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A B S T R A C T   

Ethnopharmacological relevance: Artemisia argyi H. Lév. & Vaniot (Asteraceae), also called “Chinese mugwort”, 
is frequently used as a herbal medicine in China, Japan, Korea, and eastern parts of Russia. It is known as “ai ye” 
in China and “Gaiyou” in Japan. In ancient China, the buds and leaves of A. argyi were commonly consumed 
before and after Tomb-sweeping Day. It is used to treat malaria, hepatitis, cancer, inflammatory diseases, asthma, 
irregular menstrual cycle, sinusitis, and pathologic conditions of the kidney and liver. Although A. argyi extract 
(AAE) has shown anti-tumor activity against various cancers, the therapeutic effect and molecular mechanism of 
AAE remains to be further studied in lung cancer. 

Aim of the study: This study aimed to demonstrate the anti-tumor effect of AAE and its associated biological 
mechanisms in CL1-0 parent and gemcitabine-resistant (CL1-0-GR) lung cancer cells. 

Experimental procedure: Human lung cancer cells CL1-0 and CL1-0-GR cells were treated with AAE. Cell 
viability was assessed using the MTT, colony, and spheroid formation assays. Migration, invasion, and immu-
nofluorescence staining were used to determine the extent of epithelial– mesenchymal transition (EMT). JC-1 
and MitoSOX fluorescent assays were performed to investigate the effect of AAE on mitochondria. Apoptosis 
was detected using the TUNEL assay and flow cytometry with Annexin V staining. 

Result: We found that A. argyi significantly decreased cell viability and induced apoptosis, accompanied by 
mitochondrial membrane depolarization and increased ROS levels in both parent cells (CL1-0) and gemcitabine- 
resistant lung cancer cells (CL1-0-GR). AAE-induced apoptosis is regulated via the PI3K/AKT and MAPK signaling 
pathways. It also prevents CL1-0 and CL1-0-GR cancer cell invasion, migration, EMT, colony formation, and 
spheroid formation. In addition, AAE acts cooperative with commercial chemotherapy drugs to enhance tumor 
spheroid shrinkage. 
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Conclusion: Our study provides the first evidence that A. argyi treatment suppresses both parent and 
gemcitabine-resistant lung cancer cells by inducing ROS, mitochondrial membrane depolarization, and 
apoptosis, and reducing EMT. Our finding provides insights into the anti-cancer activity of A. argyi and suggests 
that A. argyi may serve as a chemotherapy adjuvant that potentiates the efficacy of chemotherapeutic agents.   

1. Introduction 

Lung cancer is among the deadliest and most common types of 
cancer worldwide. In 2020, 235,760 new cases of lung cancer were 
diagnosed, and 131,880 patients were expected to die from the disease 
in the USA (Siegel et al., 2020). Patients are rarely diagnosed at a 
localized stage (16%), which leads to a 5-year survival rate of 56%. 
Despite the numerous developments in treatment methods, such as 
surgery, radiotherapy, and chemotherapy, resistance to treatment de-
velops rapidly. 

Most chemotherapy failures are associated with the invasion and 
metastasis of tumors following developed chemoresistance. Upon the 
activation of the epithelial to mesenchymal transition (EMT) process, 
carcinoma cells lose their epithelial characteristics and acquire mesen-
chymal features (Shibue and Weinberg, 2017). Therefore, EMT activa-
tion leads to chemotherapy resistance and cancer stem cell (CSC) state 
activation. 

Altered mitochondrial homeostasis is a prominent feature of lung 
cancer chemoresistance. In cancer cells, protection against programmed 
cell death mechanisms, such as apoptosis, represents a critical form of 
oncogene dependency. This increased cellular stress caused by the 
transformation and uncontrolled proliferation of cancer cells mainly 
depends on intracellular signaling pathways, including AKT/MAPK, to 
ensure their continued survival (Carneiro and El-Deiry, 2020). Gemci-
tabine (2′, 2′-difluorodeoxycytidine) is a deoxycytidine analog that is 
widely used to treat various solid tumors, including lung cancer 
(Sederholm et al., 2005). However, gemcitabine chemotherapy has been 
associated with cytotoxic damage to the circulatory and nervous sys-
tems, skin, and development of drug resistance (Hryciuk et al., 2018). 
Therefore, there is an urgent need to develop new drugs for safe, 
effective treatment and improved chemotherapy efficacy in lung cancer 
patients. 

Many natural products and their derivatives are sources for most 
anticancer agents used in clinics for antitumor therapy, including 
vinblastine, paclitaxel, epipodophyllotoxins, and camptothecin (Arda-
lani et al., 2017; Qu et al., 2019; Venditto and Simanek, 2010; Zhu and 
Chen, 2019). Traditional Chinese medicine (TCM) has been practiced for 
millennia and is widely accepted as an alternative treatment for cancer 
in East Asian countries. Artemisia argyi H. Lév. & Vaniot (The Interna-
tional Compositae Alliance, TICA) is a herbaceous perennial plant that 
belongs to the daisy family of Asteraceae and is a widely used TCM (Song 
et al., 2019). Multiple East Asian countries have historical records of the 
use of Artemisia argyi for tea, food, and as a commodity (Liu et al., 2021); 
the whole plant has been considered a TCM for thousands of years. It is 
commonly used as a supplementary medicine to treat asthma, dysmen-
orrhea, cough, pregnancy bleeding, and allergies (Chinese Pharmaco-
poeia Commission, 2015; Yun et al., 2016). Artemisia argyi possesses 
multiple pharmacological activities, including immunologic, antioxi-
dant, anti-inflammatory, and antimicrobial properties (Dhanapal et al., 
2016; Hahm et al., 1998; Huang et al., 2012; Li et al., 2018; Zhang et al., 
2013). One TCM practitioner has extensively used A. argyi to make 
herbal formulations to treat phlegm stasis breast tumors (Integrating 
Conventional and Chinese Medicine in Cancer Care: A Clinical Guide). In 
previous studies, caffeoylquinic acids, volatile oils, β-sitosterol, stig-
masterol, α-amyrin, β-amyrin, friedelin, naringenin, quercetin, flavo-
noids, phenols, terpenoids, cylcofenchene, α-pinene, α-myrcene, 
D-limonene, and glycosides were isolated from A. argyi (Li et al., 2008; 
Xiao et al., 2019; Yoshikawa et al., 1996). Artemisia species extracts have 
anti-cancer properties and act by inducing apoptosis via endoplasmic 

