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Abstract: Lung cancer is one of the most common malignant tumors and a leading cause of cancer-
related death in the worldwide. Various anticancer drugs, such as cisplatin and pemetrexed, have
been developed for lung cancer treatment but due their drug resistance and side effects, novel
treatments need to be developed. In this study, the efficacy of the natural drug JI017, which is known
to have few side effects, was tested in lung cancer cells. JI017 inhibited A549, H460, and H1299 cell
proliferation. JI017 induced apoptosis, regulated apoptotic molecules, and inhibited colony formation.
Additionally, JI017 increased intracellular ROS generation. JI017 downregulated PI3K, AKT, and
mTOR expression. JI017 increased the cytosolic accumulation of LC3. We found that JI017 promoted
apoptosis through ROS-induced autophagy. Additionally, the xenograft tumor size was smaller
in JI017-treated mice. We found that JI017 treatment increased MDA concentrations, decreased
Ki-67 protein levels, and increased cleaved caspase-3 and LC3 levels in vivo. JI017 decreased cell
proliferation and increased apoptosis by inducing autophagy signaling in H460 and H1299 lung
cancer cells. Targeting JI017 and autophagy signaling could be useful in lung cancer treatment.
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1. Introduction

Lung cancer is one of the most common malignant tumors and a leading cause of
cancer-related death in the worldwide in both males and females, excluding sex-specific
cancers [1]. Lung cancer is heterogenous in terms of pathological features: small-cell lung
cancer (SCLC) accounts for ~14% of lung cancer patients and non-small cell lung cancer
(NSCLC) accounts for ~82% of lung cancer patients [2,3]. The emergence of novel therapeu-
tic methods has significantly improved the treatment of NSCLC, but the prognosis is still
not good, and the overall 5-year survival rate of NSCLC patients is only 19.3% [4,5]. Various
anticancer drugs, such as pemetrexed and cisplatin, have been used for the treatment of
lung cancer, but these anticancer drugs cause acute kidney damage through nephrotox-
icity and oxidative damage and cause side effects due to toxicity [6–9]. Therefore, the
development of new therapeutic drugs with fewer side effects is necessary.

Autophagy is the process of removing damaged proteins and organelles within cells
and recycling intracellular materials and energy, and this mechanism plays an important
role in maintaining intracellular homeostasis [10–14]. Autophagy is activated in injury
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and disease in response to stresses such as nutrient deprivation, infection, and certain
signaling pathways and contributes to cell survival [15,16]. Excessive autophagy is known
to induce apoptosis [17]. For example, combined treatment with docetaxel and curcumin
induces the apoptosis of malignant esophageal squamous cell carcinoma cells by increasing
autophagy [18]. LC3 is a major participant in autophagy, and at initiation, the protein
complex LC3-I is degraded to LC3-II, recruited into autophagosomes, and interacts with
p62 [19]. Then, the formation of the lysosomal complex then leads to total proteolysis [20].

Reactive oxygen species (ROS) are highly reactive molecules formed from diatomic
oxygen that are natural byproducts of normal oxygen metabolism, and they play an im-
portant role in homeostasis in the body [21]. Cellular stress caused by changes in the
external environment dramatically increases intracellular ROS concentrations, which can
cause severe damage to cellular structures, resulting in oxidative damage. Additionally,
increased ROS levels are accompanied by apoptosis [22–24]. Therefore, ROS are an indicator
of cellular stress and apoptosis [25,26]. Moreover, they are known to be important regulators
of autophagy activation, and targeting increased autophagy and ROS production has been
identified as a novel therapeutic approach for the treatment of several types of cancer [27,28].

