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Non-small cell lung cancer (NSCLC) is one of the most frequent cancers worldwide, yet
effective treatment remains a clinical challenge. Guaiazulene (GYZ), a cosmetic color
additive, has previously been characterized as a potential antitumor agent due to observed
anticancer effects. However, the efficacy of GYZ in the treatment of NSCLC and the
involvedmolecular mechanisms remain largely unknown. Here, we indicated a role for GYZ
in the suppression of NSCLC both in vitro and in vivo via triggering reactive oxygen species
(ROS)-induced apoptosis. Concomitantly, GYZ induced complete autophagic flux in
NSCLC cells via inhibiting the Akt/mTOR signaling pathway, which displayed
cytoprotective effect against GYZ-induced growth suppression. Accompanied with
autophagy inhibition obviously enhanced the effects of GYZ. Notably, GYZ acts
synergistically with paclitaxel in the suppression of NSCLC in vitro. Together, our
results for the first time reported that GYZ suppressed the proliferation of NSCLC and
suggested a potential strategy for inhibiting NSCLC growth by combinational use of GYZ
and autophagy inhibitors.
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INTRODUCTION

Lung cancers are the leading cause of cancer incidence andmortality with nearly 2.1 million new lung
cancer cases diagnosed and over 1.8 million deaths worldwide (Bray et al., 2018). Lung cancers are
mainly classified as non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), among
which NSCLC accounts for about 85% of all lung cancers (Zhang R. et al., 2019). Surgical resection, in
combination with radiotherapy or/and platinum-based chemotherapy when necessary, affords
curative treatment for early or local disease. However, many patients with advanced lung cancer
require chemotherapy, target therapy, immunotherapy, or combinations of these (Aggarwal and
Borghaei, 2017; Shaw et al., 2019; Ramalingam et al., 2020). Despite the diverse treatment strategies
have been proposed to improve the prognosis of patients, resistance and relapse are extremely
common (Clara et al., 2019). Thus, there is an urgent need to develop novel potential therapeutic
agents for lung cancer treatment.

Guaiazulene (1,4-dimethyl-7-isopropylazulene, GYZ), a dark blue crystalline hydrocarbon, is
mainly extracted from the oil of Guajacum ojficinale tree andMatricaria chumomilla tree distributed
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in northern coast of the Caribbean and South America
(Kourounakis et al., 1997a; Gunes et al., 2013). GYZ has been
reported to display many beneficial biological activities, such as
anti-oxidant, anti-inflammatory, anti-ulcer or used as a cosmetic
color additive (Yanagisawa et al., 1990; Kourounakis et al., 1997a;
Guarrera et al., 2001;Wang et al., 2003). In addition, GYZ showed
considerable anticancer properties in human oral squamous cell
carcinoma (OSCC) (Wakabayashi et al., 2003; Uehara et al.,
2018), neuroblastoma (NB) (Togar et al., 2015) and human
promyelocytic leukemia (Pratsinis and Haroutounian, 2002).
However, to date limited data exist indicating the efficacy of
GYZ in the treatment of NSCLC and investigating the potential
mechanisms.

Apoptosis is a widely known fundamental biological process
that occurs via the classic intrinsic or extrinsic signaling pathway,
triggering and regulating by many different molecular pathways
(Pritchard and Watson, 1996; Qiao and Wong, 2009). One of the
distinct cell death subroutine of caspase-dependent apoptosis is
known as anoikis (Vachon, 2018). Anoikis is a kind of
programmed cell death which prevents cell attachment to an
inappropriate matrix and adherent-independent cell growth, thus
avoiding colonizing of distant organs (Paoli et al., 2013). This
special pattern of cell death is mainly caused by the decrease of
integrins (Frisch and Ruoslahti, 1997). Integrins containing
integrin β1 and β3 modulate cell signaling, adhesion, and
survival through transmitting extracellular signals across the
plasma membrane (Alanko et al., 2015). Loss of the
interaction between integrins, extracellular matrix (ECM) and
cellular adhesive molecules leads to the deficiency of survival
signals in non-adherent cells, followed by induction of apoptotic
cell death (Vachon, 2011). Previously studies have shown that
Caveolin-1 plays a role on deprivation of anoikis response in non-
small cell lung cancer (Chanvorachote et al., 2015; Li et al., 2019).
Moreover, the down-regulation of anti-apoptosis Bcl-2 family
proteins including Mcl-1 (myeloid cell leukemia 1) and Bcl-2
(B-cell lymphoma 2) have been proved to associate with anoikis
(Pongrakhananon et al., 2010; Chunhacha et al., 2012).
Numerous studies have indicated that anti-tumor drugs
suppress tumor progression by inducing cell anoikis. For
example, Tetrathiomolybdate has been found to promote head
and neck cancer cell anoikis, thus inhibiting tumor cell metastasis
(Kumar et al., 2010). Additionally, another study showed that
Avicequinone B triggered anoikis in non-small cell lung cancer
through down-regulation of integrin-mediated survival signaling
and anti-apoptosis proteins (Prateep et al., 2018). However, there
is limited evidence indicating whether GYZ induces cancer cells
anoikis so far.