reticulum-related pathways (Choi and Kim, 2013). Previous studies 
shown that A. argyi methanolic extract could activate the reactive oxy-
gen species (ROS)-mediated apoptotic pathway to suppress colon cancer 
(Jeung-Min et al., 2010). It was recently reported that A. argyi essential 
oil inhibits hepatocellular carcinoma tumor growth and metastasis by 
suppressing the DEPDC1-dependent Wnt/β-catenin signaling pathway 
(Li et al., 2021). Moreover, phytochemicals isolated from A. argyi inhibit 
metastasis and angiogenesis in several cancer types (Lee et al., 2005; 
Tseng et al., 2020; Zhang et al., 2018). However, there are few formal 
scientific inquiries to supporting the anti-cancer property of this herbal 
medicine, and its molecular targets in lung cancer remain unknown. 

Here, for the first time we report the anti-cancer activity of A, argyi in 
lung cancer CL1-0 parent and CL1-0-GR cells. Artemisia argyi extract 
showed inhibition of cell proliferation, cell aggregation, EMT, and 
metastasis in CL1-0 parent and CL1-0-GR cells. Furthermore, AAE 
induced mitochondrial membrane depolarization, and apoptosis and 
inhibited AKT/MAPK signaling in two lung cancer cell lines, supporting 
its potential value as an adjuvant treatment that increases the efficacy of 
established chemotherapeutic agents. 

2. Materials and methods 

2.1. Extract preparation 

Artemisia argyi Lévl et Vant was identified and verified by Dr. Tam-
ilselvi Shanmugam and deposited at the herbarium in the Department of 
Chinese Medicine, Tzu Chi University. No 03. (Hualien, Taiwan). The 
aerial parts (leaves) of A. argyi were washed in fast-flowing tap water to 
eliminate surface dirt. The plant material was dried, cut, and then 
ground to powder using a mechanical blender. Dried powdered leaves of 
A. argyi (10 g) were extracted with 500 mL of distilled water. Subse-
quently, the homogenate was filtered using a 0.4-μm filter and final 
concentrated was obtained 50 mg/ml. The obtained AAE was stored at 
4 ◦C prior to use. The extraction method was performed as previously 
described, with minor modifications (Wu et al., 2020). 

2.2. Chemicals and reagents 

In this study, 2′,2′-difluorodeoxycytidine (gemcitabine) was pur-
chased from Eli Lilly Company (Indianapolis, IN, USA). Doxorubicin 
(catalog number: D1515), oxaliplatin (catalog number: 09512), irino-
tecan (catalog number: I1406), paclitaxel (catalog number: T7402), 3- 
(4,5-dime-thylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT), 
and 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocya-
nine iodide (JC-1) assay kits were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). MitoSOX Red was purchased from Molecular Probes 
(Invitrogen, Carlsbad, CA, USA). The following primary antibodies were 
used: E-cadherin, caspase-3, Bak, Bcl-2, β-actin, AKT, p-AKT, p-ERK1/2, 
SOD-1, Catalase (Santa Cruz, CA, USA), cleaved Caspase-3, vimentin 
(Cell Signaling Technology, Danvers, MA, USA), AKT, and Bcl-2 (BD 
Biosciences, San Jose, CA, USA). The anti-rabbit immunoglobulin G 
(IgG) and anti-mouse IgG HRP-conjugated secondary antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

2.3. Cell lines and cell culture 

The lung adenocarcinoma cell line CL1-0 was kindly provided by 
Prof. Pan-Chyr Yang (National Taiwan University College of Medicine) 
(Chu et al., 1997). Drug-resistant CL1 cell line was established by 
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exposing a CL1 cell line to doses of 0–40 μM gemcitabine. The surviving 
cells were recovered to 75% in a culture plate and then passaged in the 
same gemcitabine concentration to increase the gemcitabine dose until 
40 μM. Both cell lines were maintained in RPMI medium supplemented 
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml 
streptomycin at 37 ◦C in a 5% CO2 humidified atmosphere. The cells 
were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) 
supplemented with 10% FBS (Gibco) at 37 ◦C in a humidified atmo-
sphere with 5% CO2. 

2.4. Wound healing assay 

CL1-0 and CL1-0-GR cells were seeded in 12-well plates (1.5 × 105 

cells) and grown to 70–80% confluence. Straight scratches were made 
using 200 μL sterile pipette tips and washed by PBS to remove cell 
debris. Cells were then cultured with serum free media containing. Cell 
migration into the wound area was photographed at 0 and 24 h using an 
inverted microscope and quantified using Image J. 

2.5. Transwell invasion assay 

In vitro cell invasion assay was performed using a chamber coated 
with Matrigel (200 μL) and transwell chambers (8 μm pore size; 
SPLInsert™ hanging 24-well plate). Cells (4 × 104) were plated in 
serum-free media in the upper chamber. Media with 10% FBS in the 
lower section served as a chemoattractant. After 48 h, non-invading cells 
were removed from the upper chamber using cotton swabs, and the 
invasive cells on the lower chamber were stained with crystal violet, air- 
dried, photographed, and counted. The invading cells were counted 
using 20 × magnification under a Zeiss microscope (Axio Vert A1, 
Oberkochen, Germany). 

2.6. Immunofluorescence staining 

CL1-0 and CL1-0-GR cells (15 × 103 per 200 μl) were treated with 
500 μg AAE for 48h and fixed for 45 min with 4% paraformaldehyde at 
room temperature (RT), then washed three times with PBS. The samples 
were incubated overnight at 4 ◦C with either anti-E-cadherin antibody 
(1:100 dilution; Cell Signaling) or anti-vimentin antibody (1:250 dilu-
tion; Santa Cruz) in PBS. The samples were subsequently rinsed with PBS 
three times and incubated for 1 h at RT with the appropriate dye- 
conjugated Alexa Fluor® 594 and Alexa Fluor® 488 secondary anti-
bodies (1:100 dilution; Thermo Fisher). Finally, the samples were 
rewashed with PBS and sealed with a mounting medium containing 4′,6- 
diamidino-2-phenylindole (DAPI) (Abcam). All images were observed 
using an Axio Observer A1 digital fluorescence microscope (Olympus, 
Tokyo, Japan). 