Recently, studies on the anticancer effects of natural products have been conducted,
and interest in natural product-derived medicines is increasing [29–32]. According to our
previous report, Angelica gigas (Ag), Zingiber officinale Roscoe (Zo), and Aconitum carmichaeli
(Ac) showed anticancer effects in the cell lines of several cancers, including brain, breast,
prostate, colorectal, skin, and pancreatic cancer [33–38]. Furthermore, it is known that
natural treatments for various inflammatory diseases and obesity have neuroprotective
effects [39–41]. Decursin-inhibited tumor progression in head and neck squamous cell, as
well as the active compound of Ag, induces apoptosis by inhibiting the PI3K–Akt axis in
HeLa cells [42,43]. Among the active compounds of Zo, 6-gingerol suppresses tumor cell
proliferation by blocking the nuclear translocation of HIF-1α in lung cancer [44].

Although the anticancer effects of JI017 are known, the efficacy of JI017 treatment for
NSCLC has not yet been evaluated. In this study, we investigated whether JI017 exhibits
NSCLC cell death and cell growth inhibitory effects. In addition, we analyzed the protein
signaling pathway to elucidate the mechanism by which JI017 treats NSCLC.

2. Results
2.1. JI017-Induced Apoptosis and Inhibited Proliferation in Lung Cancer Cells

JI017 is known to be an effective anticancer drug for prostate, ovarian, and breast
cancer [45–48]. Therefore, we investigated the effect of JI017 treatment on cell viability
in several lung cancer cell lines. A549, H460, and H1299 cells were treated with differ-
ent concentrations of JI017 for 24 h. Cell viability was then measured by MTS assay.
We found that JI017 treatment significantly suppressed cell growth in a dose-dependent
manner (Figure 1A). Additionally, JI017 treatment significantly reduced colony formation
(Figure 1B). Moreover, cell migration was decreased in the JI017 treatment group compared
to the control group (Figure 1C).

To investigate whether JI017 induces apoptosis, we performed an annexin V-FITC/PI
assay in A549, H460, and H1299 cells. As expected, we found that the JI017 treatment group
had an increased apoptosis rate in A549, H460, and H1299 cells, with apoptotic cell ratios
of 9 to 56%, 10 to 88%, and 11 to 71%, respectively (Figure 1D). To confirm that caspase
activation is induced by JI017 and is involved in apoptosis, we measured the expression of
apoptotic molecules through Western blot analysis. We found that JI017 decreased the levels
of Bcl-2 in A549, H460, and H1299 cells. Additionally, we found that JI017 increased the
levels of Bax, cleaved caspase-3, cleaved caspase-8, cleaved caspase-9, and cleaved PARP
in A549, H460, and H1299 cells (Figure 1E). These results confirmed that JI017 induced
apoptosis through the apoptotic mechanisms of Bax, Bcl-2, caspase-3, caspase-8, and PARP
in A549, H460, and H1299 cells.
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Figure 1. Effect of JI017 on A549, H460, and H1299 cell viability. (A) Cells were treated with different 
concentrations of JI017 for 24 h. (B) Cell viability was then measured using the MTS assay. H460, 
A549, and H1299 cells were treated with JI017 and exposed for 7 days, then the effect on cell growth 
was assessed using a colony formation assay. (C) The migration of JI017-treated cells was assessed 
using a wound-healing assay. Intervals between cells are marked with red lines. Scale bar = 400 µm. 
(D) H460 and H1299 cells were treated with JI017 for 24 h, stained with Annexin V/PI, and analyzed 
by flow cytometry. (E) Whole cell lysates were analyzed by Western blotting with anti-PARP; anti-
cleaved caspase 3, -8, and -9; and anti-Bax, anti-Bcl-2, and anti-Actin antibodies. Data are presented 
as the mean ± SEM. *** p < 0.001 compared to untreated cells. 

