjunctive therapy may reduce the
mortality hazard ratio in patients with lung cancer in Taiwan.(Li_et al., 2018a). CHM network
analysis for patients with lung cancer revealed a major cluster that comprised a core CHM, BM, and
its combinations. In this cluster, JG and MMDT were impertant CHMs. To investigate the possible
therapeutic mechanism underlying the effects ofithese CHM products on lung cancer, a network
pharmacology approach was employed by searching for CHM product-related natural compounds
(Ru etal., 2014; Wu et al., 2019; Zhang.et al., 2017).

Ingredients and their targets were obtained from the TCMSP, TCM-MESH, and SymMap
databases (BM, Table S2; JG, Table S3, MMDT, Tables S4-S8). Ingredient—target interaction data
from the three CHM, databases were used to plot the networks for BM, JG, and MMDT using
Cytoscape (Fig. S1-S8). In Fig. 1, green diamonds indicate ingredients of BM, JG, and MMDT,
whereas yellow marks with red circles are their lung cancer targets. As shown in Fig. 1, BM, JG, and
MMDT had 20 natural compounds, each of which targeted at least 20 lung cancer cellular proteins
(Fig. 1 and Table 1). Of these, 17 compounds, including ursolic acid, beta-elemene, quercetin,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, beta-sitosterol,
licochalcone A, 1-methoxyphaseollidin, baicalein, naringenin, 7-methoxy-2-methyl isoflavone,

(L)-alpha-terpineol, luteolin, acacetin, and kaempferol are commercially available (Fig. S4A).
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Effects of 17 natural compounds on the proliferation of human lung cancer A549 cells

We investigated the anti-lung cancer effects of these 17 natural compounds identified by
network analysis by treating A549 cells with each compound at various concentrations (10, 50, and
100 uM) for 24 h. Cell viability was determined by WST-1 assay (Fig. S4A). Three chemotherapy
drugs, cisplatin, paclitaxel, and topotecan, which are used in clinic for the treatment of lung cancer
patients (Lyss et al., 2002), were included in the experiments as positive controlsi, At 100 uM
concentration, cisplatin inhibited A549 lung cancer cell growth to 69%; whereas paclitaxel
dramatically reduced cell growth to 6%. Topotecan did not significantlyeduce A549 cell growth.
Three of the 17 natural compounds inhibited cell proliferation, including ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, and
licochalcone A. At 100 uM, ursolic acid suppressed A549, cell growth to 38%. At the same
concentration, 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-flchromen-3-yl]-5-methoxyphenol
and licochalcone A inhibited A549 cell growthito 7%. As compared with cisplatin and paclitaxel,
ursolic acid, 2-[(3R)-8,8-dimethyl-3,4-dihydroe-2H-pyrano[6,5-flchromen-3-yl]-5-methoxyphenol,
and licochalcone A may thus serve as{potential candidates for the treatment of lung cancer.

Next we investigated whether the three natural compounds could enhance the inhibition of cell
proliferation when combined with cisplatin, paclitaxel, or topotecan by WST-1 assay. The three
natural compounds were used at 40 uM to prevent killing too many A549 lung cancer cells. Cells
were cultured for 24 h in'the presence of cisplatin (0, 50 nM, 50 uM, or 100 uM) and ursolic acid (40
uM), 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol (40 uM),
or licoehalcone A (40 uM) (Fig. S4B). Ursolic acid and
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol promoted the
cytotoxicity of cisplatin (100 uM) and further reduced cell growth to 17% and 40%, respectively.
Licochalcone A had no additional effect in cisplatin-treated cells. When cells were cultured for 24 h

in the presence of paclitaxel (0, 50 nM, 50 uM, or 100 uM) and either of the three natural
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compounds at 40 uM, there was no significant additional reduction in these three natural compounds
plus paclitaxel-treated cells. When cells were cultured in the presence of topotecan (0, 50 nM, 50 uM,
or 100 uM) and of the three natural compounds at 40 uM for 24 h, ursolic acid and
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol promoted the
cytotoxicity of topotecan (50 uM) and further reduced proliferation to 11% and 47%, respectively,

whereas licochalcone A had no additional effect in topotecan-treated cells.