Autophagy is a process of degradation which is to deliver
cytosolic materials to the interior of the lysosomes, in order to
recover sources of requisite metabolites and metabolic energy in
times of energy limitation, starvation and hypoxia (Green and
Levine, 2014). Previous studies have indicated that there are four
main functional forms of autophagy, including cytoprotective,
nonprotective, cytostatic and cytotoxic autophagy in tumor cells
in the context of chemotherapy or radiation (Gewirtz, 2014). For
example, one study revealed a potential mechanism of Paclitaxel
resistance in NSCLC. It indicated that Paclitaxel upregulated

Beclin-1 via decreasing miR-216b levels, which induces
cytoprotective autophagy in NSCLC cells, thus antagonizing
paclitaxel-induced cell death (Chen and Shi, 2016). In
addition, another study showed that cotreatment with
Cisplatin and Bu-Zhong-Yi-Qi decoction (BZYQD), a Chinese
traditional herbal medicine, would activate apoptosis and
autophagy by oxidative stress, thus enhancing the antitumor
effect (Yu et al., 2017). Therefore, the role of autophagy in
determining NSCLC cell fate is complex. Figuring out the
biologic function of autophagy in response to NSCLC
anticancer therapy is scientifically worthwhile for providing
potential novel therapeutic strategies.

In this study, we found that GYZ induced NSCLC cell death
both in vitro and in vivo. GYZ induced mitochondrial
dysfunction, and thereby inhibited tumor growth in NSCLC.
GYZ also promoted remarkable autophagosome synthesis and
the fusion of autophagosomes and autolysosomes, resulting from
the blockade of the Akt/mTOR signaling. This complete
autophagic flux displayed cytoprotective role for NSCLC cells,
thus impairing the anticancer effect of GYZ. Accordantly, GYZ
treatment accompanied with autophagy inhibition obviously
enhanced the growth suppression of GYZ on NSCLC cells.
Notably, GYZ acted synergistically with paclitaxel in the
suppression of NSCLC in vitro. Together, our results provide a
novel link between GYZ-induced growth suppression and
cytoprotective autophagy. Targeting cytoprotective autophagy
with GYZ treatment may hold the promise for suppressing
NSCLC growth.

MATERIALS AND METHODS

Cell Culture and Reagents
Human non-small lung cancer cell lines A549, H1975, HCC827,
PC9, H1299 were purchased from the American type culture
collection (ATCC). Cells were maintained in RPMI1640
supplemented with 100 U/ml penicillin (Millipore Sigma),
100 mg/ml streptomycin (Millipore Sigma), and 10% fetal
bovine serum (Gibco), in a humidified incubator at 37°C
under 5% CO2 atmosphere.

Reagents used were as follows: 3-Methyladenine (HY-19312),
Paclitaxel (HY-B0015), Cisplatin (DDP) (HY-17394) and
Z-VAD-FMK (HY-16658B) were purchased from MedChem
Express (MCE). Chloroquine diphosphate salt (C6628) was
purchased from Sigma. Guaiazulene (GYZ) (G137246) was
purchased from Aladdin. GYZ, Paclitaxel were dissolved in
DMSO. 3-methyladenine (3MA), and chloroquine diphosphate
salt (CQ) were dissolved in phosphate-buffered saline (PBS).
DDP was dissolved in N, N-Dimethylformamide (DMF).

Antibodies used in this study: Cleaved-caspase 3 (ZEN BIO,
380189), Caspase 3 (ZEN BIO, 380189), PARP (Cell Signaling
Technology, 9532), Cleaved-PARP (Cell Signaling Technology,
9532), Akt (Cell Signaling Technology, 4685), phosphorylated (p-
)Akt (Ser473) (Cell Signaling Technology, 4060), mTOR (Cell
Signaling Technology, 2972), p-mTOR (Ser2448) (Cell Signaling
Technology, 2971), p70S6K (Cell Signaling Technology, 9202),
p-p70S6K (Ser371) (Cell Signaling Technology, 9208), 4EBP1
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(Cell Signaling Technology, 9452), p-4EBP1 (Ser65) (Cell
Signaling Technology, 9451), β-actin (Santa Cruz, sc-1616),
Ki67 (Abcam, ab66155), LC3 (Novus, NB100-2220),
horseradish peroxidase (HRP)-conjugated anti-mouse
secondary antibody (Santa Cruz, sc-2005), horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibody
(Santa Cruz, sc-2004). For immunofluorescence, goat anti-
rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 594 were
obtained from Thermo Fisher Scientific.