To investigate whether JI017 induces apoptosis, we performed an annexin V-FITC/PI 
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Figure 1. Effect of JI017 on A549, H460, and H1299 cell viability. (A) Cells were treated with different
concentrations of JI017 for 24 h. (B) Cell viability was then measured using the MTS assay. H460, A549,
and H1299 cells were treated with JI017 and exposed for 7 days, then the effect on cell growth was
assessed using a colony formation assay. (C) The migration of JI017-treated cells was assessed using a
wound-healing assay. Intervals between cells are marked with red lines. Scale bar = 400 µm. (D) H460
and H1299 cells were treated with JI017 for 24 h, stained with Annexin V/PI, and analyzed by flow
cytometry. (E) Whole cell lysates were analyzed by Western blotting with anti-PARP; anti-cleaved
caspase 3, -8, and -9; and anti-Bax, anti-Bcl-2, and anti-Actin antibodies. Data are presented as the
mean ± SEM. *** p < 0.001 compared to untreated cells.

2.2. JI017 Increased the Generation of Intracellular ROS

ROS is a small molecule, and it is primarily involved in several signaling pathways,
and excessive ROS accumulation can induce lipid, nucleic acid, protein, and DNA dam-
age and affect cancer cells to promote apoptosis [23,24]. We used the fluorescent dye
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2′,7′-dichlorofluorescein diacetate (DCFH-DA) to measure ROS levels in lung cancer cells.
The cells were treated with JI017 (150 µg/mL) or pretreatment with the ROS inhibitor
NAC and JI017 for 24 h and labeled with DCFH-DA. The analysis measured signal inten-
sity using a flow cytometer. JI017 treatment increased the DCFH-DA signal intensity in
lung cancer cells. JI017 treatment combined with NAC pretreatment decreased the signal
intensity of DCFH-DA in H460 and H1299 cells (Figure 2A). As a result, we confirmed
that JI017 induced intracellular ROS generation. Additionally, we investigated whether
ROS generated by JI017 mediated apoptosis. We added JI017 (150 µg/mL) to H460 and
H1299 cells pretreated with NAC and performed MTS. JI017 treatment combined with NAC
pretreatment decreased cell death was compared with that of JI017 treatment alone in H460
and H1299 cells (Figure 2B). Moreover, the cells treated with both JI017 and NAC showed
decreased levels of the apoptosis markers cleaved caspase3 and cleaved PARP compared
with those in the cells treated with JI017 alone (Figure 2C). These results suggested that
JI017 induced apoptosis by increasing ROS production in lung cancer cells.
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Additionally, intracellular ROS levels were determined by flow cytometry. Pretreatment with NAC 
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Figure 2. Effect of JI017 in A549, H460, and H1299 ROS accumulation. (A) Treatment with JI017
(150 µg/mL) in H460 and H1299 cells for 24 h; they were labeled with DCFH-DA (10 µM) for 30 min.
Additionally, intracellular ROS levels were determined by flow cytometry. Pretreatment with NAC
(15 mM) for 1 h was followed by treatment with various concentrations of JI017. (B) Cell viability was
measured using the MTS assay. (C) Whole cell lysates were analyzed by Western blotting with anti-
PARP, anti-cleaved caspase 3, and anti-GAPDH antibodies. Data are presented as the mean ± SEM.
* p < 0.05 and *** p < 0.001 compared to untreated cells.