Ursolic acid, 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-flchromen-3-yl]-5-methoxyphenol,
and licochalcone A induce apoptosis in A549 cells

We used Annexin V/PI staining to evaluate whether the“three compounds reduced cell
proliferation by inducing apoptosis in A549 cells. The apoptotic cell fraction was higher in treated
than in non-treated control cells (Fig. 2A). Ursolic acid at 80 uM induced approximately 16%
apoptotic ~ cells  after  24-h  treatment (Fig. 2B), whereas 40 uM  of
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyranof6,5=f]chromen-3-yl]-5-methoxyphenol induced
approximately 32% apoptosis after 24 h (Fig. 2B). Treatment of cells with licochalcone A at 40 uM
for 24 h resulted in approximately:11% apoptosis (Fig. 2B).

Because they inhibited: A549. lung cancer cell proliferation in vitro, the three ingredients and
their lung cancer targets were subjected to IPA and KEGG signaling pathway analysis, which
revealed that the natural compounds may target cellular apoptosis-, anti-apoptosis-, and cell
cycle-related proteins. Therefore, we investigated the effects of these compounds on lung cancer cell
proliferation:

We examined the expression of cellular proteins involved in programmed cell death control by
western blot analysis. Treatment of cells with ursolic acid resulted in a decrease in the levels of
anti-apoptotic proteins Bcl-2 and full-length PARP, and increased the level of the apoptotic protein

cleaved PARP (Fig. 2C). Bcl-2 protein expression was reduced to 63% in cells treated with 80 uM
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ursolic acid (Fig. 2C; p < 0.0001). The expression of full-length PARP protein was reduced to 68%
(Fig. 2C; p < 0.0001) and that of cleaved PARP was increased to 195% in cells treated with 80 uM
ursolic acid (Fig. 2C; p < 0.0001). Treatment of cells with
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol  resulted in
decreases in the expression of Bcl-2 and full-length PARP (Fig. 2D), whereas no difference was
observed in the level of cleaved PARP. Bcl-2 protein expression was reduced to 35% in.cells treated
with 80 puM 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-fchromen-3-yl]-5-methoxyphenol
(Fig. 2D; p < 0.0001), whereas that of full-length PARP was reduced to 79% (Fig. 2D; p < 0.0001).
Cells treated with licochalcone A showed a decrease in the expression of Bcl-2 and full-length PARP
(Fig. 2E), whereas no effect was observed on the level of cleaved PARP protein. Bcl-2 protein
expression was reduced to 59% in cells treated with 80 uMlicochalcone A (Fig. 2E; p < 0.0001). The
expression of full-length PARP was reduced to 61% in cells treated with 80 uM licochalcone A (Fig.
2E; p < 0.0001). These results suggested that.these three natural compounds induced apoptosis

through the regulation of apoptotic and anti-apoptatic protein expression in A549 lung cancer cells.

Ursolic acid, 2-[(3R)-8,8-dimethyl<3,4-dihydro-2H-pyrano[6,5-flchromen-3-yl]-5-methoxyphenol,
and licochalcone A induce-cell cycle arrest in A549 cells

Cell cycle distributiontin A549 cells treated with various concentrations of the three natural
compounds was/determined by cell cycle assay. The number of cells in GO/G1 phase decreased with
increasing concentration (20, 40, and 80 uM, respectively) of each natural compound (Fig. 3B, C,
and D).\In addition, each natural compound dose-dependently induced increases in the number of
cells in S and G2/M phases (Fig. 3B, C, and D). These results suggested that ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, and

licochalcone A may induce cell cycle arrest in S and G2/M phases.
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Ursolic acid, 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol,
and licochalcone A induce autophagy in A549 cells

Next, we investigated autophagy in A549 cells treated with the three ingredients by examining
the expression of proteins involved in autophagy, including Beclin-1, ATG-7, LC3-1, LC3-11, and P62,
by western blot analysis. Treatment of cells with ursolic acid resulted in increases in the
LC3-1I/LC3-I ratio and P62 level (Fig. 4A). The LC3-1l/LC3-I ratio was increased 10 139% in cells
treated with 20 uM ursolic acid (Fig. 4A; p < 0.0001). P62 protein expression was increased to 321%
(Fig. 4A,; p < 0.0001). Treatment of cells with
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol resulted in a
decrease in ATG-7 expression and an increase in the LC3-11/C3-I'ratio (Fig. 4B). ATG-7 protein
expression was reduced to 54% in cells treated with 40 uM
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol (Fig. 4B; p <
0.0001), whereas the LC3-1I/LC3-1 ratio was increased to 120% in cells treated with 20 uM
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyranof6,5=f]chromen-3-yl]-5-methoxyphenol (Fig. 4B; p <
0.0001) but decreased with higher.<concentrations. Cells treated with licochalcone A showed a
decrease in ATG-7 expression. and” increases in the LC3-1I/LC3-I ratio and P62 level (Fig. 4C).
ATG-7 protein expression.was reduced to 64% in cells treated with 40 uM licochalcone A (Fig. 4C; p
< 0.0001). The LC3-N/L.C3-kratio was increased to 166% in cells treated with 40 uM licochalcone A
(Fig. 4C; p < 0.0001), but decreased with higher concentrations. P62 expression was increased
t0121% in cells treated with 40 uM licochalcone A (Fig. 4C; p < 0.0001), but decreased with higher
concentrations. These results suggested that these three natural compounds induced autophagy in

lung cancer A549 cells.
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Discussion