2.7. Spheroid formation 

A total of 10,000 CL1-0 parent or CL1-0-GR cells were seeded in 100 
μL of a complete media at the indicated concentrations of AAE in 96-well 
microtiter μ-bottom plates. CL1-0 and CL1-0 gemcitabine-resistant (CL1- 
0-Gem-R) cells were incubated for 7–10 days at 37 ◦C and 5% CO2 until 
spheroids formed. The aggregated cancer cell area and density were 
estimated using the ImageJ software; ReViSP was used to determine the 
associated 3D structures. 

2.8. JC-1 staining 

JC-1 dye has been established to detect ΔΨm in healthy and 
apoptotic cells. The growth medium was aspirated from the flask, and 
the cells were overlaid by the JC1- staining solution (Sigma Aldrich, 
Catalog number CS0390). For 1 cm2 of growth surface, add 0.2–0.4 ml of 
the Staining Mixture. Cells were incubated in a humidified atmosphere 
containing 5% CO2 at 37 ◦C for 15–20 min. Cells were rinsed twice with 

a growth medium. Finally, images were captured in the green and red 
fluorescence channel in the inverted fluorescence microscope (Olympus, 
Tokyo, Japan). The images were obtained at 490 nm excitation and 530 
nm emission for green (JC-1 monomers) and at 525 nm excitation and 
590 nm emission for red fluorescence (JC-1 aggregates). 

2.9. Determination of ROS production 

MitoSOX Red fluorescent probe was used to determine the mito-
chondrial generated ROS. MitoSOX Red reagent, a live-cell permeant, 
selectively targets mitochondria and exhibits red fluorescence when 
oxidized by superoxide. Cells were incubated for 30 min in 2.5 μM 
MitoSOX Red in PBS. Then, the cells were imaged using a fluorescence 
microscope (Olympus, Tokyo, Japan). 

2.10. Terminal deoxynucleotidyl transferase dUTP nick end labelling 
(TUNEL) assay 

CL1-0 and CL1-0-GR cells (15 × 103 per 200 μl) were treated with 
300 and 500 μg AAE for 36 h, washed with 1 × PBS and incubated in a 
fixation solution (4% paraformaldehyde in 1 × PBS at pH 7.4) at RT for 
1 h. Permeabilizing solution (0.1% Triton X–100 in 0.1% sodium citrate) 
was added to the cells, and the plate was placed on ice for 2 min. Sub-
sequently, the cells were stained using a transferase dUTP nick end 
labelling (TUNEL) reagent (Enzyme Solution and Label Solution [In Situ 
Cell Death Detection Kit], Roche, Indianapolis, IN) and incubated at 
37 ◦C in the dark for 1 h. Finally, the cells were washed using PBS and 
overlaid with DAPI. Fluorescence was assessed using a digital fluores-
cence microscope (Olympus, Tokyo, Japan). 

2.11. Determination of apoptosis by annexin V and propidium iodide 
staining 

The induction of apoptosis in CL1-0 and CL1-0-GR cells by AAE was 
analyzed using a fluorescein isothiocyanate (FITC) Annexin V Apoptosis 
Detection Kit I (BD Biosciences, Franklin Lakes, NJ, USA) according to 
the manufacturer’s protocol. Briefly, 5 × 105 cells were seeded in a six- 
well plate and treated with different AAE concentrations for 36 h at 
37 ◦C. Adherent cells were detached with trypsin-EDTA. The cells were 
centrifuged, washed twice with PBS, and resuspended in 1 × binding 
buffer. Then, 100 μL of the cell suspension was transferred to a 5 mL 
culture tube and incubated with 5 μL FITC Annexin V and 5 μL propi-
dium iodide (PI) for 30 min at RT in the dark. Finally, 400 μL of 1 ×
binding buffer was added to a 5 mL culture tube. Fluorescence intensity 
was analyzed using flow cytometry. 

2.12. Colony formation assay 

In this study, CL1-0 and CL1-0-GR cells were seeded in six-well plates 
at a density of 500 cells/well and cultured with various concentrations 
of AAE. After 14 days, the cells were washed three times with PBS, fixed 
with 4% paraformaldehyde for 30 min, and stained with Giemsa for 
15–30 min. Subsequently, the number of colonies was counted (Kan-
nathasan et al., 2020). 

2.13. Quantitative real-time polymerase chain reaction analysis 

All primers listed in Table 1 were synthesized by PROTECH (Taipei, 
Taiwan). The cDNA was synthesized using a Revert Aid First Strand 
cDNA Synthesis Kit (Thermo) to detect mRNA of CL1-0 and CL1-0-GR 
cells treated with 500 μg AAE for 48h. Quantitative real-time polymer-
ase chain reaction (qRT-PCR) was accomplished using SYBR Green PCR 
Master Mix (Bio-Rad). We used a QuantStudio 5 RT-PCR System 
following the manufacturer’s guidelines, using a total reaction volume 
of 20 μL that contained 10 μL SYBR Green PCR Master Mix, 1 μl of 
forward and reverse primers, and 100 ng of cDNA. The reaction mixtures 
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were incubated in an Applied Biosystems qRT-PCR 96-well tube at 95 ◦C 
for 3 min, followed by 40 cycles at 95 ◦C for 15 s, 55 ◦C for 30 s, and 
72 ◦C for 30 s. All reactions were performed in triplicate. The cycle 
number at which the response to cross the threshold cycle was deter-
mined for each gene. 

2.14. Western blotting 

Using standard procedures western blot analysis was performed (Hsu 
et al., 2019). Cells from both cell lines were treated with 300 & 500 μg 

AAE for 48h and lysed with radioimmunoprecipitation assay buffer. 
Next, 30 μg of protein was resuspended in a loading buffer, separated by 
8% SDS-PAGE gel, and electrophoretically transferred to a nitrocellulose 
membrane. The membrane was blocked with 5% bovine serum albumin 
for 1 h, followed by overnight incubation with the primary antibodies. 
Next, the membrane was washed three times for 10 min with PBST and 
incubated with a horseradish peroxidase-linked secondary antibody 
(1:5000) for 1 h in blocking solution. Later the membrane was washed 
three times with PBST for 10 min, and bands were visualized using an 
automatic fluorescent cold light biomedical imaging system (UVP Che 
studio plus). 