2.3. JI017-Induced Autophagy by Increasing LC3 Levels in H460 and H1299 Cells

We performed Western blot analysis to evaluate the expression of the PI3K-AKT-
mTOR pathway and IF staining analysis to evaluate the expression of LC3. JI017 treatment
decreased the levels of PI3K, AKT, and mTOR in H460 and H1299 cells (Figure 3A). The
inhibition of mTOR is known to increase autophagy signaling [49]. To investigate whether
JI017 induces autophagy, Western blot analysis was used, and it was confirmed in H460
and H1299 cells. The activation of the LC3 protein is a marker of autophagy, and we found
that JI017 treatment increased the levels of LC3 A/B and p62 (Figure 3B). Additionally, the
change in the LC3 level after JI017 treatment time was examined, and it was confirmed that
both LC3 and cleaved PARP levels increased after 12 h of treatment with JI017 (Figure 3C).
Additionally, the IF staining experiments showed that the cytoplasmic accumulation of
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LC3 was increased through JI017 treatment (Figure 3D). The autophagy pathway plays an
important role in cancer cell death, and these results suggest that JI017 induces autophagy
in lung cancer cells.
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Figure 3. JI017 activated autophagy by suppressing the PI3K-AKT-mTOR pathway in H460 and
H1299 cells. H460 and H1299 cells were treated with JI017 (50, 100, and 150 µg/mL) for 24 h.
(A,B) Whole cell lysates were analyzed by Western blotting. (C) H460 and H1299 cells were treated
with JI017 (150 ng/mL) for different times (4, 8, 12, and 24 h). (D) H460 and H1299 cells transfected
with the pEGFP-LC3 vector were treated with JI017 (150 µg/mL) for 8 h. The Fluorescence microscopy
analysis confirmed positive staining of LC3B puncta. LC3B puncta are indicated by white arrows.
Scale bar = 20 µm.

2.4. JI017 Induced Autophagy through Increased ROS Production in H460 and H1299 Cells

3MA is known to inhibit the autophagy pathway in the early stage, and chloroquine
and Bafilomycin in the late stage [50–52]. Therefore, we treated H460 and H1299 cells
with 3MA (2 mM) or chloroquine (100 µM) in combination with JI017 (150 µg/mL) and
performed Western blot analysis. We found that 3MA treatment reduced the elevated LC3
levels induced by JI017 administration. Moreover, cells treated with JI017 and 3MA or
chloroquine exhibited reduced levels of caspase3 cleavage and PARP cleavage compared
to cells treated with JI017 alone, confirming reduced apoptosis (Figure 4A). To investigate
whether JI017-induced apoptosis is regulated by autophagy inhibition, we compared
cell viability after treatment with 3MA, bafilomycin, and chloroquine. Compared with
JI017 treatment alone, JI017 treatment combined with 3MA or Bafilomycin or chloroquine
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decreased cell death by approximately 20% in H460 and H1299 cells (Figure 4B). Moreover,
cells treated with JI017 combined with NAC decreased the level of LC3 compared with
the cells treated with JI017 alone (Figure 2C). These results suggested that JI017 promoted
apoptosis through ROS-induced autophagy in H460 and H1299 cells.
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Figure 4. JI017 induced apoptosis through an autophagy pathway and ROS generation. (A) H460
and H1299 cells were treated with 3MA (2 mM) or chloroquine (100 µM) combined with JI017
(150 µg/mL). 3MA, chloroquine, or bafilomycin treatment was followed by treatment with JI017.
(B) Cell viability was measured using MTS assay. (C) H460 and H1299 cells were treated with NAC
(15 mM) and JI017 (150 µg/mL). Whole cell lysates were analyzed by Western blotting with anti-LC3
and anti-GAPDH antibodies. Data are presented as the mean ± SEM. *** p < 0.001 compared to
untreated cells.