Patients with lung cancer on CHM as adjunctive therapy showed improved cumulative survival
(Li et al., 2018a). CHM usage network analysis showed that BM, JG, and MMDT were the major
modalities in these patients. In the present study, we systematically explored the compounds of these
three CHMs and evaluated their human protein targets. In addition, we investigated the effects of
three natural compounds on apoptosis, cell cycle progression, autophagy, and/related protein
expression in lung cancer cells in vitro.

Natural compounds serve as a resource of anticancer agents, and some natural compounds and
their chemical derivatives are used in clinical applications (Bailon-Moscoso et al., 2017; Venkata
Sairam et al., 2016). There are currently several CHM databases that provide data on herb-related
ingredients, ingredient—target interactions, and/or target<disease  interactions that allow systemic
network pharmacological study of ingredient—target interactions and may help elucidate how CHMs
serve as multi-target drugs in modern medicine (Li and Zhang, 2013; Ru et al., 2014; Wu et al., 2019;
Zhang et al., 2017). Many CHM targets are_involved in pathways associated with tumorigenesis
(Guo et al., 2017). The network pharmacological approach has also been applied to unveiling the
biological basis of herbal medicine-in cancer treatment (Zheng et al., 2018). In this study, we found
that there were seven ingredients,in BM (Fritillaria cirrhosa D. Don, family Liliaceae), which had
44 targets. There were nine ingredients and 130 targets in JG (Platycodon grandiflorus (Jacg.) A.DC.,
family Campanulaceae). However, experimental results showed that neither BM nor JG ingredients
exhibited inhibitory effects on lung cancer cell proliferation in this study. For MMDT, hundreds of
natural compoeunds and thousands of human protein targets were found. Three ingredients, ursolic
acid, 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol  (also
known as glabridin), and licochalcone A, were detected in GC (Glycyrrhiza uralensis Fisch., family
Leguminosae) (one herb in MMDT) based on their LC retention time and MS ions (Fig. S7A, S7B,

and S7C). Experimental results showed that only these three ingredients inhibited A549 lung cancer
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cell proliferation in vitro. The three ingredients and their lung cancer targets were subjected to IPA
and KEGG signaling pathway analysis. The three ingredients had 58 lung cancer targets, 21 and 35
of which were identified by IPA and KEGG pathway analysis, respectively (Table S12). IPA mapped
the 21 lung cancer targets to two networks; Network 1 Neurological Disease, Cancer, Organismal
and Abnormalities and Network 2_ Cellular Assembly and Organization, Cellular Function and
Maintenance, Cell Death and Survival (Fig. S5 and Table S12). KEGG analysis revealed a network
specialized in pathways in cancer, and possible compound-targeted lung cancer proteins were
highlighted with a yellow mark (Fig. S6 and Table S12). These pathway analyses suggested that the
natural compounds may target apoptosis-, anti-apoptosis-, and cell cycle-related proteins. Therefore,
we investigated the effects of these compounds on lung cancer cell'proliferation.

Ursolic acid is known to inhibit the proliferation of various cancer cells, including human colon
carcinoma (Wang et al., 2013Db), prostate cancer (Meng et al., 2015), liver cancer (Liu et al., 2017),
breast cancer (Li et al., 2018b), melanoma (Oprean etal., 2018), leukemia (Li et al., 2013), and lung
cancer (Mendes et al., 2016; Yuan et al., 2015) cells. In agreement with previous studies (Mendes et
al.,, 2016; Yuan et al., 2015), we<found that ursolic acid suppressed A549 lung cancer cell
proliferation by inducing apoptosis, cell cycle arrest, and autophagy. We observed the accumulation
of apoptotic cells in ursolie.acid-treated cells, with concomitant decreases in anti-apoptotic proteins
Bcl-2 and full-length” PARP,-and an increase in the apoptotic protein cleaved PARP (Yuan et al.,
2015). The major difference between our study and the study by Yuan et al. (2015) was that the cell
fraction in the GO/G1 phase decreased after treatment with ursolic acid in a dose-dependent manner,
whereas, thesnumber of cells in S and G2/M phases increased, suggesting that ursolic acid may
induce cell cycle arrest in the S and G2/M phases, not in the GO/G1 phase (Yuan et al., 2015).