2.15. Statistical analysis 

All statistical analyses were performed using GraphPad Prism 
v5.0.3.477 (GraphPad Software Inc., San Diego, CA). The data are 
expressed as mean ± standard error. Based on their normality of dis-
tribution (Shapiro-Wilk test) data were analyzed by one-way analysis of 
variance (ANOVA). Student’s t-test was performed to compare of the 
means between two groups. All results were quantified using ImageJ 
software (NIH, Bethesda, MD, USA). *p < 0.05, **p < 0.01 and ***p <

Table 1 
Primer sequence for qRT-PCR.  

Gene 
symbol 

Forward primer Reverse primer 

E-cadherin GAGCCTGAGTCCTGCAGTCC TGTATTGCTGCTTGGCCTCA 
Vimentin TCCAGCAGCTTCCTGTAGGT CCCTCACCTGTGAAGTGGAT 
TJP-1 ACCAGTAAGTCGTCCTGATCC TCGGCCAAATCTTCTCACTCC 
ABCC10 CGGGTTAAGCTTGTGACAGAGC AACACCTTGGTGGCAGTGAGCT 
CYP3A5 GGTGGTGATTCCAACTTATGC GCGTGTCTAATTTCAAGGGGA 
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA  

Fig. 1. Effect of Artemisia argyi water extract 
(AAE) on CL1-0 parent and gemcitabine-resistant 
(CL1-0-GR) lung cancer cell proliferation. (A) 
Gemcitabine- and paclitaxel-induced chemoresistance 
in CL1-0 lung cancer cell lines. CL1-0 and CL1-0-GR 
cells were treated with gemcitabine [0–50 μM] and 
paclitaxel [0–25 μM] for 48 h, and cell viability was 
assessed using the MTT assay. Cell viability decreased 
in a dose-dependent manner in CL1-0 but not in CL1- 
0-GR cells. (B) Quantitative polymerase chain reac-
tion analysis of ABCC10 and CYP3A5 levels in CL1- 
0 and CL1-0-GR cells after treatment with AAE 
(500 μg) for 48 h. (C) The CL1-0 and CL-1-0-GR cells 
were treated with different concentrations of AAE (up 
to 1000 μg). The 3-(4, 5-dimethylthiazol-2-yl)− 2,5- 
diphenyltetrazolium bromide assay was used to 
measure cell viability. (D) Immuno-reactive prolifer-
ating cell nuclear antigen (PCNA) was analyzed in 
response to AAE treatment for 48 h. PCNA expression 
was high in non-treated CL1-0 and CL1-0-GR cells and 
low in both sets of AAE-treated cells. Cells were 
counterstained with DAPI (blue) for nuclei. Green 
fluorescence intensity was quantified using ImageJ. 
Scale bar, 100 μm. Data are shown as the mean ±
standard error of values obtained in at least three 
independent experiments, ***p < 0.001, **p < 0.01, 
*p < 0.05 compared with control cells. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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0.001 were considered statistically significant. 

3. Results 

3.1. Chemoresistance and AAE effects on lung cancer cells 

The MTT assay was used to evaluate the level of drug resistance of 
CL1-0-GR cells at varying concentrations of two kinds of chemothera-
peutics (gemcitabine [0–50 μM] and paclitaxel [0–25 μM]). Cell 
viability decreased in CL1-0 cells in a dose-dependent manner. However, 
CL1-0-GR cells showed no significant reduction in cell viability due to 
gemcitabine or paclitaxel (Fig. 1A). It has been reported that ABCC10 
and CYP3A5 are the predictive molecular marker for gemcitabine- 
resistant lung cancer (Ikeda et al., 2011). Consistent with this study, 
the expression of ABCC10 and CYP3A5 was higher in 
gemcitabine-resistant CL1-0 cells compared to parent cells (Fig. 1B). 
Next, we investigated the effect of AAE on parental (CL1-0) and 
chemo-resistant (CL1-0-GR) lung cancer cells. Cells were treated with 
increasing concentrations of AAE (100, 150, 300, 500, 750, and 1000 
μg) for 48 h, and cytotoxicity was assessed using the MTT assay. 
Compared to the control group, the AAE-treated cells presented 
decreased cell viability in a dose-dependent manner (Fig. 1C). Cell 
viability was decreased by 50% at 500 μg of AAE in both CL1-0 and 
CL1-0-GR cells. Based on these results, 500 μg of AAE was used in future 
experiments to determine its other anti-cancer effects. In addition, we 
used immunostaining to determine the expression of the proliferation 
marker PCNA in CL1-0 and CL1-0-GR cells. After treatment with AAE, 
the fluorescence intensity was reduced in both CL1-0 and CL1-0-GR cells 

(Fig. 1D). These findings suggest that AAE can inhibit lung cancer cell 
proliferation. 

3.2. AAE inhibits migration, invasion, and EMT in parent and 
gemcitabine-resistant CL1-0 cells 

EMT is an initial step for cancer cells to obtain invasive properties. 
Scratch and Matrigel-coated transwell assays were used to test the 
migration and invasion abilities of the CL1-0 parent and CL1-0-GR cells 
after treatment with AAE. AAE inhibited the migration and invasion of 
parent and gemcitabine-resistant cells in a dose-dependent manner 
when compared to the control group (Fig. 2A and B). CL1-0 and CL1-0- 
GR cells were treated with 500 μg of AAE for 48 h. Afterward, E-cadherin 
and vimentin, which are EMT markers, were stained to observe the 
fluorescence intensity. AAE increased the expression levels of E-cad-
herin and decreased the vimentin expression (Fig. 2C). Next, we inves-
tigated the mRNA expression of EMT-related genes, E-cadherin, 
vimentin, and TJP-1. The mRNA expression of vimentin and TJP-1 
significantly decreased following treatment with 500 μg of AAE in 
CL1-0 and CL1-0-GR cells. Levels of a critical component of the adherent 
junction, E-cadherin, increased following AAE treatment (Fig. 2D). 
These results indicate that AAE suppresses the migration, invasion, and 
EMT of lung cancer cells. 