2.5. Effect of JI017 Suppressed Cell Growth In Vivo

To further confirm the efficacy of JI017 for inhibiting cell growth in animal experiments,
H460 cells were subcutaneously injected into nude mice. We did not find any change in
body weight in the control group and the JI017-treated group (Figure 5A). The sizes of
xenograft tumors in the JI017-treated mice were smaller compared to the xenograft tumors
in the control mice, and the tumor suppression rate was 79.2%. These results indicated
JI107 treatment slowed the tumor growth rate (Figure 5B,C). Because ROS reacts easily with
lipids, free radical formation can be confirmed through lipid peroxidation markers. The
peroxidation of membrane lipids can alter physical properties, such as lipid interaction, ion
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gradient, membrane fluidity, and permeability [53]. We found that JI017 treatment increased
MDA concentrations in vivo (Figure 5D). Moreover, the addition of JI017 increased the
levels of LC3 and cleaved caspase3 (Figure 5E). These results showed that the protein
levels of Ki-67 decreased and the protein levels of cleaved caspase-3 and LC3 increased
in the JI017-treated group compared to the control group (Figure 5F). Overall, the above
results show that JI017 induced ROS in vivo and inhibited lung cancer cell proliferation
and tumor growth.
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Figure 5. JI017 suppressed lung cancer cell growth in mice. BALB/c nude mice were subcutaneously
injected with H460 cells. (A) The mouse body weight and (B) the tumor growth rate are shown.
(C) Representative tumor images of the control group and the JI017-treated group. (D) The MDA
concentration was assessed by a thiobarbituric reactive substance (TBARS) assay and normalized to
the protein concentration. (E) Whole tissue lysates were analyzed by Western blotting with anti-LC3,
anti-cleaved caspase 3, and anti-GAPDH antibodies. (F) The IHC staining of Ki-67 and cleaved
caspase-3 and LC3 was carried out. Scale bar = 200 µm for 20× and Scale bar = 100 µm for 40×. The
data are expressed as the mean ± SEM in all groups (n = 8–11). * p < 0.05 and ** p < 0.01 compared to
the untreated group.

3. Discussion

In this study, we found that treatment with JI017 in H460 and H1299 cells induced
apoptosis by increasing autophagy pathway signaling. Although various anticancer drugs
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have been developed to treat lung cancer, new therapies are needed due to their many side
effects. Recently, many studies have investigated anticancer effects through autophagy
activity [54,55].

Additionally, interest in natural product-derived drugs is increasing in the pharmaceu-
tical industry because of their low side effects [29,30,32]. Thus, our drug is a good suitable
candidate for the treatment of human lung cancer.

It was reported that JI017 exerts anticancer effects and, thus, has potential as a new
drug that death of cancer cells and inhibits cancer cell growth [45,48]. JI017 is a combination
of Ag, Zo, and Ac, and its anti-cancer treatment effects have been reported through various
mechanisms. Unlike simply confirming the active compound of a natural product, in a new
compound, as a natural product complex, various effects are shown, and as a result, the
treatment mechanism is multi-faceted, so there are still many areas to be studied. Therefore,
we investigated the effect of JI017 treatment on lung cancer cells. We investigated whether
JI017 treatment affected cell viability in H460 and H1299 cells and found that JI017 treatment
significantly inhibited cell growth. In addition, growth inhibition was accompanied by
the inhibition of cell migration and colony formation. We confirmed cancer cell apoptosis
using flow cytometry after staining with annexin V/PI and analyzed protein changes in the
apoptosis mechanism through Western blotting experiments. We found that JI017 treatment
decreased the levels of Bcl-2 in A549, H460, and H1299 cells. Additionally, we found that
the JI017 treatment of A549, H460 and H1299 cells increased the levels of Bax, cleaved
caspase-3, cleaved caspase-8, cleaved caspase-9, and cleaved PARP, known as the markers
of apoptosis. These results suggested that JI017 induced apoptosis in lung cancer cells.

Excessive ROS accumulation is known to promote apoptosis [56]. We evaluated the
level of ROS in lung cancer cells using the fluorescent dye 2′,7′-dichlorofluorescein diacetate
(DCFH-DA). We confirmed that JI017 treatment increased intracellular ROS generation. In
addition, pretreatment with NAC, a ROS inhibitor, and treatment with JI017 decreased the
rate of apoptosis, and we confirmed that the levels of caspase 3 and cleaved PARP, which
are markers of apoptosis, were reduced in H460 and H1299 cells. These results suggested
that JI017 induced apoptosis by ROS production in lung cancers.