Cell Growth and Proliferation Assays
The short-term effects of GYZ on NSCLC cell proliferation were
detected using the thiazolyl blue tetrazolium bromide (MTT)
(Sigma, M2128) assay. Seed cells in a 96-well plate (5,000 cells/
well). After 48 h treatment with the indicated concentrations of
GYZ, MTT were added and incubated for 2–4 h. Then removed
the medium and added 100ul DMSO to each well. The
absorbance was determined at 570 nm with ELISA multiwell
spectrophotometer.

Colony formation assay was used to examine the long-term
effects of GYZ on NSCLC cell growth. Seed cells in a 24-well plate
(200 cells/well) for about 7 days, treated with the indicated
concentration of GYZ for 36–48 h. After 2 weeks, the colonies
were fixed with 4% paraformaldehyde (Sigma, 16005) for 30 min
and washed three times. Then stained with crystal violet for
another 30 min. After washing for three times, the visible colonies
were taken photos and counted using ImageJ software.

Detachment-Induced Cell Death and CCK8
Assay
In order to prevent anchorage, human non-small cell lung cancer
cells were seeded in an ultra-low attachment plate. A single-cell
suspension of non-small cell lung cancer cells at a density of
5,000 cells/well was maintained in RPMI1640 culture medium.
After treatment with the indicated concentration of GYZ for 48 h,
the cells were evaluated of cell viability through the incubation
with 10 μM CCK-8 (Beyotime Biotechnology, C0038) at 37°C for
40 min. The absorbance value was then detected at 450 nm.

Intracellular ATP Detection Assay
The intracellular ATP was detected using a ATP detection kit
(Beyotime Biotechnology, S0155S). Seed cells in a 96-well plate
(5,000 cells/well). After 48 h treatment with the indicated
concentrations of GYZ, discarded the culture medium. Then
added 30 μl ATP detection lysate to each well and placed it on
ice for 30 min until the cells were fully lyzed. In a new 96-well
plate, add ATP detection working solution (50 μl/well). After
inoculating at room temperature for 5 min, lyzed cell supernatant
(10 μl/well) was added to the ATP detection working solution,
mix quickly, measure the RLU value with a microplate reader,
and analyze the relative concentration of ATP under different
processing conditions.

Lactate Dehydrogenase Release Assay
The cytotoxicity of GYZ was analyzed by Lactate dehydrogenase
release assay using LDH Cytotoxicity Assay Kit (Beyotime

Biotechnology). Cells were seeded in a 96-well plate at a
density of 10,000 cells/well and treated with GYZ at the
indicated concentrations. The negative control was cultured in
medium without GYZ treating. After 48 h treatment, the 96-well
plate was centrifuged at 500 g for 3 min. Eighty microlitres of
supernatant from each well was transferred to a new 96-well plate
and 40 μl of LDH maximum leakage (according to the
manufacturer’s instructions) was added too, following
centrifugation. After the 96-well plate was prevented from
light for 30 min, the absorbance value was then detected at
492 nm or 570 nm with ELISA multiwell spectrophotometer.

Tumor Xenograft Animal Models
All animal studies were approved by the Institutional Animal Care
and Treatment Committee of Sichuan University. Five-week-old
female nude mice (BALB/c, 17–19g each) were purchased from
HFK Bioscience Co., Ltd. (Beijing). The mice were housed under
standard conditions. For establishment of xenograft model, A549 cells
(5 × 106 cells/mouse) were suspended in PBS and subcutaneously
injected into flanks of mice. When the tumor volume reached
50–100mm3 (about 10 days post-injection), mice were randomly
grouped and intraperitoneally injected with 100 μl of vehicle (5%
DMSO, 5% Ricinus oil, 90% physiological saline), GYZ (25mg/kg/
day). The mice weight and tumor volumes were measured every day
(tumor volume (mm3)� (length ×width2)/2). After 3 weeks, themice
were euthanized. The major organs (heart, lung, liver, spleen, kidney)
and tumors were harvested.