3.3. Restriction of colony and spheroid formation by AAE in CL1-0 and 
CL1-0-GR cells 

We next examined AAE’s effect on the clonogenicity of both CL1- 

Fig. 2. Artemisia argyi water extract (AAE) suppresses the migration, invasion, and EMT of lung cancer cells. Wound healing assay and transwell invasion 
assays of CL1-0 and CL1-0-GR cells were treated with the indicated concentration of AAE. (A) Cell migration was detected by wound healing assay. Images were 
captured at 0 and 24 h incubation with AAE (300 and 500 μg/mL) and migration percentage was measured. Scale bar, 50 μm (B) The invading cells were visualized 
by crystal violet staining and observed with a light microscope (magnification, 100 × ). ImageJ was used to quantify the cell migration rate. Scale bar, 100 μm. Data 
are presented as the mean ± standard deviation (SD) from three observed fields. ***p < 0.001, **p < 0.01, *p < 0.01 compared to the control. (C) Immunofluo-
rescence microscopy of E-cadherin and vimentin in human lung cancer CL1-0 and CL1-0-CR cells. Cells treated with AAE (500 μg/mL) for 48 h exhibited increased E- 
cadherin expression and decreased vimentin expression in all cell lines compared to those in the control cells. The panel presents E-cadherin (green), vimentin (red), 
4′,6-diamidino-2-phenylindole (blue), and merged images (original magnification, × 200). Scale bar, 200 μm. The mean values were significantly different compared 
with the control group. *p < 0.05, **p < 0.01, ***p < 0.001 (D) Quantitative polymerase chain reaction analysis of E-cadherin, vimentin, and TJP-1 levels in CL1- 
0 and CL1-0-GR cells after treatment with AAE (500 μg) for 48 h. The relative concentrations of E-cadherin, vimentin, and TJP-1 of the vehicle control was shown in 
the graph. Data shown as the mean ± standard error of values obtained in at least three independent experiments, ***p < 0.001, **p < 0.01, *p < 0.05 compared 
with control cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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0 and CL1-0-GR cells. AAE inhibited cell cloning ability of CL1-0 parent 
and CL1-0-GR cells in a dose-dependent manner (Fig. 3A). AAE sup-
pressed the aggregation of both CL1-0 and CL1-0-GR cells. The area of 
the aggregated CL1-0 cells increased to 147%, and CL1-0-GR cells 
decreased to 74% after 500 μg of AAE treatment, respectively, compared 
to the control cells (100%). However, the density of cells was reduced to 
24% and 35% for the CL1-0 and CL1-0-GR cells, respectively, compared 
to that in the control group (100%) (Fig. 3B). These findings show that 
AAE suppressed the aggregation, dramatically decreasing cell area and 
density of gemcitabine-resistant lung cancer cells. 

3.4. AAE treatment decreases mitochondrial membrane potential and 
increases ROS production 

Earlier studies reported that ethyl acetate extract of A. argyi inhibi-
ted the development of Verticillium dahlia by inducing the ROS produc-
tion and downregulating the genes involved in the metabolic pathway 
(Wang et al., 2022). Artemisia argyi essential oil induced apoptosis 
through mitochondrial pathway; it decreases MMP and increases ROS 
production in Candida albicans (Shi et al., 2017). Because damage to the 

mitochondrial membrane leads to intrinsic apoptosis, we tested whether 
AAE has any impact on mitochondrial function in lung cancer cells. In 
the present study, AAE significantly decreased MMP polarization in 
CL1-0 cells by approximately 40% (p < 0.01) and 60% (p < 0.001) at 
doses of 300 and 500 μg for 48 h, respectively (Fig. 4C). In addition, AAE 
decreased MMP polarization in CL1-0-GR cells by 30% (p < 0.05) and 
50% (p < 0.01) at doses of 300 and 500 μg for 48 h, respectively. 
Additionally, we tested if AAE increased ROS generation in the mito-
chondria of lung cancer cells. We found that AAE significantly increased 
the production of ROS (300 μg AAE: CL1-0: 5% p < 0.05, CL1-0-GR: 4% 
p < 0.05; CL1-0: 6% p < 0.01; 500 μg CL1-0-GR: 5% p < 0.05) (Fig. 4A). 
Because AAE significantly upregulates the ROS level, we speculate that 
AAE may inhibit enzymatic pathways that protect the cells against 
oxidative stress. Thus, we investigated anti-oxidant enzyme protein 
levels. We found that AAE treatment decreased protein levels of super-
oxide dismutase 1 (SOD-1) and catalase in CL1-0 and CL1-0-GR cells 
(Fig. 4B), consistent with the above result. These results suggest that the 
pro-apoptotic effects of AAE involve mitochondrial-mediated apoptotic 
pathways with both the depolarization of MMP and ROS generation in 
both CL1-0 and CL1-0-GR lung cancer cell lines. 

Fig. 3. Inhibition of cancer cell aggregation and colony formation by Artemisia argyi water extract (AAE) in CL1-0 parent and gemcitabine-resistant (CL1- 
0 GR) cells. (A) The colony formation of CL1-0 and CL1-0-GR cells was inhibited upon exposure to AAE. (B) Changes in the tumor spheroid morphology following 
AAE treatment were presented with bright-field images and 3D plots. Scale bar, 50 μm. The total area and density of the spheroid were calculated using ImageJ 
software. Scale bar indicates 100 μm. The asterisks indicate statistically significant differences compared to the control group (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Fig. 4. Effect of Artemisia argyi water extract (AAE) on mitochondrial dysfunction and reactive oxygen species (ROS) production in lung cancer cells. (A) 
AAE-induced intracellular ROS production was estimated using MitoSOX Red. Mitochondrial ROS levels were analyzed using fluorescence microscopy and compared 
with those in untreated control cells. Scale bar, 100 μm. The mean values were significantly different compared with the control group. *p < 0.05, **p < 0.01, ***p <
0.001 (B) CL1-0 and CL1-0-GE cells were treated with 300 and 500 μg of AAE for 48 h, and then the levels of the anti-oxidant enzymes SOD-1 and catalase were 
determined. Western blotting data were quantified by densitometry and ImageJ software, and normalized to GAPDH. *p < 0.05, **p < 0.01, ***p < 0.001 compared 
with the untreated group (C) Immunofluorescence image analysis indicated MMP in CL1-0 and CL1-0-GR cells treated with AAE. The loss of MMP was analyzed using 
JC-1 red and green fluorescence ratios. Scale bar, 100 μm. Asterisks indicate a significant change after AAE treatment (***p < 0.001, **p < 0.01, *p < 0.05). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.5. AAE increases apoptosis in lung cancer cells 