We investigated the pathway by which JI017 induced ROS accumulation and apop-
tosis in H460 and H1299 cells using Western blotting. The PI3K/Akt pathway is a rep-
resentative regulator of growth, proliferation, the cell cycle, metastasis, apoptosis, and
autophagy [57–59]. The inhibition of the PI3K/AKT/mTOR pathway can result in cell sur-
vival or death via autophagy or apoptosis, respectively [60–64]. JI017 decreased the levels
of PI3K, AKT, and mTOR in H460 and H1299 cells. Therefore, we investigated whether
JI017 induced autophagy using Western blot assay and IF staining analysis. We found
that JI017 regulated LC3 A/B and p62 expression. The change in the LC3 level after JI017
treatment time was examined, and it was confirmed that the LC3 level and the cleavage
of PARP increased after 12 h of treatment with JI017. Additionally, through IF staining
results, it was confirmed that JI017 treatment increased the cytoplasmic accumulation of
LC3 in cells. These results suggest that JI017 treatment induces autophagy and results in
apoptosis in lung cancer. We treated JI017 with 3MA and chloroquine, which are autophagy
inhibitors, to verify that JI017 induced apoptosis through the autophagy pathway. We
found that 3MA reduced LC3 levels that increased with JI017 treatment. Moreover, cells
treated with JI017 combined with 3MA or Bafilomycin or chloroquine showed decreased
levels of apoptosis markers and cell death compared with those in cells treated with JI017
alone. In addition, cells treated with JI017 in combination with NAC exhibited reduced
levels of LC3 compared to those in cells treated with JI017 alone, suggesting that JI017
promoted apoptosis through ROS-induced autophagy in H460 and H1299 cells (Figure 6).
Moreover, we subcutaneously injected H460 cells into nude mice to confirm that JI017 has
an inhibitory effect on lung cancer in vivo. Compared to control mice, the xenograft tumors
in JI017-treated mice showed a lower growth rate and a TGI value of 79.2%. We found that
JI017 treatment increased the MDA concentration in tumor tissues in vivo, and as a result,
we determined that it induced ROS generation. Additionally, in the JI017 treatment group,
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the protein level of Ki-67 was decreased, and the protein levels of cleaved caspase-3 and
LC3 were increased. Collectively, these findings suggested that JI017 inhibited lung cancer
proliferation and tumor growth in vivo. JI017 clearly induced apoptosis in human lung
cancer cells, making it a useful compound in the treatment of lung cancer. Additionally,
targeting autophagy to treat lung cancer could be a useful therapeutic mechanism. Our
study clearly demonstrates that the anticancer effect of JI017 in human lung cancer cells
occurs through ROS-induced autophagy signaling. As a new natural compound anti-cancer
treatment, we think that additional research on various mechanisms should be conducted.
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4. Materials and Methods
4.1. Reagents

JI017 consists of Ag, Ac, and Zo components that were supplied by the Jaseng Hospital
of Korean Medicine (Seoul, Republic of Korea). The roots were boiled for 3 h in distilled
70% ethanol. The extract was filtrated twice through Whatman grade 2 qualitative filter
paper (GE Healthcare Life Sciences, Marlborough, MA, USA) to remove any insoluble mate-
rials. The filtrated extract was lyophilized to a powder using a freeze dryer (IlShinBioBase,
Dongducheonsi, Gyeonggi, Republic of Korea) and stored at 4 ◦C. The dried extract was
then dissolved in dimethyl sulfoxide (DMSO).

4.2. Cell Culture

A549, H460, and H1299 human lung cancer cells obtained from the American Type
Culture Collection (ATCC) were maintained in RPMI 1640 or F-12K medium supple-
mented with 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA, USA)
and 100 U/mL antibiotics–antimycotics (Invitrogen). Cells were maintained at 37 ◦C in a
humidified incubator with 5% CO2.
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4.3. Cell Viability Assay

An MTS assay was performed to determine cell viability. To accomplish this, cells
(A549, H460, and H1299 cells) were seeded into a 96-well plate at a density of 3 × 103 cells
per well and treated 24 h later with varying concentrations of JI017 (25–500 µg/mL) for an
additional 24 h. Ten microliters of MTS solution was added to each well of the plate, which
was incubated in the dark at 37 ◦C for another 1 h 30 min. Optical density was measured at
450 nm using an ELISA plate reader (Versa Max, Molecular Devices, San Jose, CA, USA).