The compound
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol is also known

as glabridin and has been shown to inhibit the proliferation of various cancer cells, including human
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liver cancer (Hsieh et al., 2016; Wang et al., 2016), breast cancer (Tamir et al., 2000), and leukemia
(Huang et al., 2014) cells. We found that
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol inhibited A549
cell proliferation by inducting apoptosis, cell cycle arrest, and autophagy. The number of apoptotic
cells increased after
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol /treatment and
the expression of Bcl-2 and full-length PARP decreased. Furthermore, the number.of cells in GO/G1
phase decreased and the number of cells in S and G2/M phases increased after treatment with this
compound in a dose-dependent manner, suggestive of its ability to induce cell cycle arrest in S and
G2/M phases. Glabridin has been shown to inhibit lung cancer cell migration, invasion, and
angiogenesis by suppressing FAK/Rho signaling (Tsai €t al, 2011). These results suggest that
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol may act as a
potential anti-lung cancer agent by inducing apaptosis and cell cycle arrest and inhibiting migration,
invasion, and angiogenesis of lung cancer cells.

Licochalcone A inhibits the proliferation of human colon (Lee et al., 2008), prostate (Fu et al.,
2004; Yo et al., 2009), liver (Niu'et.al., 2018; Wang et al., 2018), breast (Bortolotto et al., 2017; Kang
et al., 2017; Xue et al., 2018), and lung (Chen et al., 2018; Qiu et al., 2017; Tang et al., 2016) cancer
cells. In agreement with, previous studies (Chen et al., 2018; Qiu et al., 2017; Tang et al., 2016), we
found that licochalcone A inhibited A549 cell proliferation by inducing apoptosis, cell cycle arrest,
and autophagy. Apoptotic cells accumulated after licochalcone A treatment and Bcl-2 and full-length
PARP levelsydecreased (Qiu et al., 2017). A549 cells treated with licochalcone A were arrested in
G2/M phase (Qiu et al.,, 2017). We observed that licochalcone A also induced autophagy by
enhancing the LC3-11/LC3-I ratio and P62 expression. Our results were in agreement with those of
Tang et al. (2016), who reported on A549 lung cancer cells treated with licochalcone A undergoing

apoptosis and autophagy via increased LC3-11 expression.
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Conclusions

BM, JG, and MMDT are important CHMs prescribed for patients with lung cancer. Experimental
results showed that three of their ingredients, ie., ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol, and
licochalcone A, inhibit A549 lung cancer cell proliferation. IPA and KEGG analysis of these three
ingredients and their corresponding lung cancer targets revealed their potential /effects on cell
apoptosis and cycle progression. In-vitro accumulation of apoptotic cells after, treatment with these
three ingredients was related to their modulatory effects on apoptotic and anti-apoptotic protein
expression. Cell cycle was arrested in S and G2/M phases and autophagy was induced in A549 cells
treated with these ingredients. Therefore, these CHM-related natural compounds with anti-lung
cancer properties may be useful in adjunctive therapy in patients with lung cancer. Further studies are

warranted to optimize the safety and efficacy of CHMs.
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Fig. 2. Detection of apoptosis induced by ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-flchromen-<3-yl]-5-methoxyphenol, and

licochalcone A by flow cytometry. (A) Apoptosis was, evaluated by Annexin V-FITC/PI dual
staining assay. Numbers of Annexin V-FITC-positive and.PI-positive cells were determined by flow
cytometry. Quadrant 1 (Q1): necrotic cells; quadrant’2 (Q2): late-apoptotic cells; quadrant 3 (Q3):
viable cells; quadrant 4 (Q4): early apoptotic-cells. (B) Apoptotic cells were calculated as the sum of
the percentages in the Q2 and Q4 areas. Each concentration was assayed in quadruplicate and data
are the mean of three independent.experiments. (C) Western blot analysis of Bcl-2, full-length PARP,
and cleaved PARP protein_expressions in ursolic acid treated A549 cells after 24 hours of exposure.
(D) Western blot analysis of Bcl-2, full-length PARP, and cleaved PARP protein expression in A549
cells exposed to2-[(3R)=8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f|chromen-3-yl]-5-methoxyphenol)
for 24 h. (E) Western blot analysis of Bcl-2, full-length PARP, and cleaved PARP protein expression
in A549-cells exposed to licochalcone A for 24 h. Proteins were quantified by densitometry using