Decreases in cell viability, ROS induction, and mitochondrial mem-
brane polarization suggest that AAE may induce apoptosis. Thus, we 
measured the number of apoptotic cancer cells using Annexin V and PI 
staining following treatment with AAE (Fig. 5A). In both CL1-0 and CL1- 
0-GR cells, apoptosis was induced by AAE in a dose-dependent manner. 
In cells treated with 300 and 500 μg/mL AAE, the early-apoptosis pop-
ulation was increased by 2 and 2.8-fold in CL1-0 cells and 2.5 and 5-fold 
in CL1-0-GR cells, respectively, compared to the untreated control 
group. For late apoptosis, the percentage of cells increased 2.4 and 3.3- 
fold only in CL1-0 cells treated with 300 and 500 μg/mL AAE compared 

to the untreated control group. Furthermore, we used the TUNEL assay 
to measure AAE-induced apoptosis in CL1-0 and CL1-0-GR cells 
(Fig. 5B). DNA fragmentation was detected in the nuclei of both CL1- 
0 and CL1-0-GR cells undergoing apoptosis. To investigate this result 
further, we measured the expression of pro- and anti-apoptotic markers 
by western blotting following 300 and 500 μg/mL AAE treatment 
(Fig. 5C). AAE decreased Bcl-2 expression by 0.5-fold in both CL1-0 and 
CL1-0-GR cells; however, it increased the expression of both Bak (CL1-0: 
1.45-fold; CL1-0-GR: 1.5-fold) and cleaved Caspase-3 (CL1-0: 1.4-fold; 
CL1-0-GR: 1.3-fold). These results indicate that AAE influences 
apoptotic signaling pathways in both CL1-0 and CL1-0-GR lung cancer 
cells. 

Fig. 5. Artemisia argyi water extract (AAE) induces apoptosis in CL1-0 parental and chemo-resistant (CL1-0-GR) lung cancer cells. (A) Flow cytometric 
detection of apoptosis in AAE-treated lung cancer cells. Annexin V stained late apoptotic cells, which showed dose-dependent effects of AAE at doses of 350 and 500 
μg for 48 h. The percentages of cells in each quadrant indicate (upper left) necrotic cells, (lower left) live cells, (lower right) early apoptotic cells, and (upper right) 
late apoptotic cells. Data indicate the percentage of apoptotic cells (*p < 0.05, **p < 0.01, ***p < 0.001) compared with the nontreatment group. (B) Parental CL1-0 
cells and CL1-0-GR cells were treated with AAE (10 μl/mL) for 48 h. TUNEL staining affirmed the presence of apoptotic cells, which were visualized by green 
fluorescence (left); the nucleus was stained by DAPI (middle, blue spots), and merged images were obtained (right side). Scale bar, 20 μm. The mean values were 
significantly different compared with the control group. *p < 0.05, **p < 0.01, ***p < 0.001 (C) CL1-0 and CL1-0-GE cells were treated with 300 μg and 500 μg of 
AAE for 48 h, and then the levels of apoptosis-related proteins (c-Caspase-3/Caspase-3, Bak, and Bcl-2) were determined by western blotting. Western blotting data 
were quantified by densitometry and ImageJ software, and normalized to GAPDH. (*p < 0.05, **p < 0.01, ***p < 0.001 compared with the control group). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.6. AAE inactivates the PI3K/MAPK intracellular signaling pathways 

It has been reported that Artemisia argyi Folium extract inhibited 2,4- 
dinitrochlorobenzene induced phosphorylation of MAPK (ERK, JNK), 
PI3K/AKT, and IκBα (Han et al., 2016). Furthermore, Artemisia argyi 
treatment inhibits T cell proliferation by suppressing NFAT and NF-κB 
transcription (Zimmermann-Klemd et al., 2020). Thus, we aimed to 
examine the molecular mechanisms involved in the pro-apoptotic effect 
of AAE in CL1-0 and CL1-0-GR cells using western blot analysis. Cells 
were treated with AAE (0 μg, 300 μg, 500 μg) for 48 h and evaluated for 
PI3K/AKT and MAPK, which are involved in cell proliferation and sur-
vival. In both CL1-0 and CL1-0-GR cells, phosphorylation of AKT was 
significantly reduced (CL1-0: up to 0.3-fold, p < 0.01; CL1-0-GR: up to 
0.5-fold, p < 0.05) compared to that in the untreated control group 
(Fig. 6A). In addition, AAE treatment suppressed ERK1/2 phosphory-
lation (CL1-0: up to 0.6-fold, p < 0.05; CL1-0-GR: up to 0.7-fold, p <
0.05) and p-JNK (CL1-0: up to 0.2-fold, p < 0.01; CL1-0-GR: up to 
0.5-fold, p < 0.05) in both cell lines compared to controls (Fig. 6B). 
These results suggest that AAE negatively regulates the PI3K/AKT and 
MAPK signaling pathways in CL1-0 and CL1-0-GR cells. 