4.4. Flow Cytometric Analysis

Flow cytometry was used to analyze cell cycle distribution. Cells were seeded in
60 mm dishes. After 24 h, cells were cultured for an additional 24 h in the absence (control)
or presence of JI017 (50–150 µg/mL). Trypsinized cells were washed with PBS and fixed
in 95% ethanol containing 0.5% Tween-20 overnight at −20 ◦C. After washing with PBS,
the cells were then incubated with 1 U/mL RNase A and 10 µg/mL PI for 30 min at room
temperature in the dark. The DNA content in each cell nucleus was determined by a
FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA), and the cell cycle was
analyzed using ModFit LT V2.0 software.

4.5. Annexin V-FITC Apoptosis Assay

Flow cytometry was used to analyze cell apoptosis. Cells were cultured in 60 mm
dishes. After 24 h, cells were cultured for an additional 24 h in the absence (control)
or presence of JI017 (50–150 µg/mL). Annexin V-FITC/PI double staining Apoptosis
Detection Kit was purchased from Invitrogen (Waltham, MA, USA), and apoptosis assay
was performed using a flow cytometer according to the manufacturer's instructions.

4.6. Colony Formation Assay

The cells were plated into 6-well culture plates at a density of 1 × 103 cells/well. After
24 h, cells were cultured for an additional 10 d in the absence (control) or presence of JI017
(25, 50, 100, and 150 µg/mL) to allow colony formation. Colonies were stained with a
1% crystal violet solution (Amersco, Solon, OH, USA).

4.7. Western Blot Analysis

Cells were harvested, lysed with cell lysis buffer (50 mM Tris-Cl pH 7.4, 1% NP-40,
0.25% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, and protease inhibitor)
for 20 min and centrifuged at 13,000 rpm (4 ◦C) for 20 min. Twenty micrograms of protein
were separated by SDS-polyacrylamide gel electrophoresis and transferred to a nitrocel-
lulose membrane (Protran nitrocellulose membrane, Whatman, UK). The membrane was
blocked with 5% nonfat milk, probed with specific primary antibodies, incubated with HRP-
conjugated secondary IgG antibodies (Calbiochem, San Diego, CA, USA), and visualized
using an enhanced chemiluminescence detection system (Amersham ECL kit, Amersham
Pharmacia Biotech Inc., Piscataway, NJ, USA). Antibodies against cleaved caspase-8, -3,
and -9; GAPDH; p38; phospho-Akt; phospho-mTOR; phospho-PI3K; and total Akt were
obtained from Cell Signaling (Danvers, MA, USA). Antibodies against actin, Bax, Bcl-2,
Beclin, PARP/p85, phospho-Erk, phospho-p38, total Erk, and total mTOR were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). The anti-PI3K antibody was obtained
from Merck Millipore (Burlington, MA, USA). The anti-LC3 antibody was obtained from
Novus Biologicals (Centennial, CO, USA). The anti-p62 antibody was obtained from Abcam
(Cambridge, UK).

4.8. Quantification of Autophagy

Autophagy was quantified by counting the percentage of cells showing the accumula-
tion of GFP-LC3 in vacuoles. Cells presenting a mostly diffuse distribution of GFP-LC3 in
the cytoplasm and nucleus were considered non-autophagic, whereas cells representing
several intense punctate GFP-LC3 aggregates with no nuclear GFP-LC3 were classified
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as autophagic. Cells were fixed with paraformaldehyde (4% w/v) for GFP-LC3 and im-
munofluorescence assays. Images were acquired using confocal microscopy (Carl Zeiss,
Oberkochen, Germany).