ImageJ software.
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Fig. 3
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Fig. 3. Detection of cell cycle distribution induced by ursolic acid,

2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-flchromen-3-yl]-5-methoxyphenol, and
licochalcone A by flow cytometry. (A) Cell cycle distribution was evaluated by propidium iodide

staining and flow cytometry. (B) Percentages of cells in different phases of the cell cycle upon
28



treatment with ursolic acid (20, 40, and 80 uM, respectively). (C) Percentages of cells in different
phases of the cell cycle upon treatment with
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol (20, 40, and 80
uM, respectively) presented as bar diagram. (D) Percentage of cells in different phases of the cell
cycle treatment with licochalcone A (20, 40, and 80 uM, respectively) presented as bar diagram.
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Fig. 4
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Fig. 4. Detection of autophagy induced by ursolic acid,
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-flchromen-3-yl]-5-methoxyphenol, and

licochalcone A. (A) Western blot analysis of Beclin<1;"ATG-7, LC3-I, LC3-Il, and P62 protein
expression in A549 cells treated with ursolic acid for-24-h. (B) Western blot analysis of Beclin-1,
ATG-7, LC3-l, LC3-ll, and P62 protein »expression in Ab49 cells treated with
2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol for 24 h. (C)
Western blot analysis of Beclin-1; ATG-7,/LC3-1, LC3-Il, and P62 protein expression in A549 cells
treated with licochalcone A“for 24"h. Proteins were quantified by densitometry using Imagel

software.
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Table 1. Natural compounds in Chinese herbal products (BM, JG, and MMDT) that targeting at least:20 lung cancer genes from
each natural compound

Multiple CHM Chinesesherbal medicine
databases

N Natural compounds (Ingredients) TCM P ;
0 TCM MES SsymM lﬁ/le:J Jla—Ge Mai-Men-Dong-Tang (MMDT)

SP H (M) (Jg) Ren-Shen,Da-Zao Ban-Xia Gan-Cao Tian-Dong

(RS) (D2) (BX) (GC) (TD)

1 Ursolic Acid \ v \Y v
2 Beta-Elemene v Y v v v
3 Quercetin v v Y v v v
4 2-[(3r)-8,8-Dimethyl-3,4-Dihydro-2h-Pyrano[6,5-F]chromen-3-Y

% v %

1]-5-Methoxyphenol

5 Beta-Sitosterol v v \Y \Y Y v \Y
6 Licochalcone A v, Y v %
7 1-Methoxyphaseollidin v v v
8 Baicalein v v v
9 Naringenin \ \Y \Y v
é 7-Methoxy-2-Methyl Isoflavone v v v \
i (L)-Alpha-Terpineol \ v Y
; Luteolin v \% v
é Acacetin v v s
‘11 Kaempferol \ v \Y v
1 GLY v v \ Y
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5

1 .

6 Castanin v v v

% 3'-Methoxyglabridin v v \Y v

é Palmitic Acid v v \ Y v v \
é Berberine v \ v v

S Formononetin Y \Y Y Y

Multiple Chinese herbal medicine (CHM) databases include TCMSP, TCM-MESH, and SymMap databases (Table S1).
TCMSP database is located at http:/Isp.nwu.edu.cn/ (Update date: May, 2014).

TCM -MESH database is located at http://mesh.tcm.microbioinformatics.org/ (Update date:April,2017).

SymMap database is located at http://www.symmap.org/search/ (Update date: October, 2018),

These natural compounds are from Chinese herbal medicine (BM, JG, and MMDT).

Bei-Mu (BM) is composed of Fritillaria cirrhosa D.Don, family Liliaceae.

Jie-Geng (JG) is composed of Platycodon grandiflorus (Jacq.) A.DC., family Campanulaceae.

For Mai-Men-Dong-Tang (MMDT), there are 5 single herbs used in this study. Ren-Shen (RS) is composed of Panax ginseng C.A.Mey., family Araliaceae. Da-Zao (DZ) is
composed of Ziziphus jujuba Mill., family Rhamnaceae. Ban-Xia (BX) is composed.of Pinellia ternata (Thunb.) Makino, family Araceae. Gan-Cao (GC) is composed of
Glycyrrhiza uralensis Fisch., family Leguminosae. Tian-Dong (TD),is composed of Asparagus cochinchinensis (Lour.) Merr., family Liliaceae.
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