3.7. Synergistic effects of AAE and chemotherapeutic drugs 

We investigated the synergistic anti-cancer effects of AAE and 
doxorubicin, oxaliplatin, irinotecan, and gemcitabine using the MTT 
assay. Cells were incubated with AAE (250 μg) alone or co-treated with 
doxorubicin (DOX, 2.5 μM), oxaliplatin (OXA, 5 μM), irinotecan (CPT- 
11, 5 μM), or gemcitabine (Gem, 12.5 μM). The combination of AAE with 
chemotherapy drugs significantly (P < 0.05) attenuated CL1-0 viability 
(Fig. 7A). Furthermore, combination AAE treatment with anti-cancer 
drugs further inhibited 3D spheroid formation in CL1-0 cells. Notably, 
AAE reduced the total spheroid density when combined with doxoru-
bicin and irinotecan from 49% to 24% (p < 0.001) and from 53% to 31% 
(p < 0.01), respectively (Fig. 7B). CL1-0-GR cell viability was evaluated 
using gemcitabine with or without AAE. The combination of AAE and 
increasing concentrations of gemcitabine (5, 10, 20, 30 μM) decreased 
the viability of CL1-0-GR cells (Fig. 7C). Our results suggest that AAE 
enhances the effect of the standard anti-cancer drug by mediating 

combinational effects in lung cancer cells (see Fig. 8). 

4. Discussion 

Recent studies have attempted to discover and develop natural 
products with anti-cancer properties. Extracts from Artemisia species 
exhibit strong antitumor properties without increasing the risk of 
chemotherapy resistance. Artemisia argyi is a TCM herb that exerts 
numerous pharmacological effects. Studies have shown that AAE in-
hibits several types of cancer, such as colon cancer (Jeung-Min et al., 
2010), hepatocellular carcinoma (Li et al., 2021), cervical cancer (Lee 
et al., 2005), and gastric cancer (Zhang et al., 2018). Jaceosidin, a 
flavone in A. argyi, induces cell cycle arrest, ROS, diminished mito-
chondrial membrane potential, the release of cytochrome c, and acti-
vation of caspase 3 in glioblastoma cells (Khan et al., 2012). Moreover, 
Artemisinin B, isolated from AAE, induces cell cycle arrest and apoptosis 
in breast cancer cells. Combining antitumor agents with herbal medicine 
is a potential strategy for improving chemotherapy’s effect on cancer 
cells (Xue et al., 2017). In a clinical trial, gemcitabine combined with 
carboplatin showed reduced toxicity and increased efficacy in advanced 
non-small-cell lung cancer (Zatloukal and Petruzelka, 2002). Never-
theless, potency is frequently reduced by tumors developing drug 
resistance. Therefore, alternative cancer therapies are required. This 
study aimed both to evaluate the apoptotic and additive effects of AAE in 
gemcitabine-resistant lung cancer cells and to elucidate the molecular 
mechanisms and signaling pathways involved. 

Herbal medicines can individually or synergistically enhance the 
antitumor activity of some types of cancer cells. For example, Xiao-Fan 
et al. found that the combination of Juniperus indica Bertol extract and 
cisplatin enhanced apoptosis of melanoma cells through disrupting 
AKT/MAPK signaling (Huang et al., 2021). Meng-ping et al. discovered 
that Sanguisorba officinalis enhanced 5-fluorouracil cytotoxicity in 
colorectal cancer cells (Liu et al., 2016). In addition, extracts of Berberis 
aristata root and Azadirachta indica seed induced cytotoxicity in 
cisplatin-resistant osteosarcoma cells (Sengupta et al., 2017). Similarly, 
our study demonstrated that AAE inhibited cell viability, proliferation, 
and induced apoptosis in gemcitabine-resistant CL1-0 cells in a 
concentration-dependent manner. CL1-0 parent cells served as a 

Fig. 5. (continued). 
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comparison with gemcitabine-resistant (CL1-0-GR) cells to show how 
similar cells respond to AAE treatment in absence of acquired resistance. 

Abnormally activated cell migration and invasion programs promote 
lung cancer cell metastases to adjacent tissues, blood vessels, and or-
gans, and is associated with poor prognosis and high mortality rates 
(Fares et al., 2020). Vimentin, a marker for EMT, is a type III interme-
diate filament protein responsible for cell migration, adhesion, and 
motility. During EMT process, vimentin expression increases and is 
stabilized by the downregulation of E-cadherin (Carneiro and El-Deiry, 
2020). Tight junction protein 1 (TJP1) is overexpressed and promotes 
invasion with N-cadherin (Lee et al., 2015). However, other researchers 
have investigated whether natural products can disrupt EMT. Li et al. 
showed that A. arygi essential oil treatment inhibits cell proliferation, 
metastasis, and EMT by suppressing the oncoantigen DEPDC1 and 
blocking the cell cycle in the G2/M phase in hepatocellular carcinoma 
(Li et al., 2021). Tseng et al. found that the polysaccharide-containing 
fraction from AAE blocked the interaction of podoplanin and C-type 
lectin receptor 2, which inhibits tumor cell invasion and metastasis 
(Tseng et al., 2020). Consistent with those findings, we report that AAE 
treatment suppressed cancer cell proliferation, invasion, and migration 
and reduced EMT marker expression in the CL1-0 and CL1-0-GR cells. 
Similarly, the mRNA expression of vimentin and TJP-1 was 

downregulated by AAE. These findings suggest that AAE inhibited pro-
liferation, invasion, and migration of lung cancer cells through down-
regulating the vimentin, TJP-1, and PCNA expression. In cancer 
research, spheroid formation is a convenient model to analyze the 3D 
morphological difference in vitro (Pinto et al., 2020). AAE treatment was 
found to inhibit the aggregation of lung cancer cells, demonstrating that 
AAE inhibits lung cancer cell line growth. 