4.9. Lipid Peroxidation Measurement

Lipid peroxidation was measured using the Lipid Peroxidation (MDA) Assay Kit
(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. Exten-
sive oxidative species generation can lead to the formation of malondialdehyde (MDA) as
a result of the peroxidation of polyunsaturated fatty acids (PUFAs), which contain at least
three double bonds. MDA can react with thiobarbituric acid (TBA) to form a colorimetric,
as well a fluorescent, product, which is a well-known biomarker of the peroxidation of
polyunsaturated lipids [65]. The tissues were lysed on ice using MDA lysis buffer con-
taining 3 µL of butylated hydroxytoluene (BHT), and the samples were centrifuged at
13,000× g for 10 min. Next, a TBA solution was added and incubated at 95 ◦C for 60 min.
The samples were chilled to room temperature in an ice bath for 10 min and transferred to
a black bottomed 96-well plate. Optical density was measured at 532 nm using an ELISA
plate reader.

4.10. Animal Studies

All animal experiment procedures were approved by the Kyung Hee University
Institutional Animal Care and Use Committee (KHSASP-20-250). Five-week-old male
BALB/C nu/nu mice were obtained from Raonbio (Seoul, Republic of Korea). The mice
were maintained for 1 week under controlled temperature (23 ± 3 ◦C) and humidity
(55 ± 15%) in a 12 h light/12 h dark cycle before initiating the experiment. Then, H460 cells
were harvested and injected subcutaneously (5.0 × 106 cells in 100 µL 1:1 PBS:Matrigel
solution) into the right flank of the mice. When the xenografts reached a volume of
80–100 mm3, the animals were randomized into 2 groups (n = 6): the control group (saline)
and the JI017 treatment group (500 mg/kg). The animals in the JI017 treatment group
were treated with JI017 by oral administration every 2 days. Tumor sizes were measured
every 2 days for changes in tumor growth, and tumor volumes were calculated using
a standard formula: 1/2 (length × width2). Mice were sacrificed using carbon dioxide,
followed by cervical dislocation, and the tumor tissue was isolated for further study, such
as immunohistochemical (IHC) analyses.

4.11. IHC Analysis

To examine the protein expression of tumor-related genes in tumor tissue section
samples, each serial frozen section was dried at RT for 20 min. After hydration, the samples
were fixed with 4% paraformaldehyde and washed at 4 ◦C for 5 min. Then, the cells
were blocked with bovine serum albumin (3% BSA) and probed with primary antibodies
(1:100–1:400) overnight at 4 ◦C. Proteins were identified using anti-cleaved caspase3 and
anti-LC3 and anti-Ki67 antibodies. The next day, the samples were washed and probed with
secondary antibody for 30 min at RT. Then, the sections were incubated with Vectastain
ABC reagent (Vector Laboratories, Inc., Burlingame, CA, USA, sk4100) for 30 min. Immune
complexes were revealed via incubation with 3,3′-diaminobenzidine (DAB) at RT for 1 min
based upon the targeted antigen. The sections were counterstained with hematoxylin and
dehydrated on slides in 75%, 95%, and 100% ethanol for 1 min each, after which the sections
were cleared in xylene for 5 min. Finally, the slides were mounted using mounting medium.
Images were acquired using microscopy.

4.12. Statistical Analysis

All experimental data are expressed as the mean ± standard deviation (SD) or
mean ± standard error of the mean (SEM) of at least three separate experiments. Sta-
tistical significance was determined using a one-way analysis of variance followed by the
Tukey—Kramer multiple comparisons posttest to analyze differences between groups. A
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p value < 0.05 was considered to indicate a statistically significant difference, and p < 0.05,
p < 0.01, and p < 0.001 are assigned separate symbols in the figures. All experiments
were performed at least three times. All statistical analyses were performed using PRISM
5 software (GraphPad Software Inc., La Jolla, CA, USA).

5. Conclusions

In this study, we analyzed the effect of JI017 on human lung cancer cells. JI017
treatment induced the activation of autophagy signaling by increasing the generation of
intracellular ROS. As a result, JI017 treatment decreased cell viability and caused apoptotic
cell death in lung cancer cells. These results support JI017 as a favorable candidate drug for
the treatment of human lung cancer.
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