MMP depolarization leads to the activation of pro-apoptotic proteins, 
alteration of mitochondrial function, which then activates the early 
stages of programmed cell death. The MMP is essential for Ca2+ uptake, 
ROS stress, and ATP biosynthesis (Weinberg and Chandel, 2015). The 
constituents of A. argyi may induce intracellular ROS production, cell 
cycle arrest, Caspase-dependent apoptosis, and activate NADPH oxidase 
in gastric carcinoma cells (Zhang et al., 2018). ROS production is crucial 
for cell growth and survival; however, excessive ROS levels lead to cell 
death. Uncontrolled ROS levels in cells induce cell death via intrinsic 
apoptotic signals in the mitochondria (Reczek and Chandel, 2017). 
Therefore, mitochondrial membrane depolarization is a suitable indi-
cator of mitochondrial-initiated apoptotic status. In our study, we found 
AAE treatment depolarized the mitochondrial membrane. Decreased 
MMP causes a decrease in Bcl-2 expression and initiates the caspase 
cascade, leading to apoptosis(Wang and Welsh, 2014). Activation of 

Fig. 6. Effects of Artemisia argyi water extract (AAE) on cell signaling molecules in CL1-0 and CL1-0-GR lung cancer cells. Dose-dependent changes in the 
phosphorylation of (A) AKT, (B) ERK and JNK proteins in response to AAE at doses of 300 μg or 500 μg were determined by western blotting. Dose-dependent effects 
of AAE on the phosphorylation of targeted signaling molecules presented relative to those in non-treated control cells. The data are from three independent ex-
periments (***P < 0.001, **P < 0.01, and *P < 0.05). 
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caspase-9 and -8 shows the involvement of both intrinsic and extrinsic 
apoptotic pathways that consecutively lead to caspase-3 activation 
(Huang et al., 2014). We discovered that AAE treatment significantly 
decreased Bcl-2 and caspase activity. Additionally, we found that 
cleaved caspase-3 expression was high, indicating activation of 
apoptotic pathways, likely contributing to the apoptosis of CL1-0 cells. 
Similar results were observed in the AAE-treated CL1-0-GR cells. 

Apoptotic resistance prevents programmed cell death in cancer cells, 
which can lead to drug resistance; therefore, new treatments are 
necessary to induce apoptosis (Mohammad et al., 2015). In the present 
study, AAE treatment significantly decreased cell viability and induced 
apoptosis in the CR1-0-GR cells. Although AAE exposure in the parent 
cells showed a more significant inhibitory effect than in 
gemcitabine-resistant cells, these results indicate that AAE induced 
apoptosis and sensitized gemcitabine-resistant lung cancer cells to 
apoptotic triggers. These findings suggest that AAE can work additively 
with gemcitabine even in lung cancer cells resistant to gemcitabine. In 
addition, we evaluated AAE’s effect on apoptosis activity using Annexin 
V staining. In CL1-0 cells, AAE induced late apoptosis (A + PI+), 
whereas, in CL1-0-GR cells, AAE induced early apoptosis (A + PI-) 

(Khazaei et al., 2017). Therefore, in 48 h, AAE may dramatically damage 
the phospholipid assembly associated with nuclear membrane integrity 
in parent cells; meanwhile, in gemcitabine-resistant cells, AAE may 
attenuate only the phospholipid assembly. 

The intercellular signaling mechanisms underlying the chemother-
apeutic effect of AAE are not well understood. The MEK/ERK and PI3K/ 
AKT pathways control fundamental physiological processes, such as 
differentiation, cell proliferation, cytoskeleton organization, cell meta-
bolism, cell death, and survival (Guo et al., 2020; Porta et al., 2014). 
Constitutive activation of these signaling pathways is a hallmark of 
cancer, and dysregulation of these pathways, either genetic or epige-
netic, contributes to the initiation, progression, and metastasis of lung 
cancers (Cheng et al., 2014; Salaroglio et al., 2019). The activation of 
AKT and ERK signaling enables intrinsic resistance of tumor cells to 
EGFR inhibitors (Li et al., 2011). A previous study has shown that AKT 
and ERK inhibition partially enhanced the chemosensitivity of 
gefitinib-resistant lung cancer (Li et al., 2020). Similarly, in our study, 
we found that phosphorylation of AKT, ERK and JNK was down-
regulated by AAE treatment, suggesting that AAE may affect, at least to 
some extent, the regulation of the AKT/ERK pathway. However, further 

Fig. 7. Artemisia argyi water extract (AAE) acts synergistically with standard anticancer drugs on lung cancer cells. (A) The effects of AAE combined with 
doxorubicin, oxaliplatin, irinotecan (CPT-11), and gemcitabine on cell viability. (B) Bright-field images show the changes in spheroid morphology following AAE 
treatment combined with doxorubicin, oxaliplatin, irinotecan (CPT-11), and gemcitabine. The scale bar indicates 100 μM. (C) Cell viability detection of CL1-0-GR 
cells in response to the combination of gemcitabine and AAE using the MTT assay. Asterisks indicate a significant change after AAE treatment (***p < 0.001, **p <
0.01, *p < 0.05). 
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investigations are required to confirm the present findings. 
Herbal extracts may increase the efficacy of anticancer drugs (Woo 

et al., 2017). However, there have been no reports on AAE extracts, 
although their derivatives can increase the sensitivity of lung cancer 
cells to commercial anticancer agents (Lee et al., 2020). This study is the 
first to demonstrate that AAE may act synergistically with anticancer 
drugs. Compared to treatment with AAE only, combination treatments, 
including AAE and doxorubicin, irinotecan, or gemcitabine, signifi-
cantly decreased the viability and aggregation of lung cancer cells. 
These findings suggest that AAE may mitigate the risk of gemcitabine 
resistance and inhibit the viability of gemcitabine-resistant lung cancer 
cells. This effect was comparable to that observed in 
gemcitabine-resistant pancreatic cancers (Pak et al., 2016). Sustaining 
mitochondrial activity is necessary to maintain the sensitivity of lung 
cancer cells to conventional chemotherapy agents. These findings sug-
gest that mitochondrial dysfunction triggered by exposure to AAE may 
help boost the sensitivity of lung cancer cells to chemotherapeutic drugs. 
In addition, AAE-mediated oxidative stress and changes in cellular 
pathways may contribute to the increased chemosensitivity of lung 
cancer cells. 

5. Conclusion 

In this study, we discovered the anti-cancer effect of A. argyi on lung 
cancer cells and its underlying mechanisms of action. AAE was associ-
ated with increased cell apoptosis and decreased invasion, migration, 
and EMT in parental and chemo-resistant CL1-0 lung cancer cells. 
Furthermore, AAE impairs mitochondrial membrane function and in-
duces ROS generation in the treated cells. Its mechanism may involve 
the PI3K/AKT and MAPK signaling pathways. These findings provide 
molecular insights into the anti-tumor activity of A. argyi and suggest 
that it may be a candidate for adjuvant therapy in lung cancer treatment. 
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