Immunoblotting
Cells were lyzed with RIPA buffer (150 mM NaCl, 50 mM Tris
base, 1.0 mM EDTA, 1% sodium deoxycholate, 0.1% SDS, 1%
Triton X-100, 1 mM PMSF) supplemented with phosphatase and
protease inhibitor cocktail (Thermo fisher scientific, 23250).
Then, protein lysates were centrifuged (15,000r, 10 min) and
boiled with loading buffer. Next, SDS-PAGE was used to
separate protein, and then transferred protein onto PVDF
membranes. Followed by blocking with skimmed milk (5%) in
1*TBST. After the primary and secondary antibodies was
incubated, the ECL (EMD Millipore, WBKLS0500) was used
to examine the immunoreactivity.

EdU Labeling Assay
The 5-ethynyl-20-deoxyuridine (EdU) labeling assay was
performed in 96-well plates at a density of 5000 cells/well
using the EdU Cell Proliferation Assay Kit (Ribobio). After
48 h of GYZ treatment, 10 μM EdU was added to each well.
Followed by incubating for another 24 h at 37°C, Cells were
then fixed with 4% paraformaldehyde and stained with
reaction cocktail. Next, DAPI was used for nuclear
staining, followed by imaging with a fluorescence
microscope (Leica).

Flow Cytometry
Apoptosis analysis was performed using the annexin V–FITC/
propidium iodide (PI) Detection Kit (KeyGen Biotech, KGA108)
(following the manufacturer’s protocol). Cells were harvested and
washed three times with cold PBS. After cells were resuspended in
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500 μl binding buffer, 5 μl PI and 5 μl annexin V-FITC were both
added into the cell suspension. At least 10,000 live cells were
analyzed on a FACSCalibur flow cytometer (BD Biosciences).
FlowJo software was used to analyze the data.

Intracellular ROS content was detected using the
fluorescent probe DCFH-DA. Inoculate an appropriate
amount of cells in a six-well plate, and treat them with
GYZ for 48 h after adherence. Replace the old medium with
double-free medium, add 5 μM DCFH-DA to each well, and
place it in the cell culture incubator for 30 min. Cells were
washed with cold PBS for three times. After cells were
resuspended, FACSCalibur flow cytometer (BD Biosciences)
was used to measure the fluorescence intensity. FlowJo
software was used to analyze the data.

Determination of Mitochondrial Superoxide
by Mitosox
Cells were plated on glass cover slips at a density of 25,000 cells/
well in 24-well plates. After 48 h of GYZ treatment at the
indicated concentrations, discard the culture medium and
wash twice with sterile PBS. Ten micrometer Mitosox
(Thermo, M36008) PBS solution was added to each well. After
incubation in the cell incubator for 30 min, discard the working
solution, wash twice with sterile PBS again. Finally, put the glass
cover slips upside down on the glass slide, mount the slides with
glycerol and observe the snapshots under an upright fluorescence
microscope.

Immunohistochemistry
Immunohistochemical staining was measured as described
previously (Jin et al., 2019). All stained sections were viewed
with a DM2500 fluorescence microscope. Four grades (0,
negative; 1, weak; 2, moderate; 3, strong) of the
immunostaining intensity (A) and the proportion of positive
cells (B) (0–100%) were evaluated the immunohistochemical
staining. The final score was calculated by multiplying the A
and B.

Immunofluorescence
Cells were seeded onto the glass cover slips at the density of
20,000 cells/well in 24-well plates. After 48 h of GYZ treatment,
cells were fixed in 4% paraformaldehyde for 30 min. Next, the
slides were washed with PBS and permeabilized with 0.4% Triton
X-100 and blocked with 5% fetal bovine serum for 1 h. After being
incubated with primary antibody overnight at 4°C, cells were
incubated with secondary antibody (DyLight 594–conjugated
goat anti-mouse IgG or DyLight 488–conjugated goat anti-
rabbit IgG) at 37°C for 1 h. Finally, nuclei were stained with
DAPI for 8 min. Images were captured using a confocal laser
scanning microscopy (Carl Zeiss). The number of LC3 puncta per
cell was countered by the software “Image J”, the area size
represents relative numbers.

Statistical Analysis
Statistical analysis and graphics were measured using
GraphPad 7.0 software. Two-way ANOVA and Student

t-test were used to analyze statistical differences. Grayscale
statistics were measured by Image J software. Data were
presented as means ± SD from at least three individual
experiments. Statistically significance was described as
follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

RESULTS

GYZ Inhibits the Growth of NSCLC Cells In
Vitro
To validate whether GYZ exhibits an anticancer effect against
NSCLC, we first detected the cell growth in response to GYZ
treatment in various human NSCLC cell lines. MTT assay
showed that GYZ treatment for 48 h markedly decreased the
cell viability of different NSCLC cell lines (A549, PC9,
HCC827, H1975 and H1299) in a dose-dependent manner,
while the median inhibitory concentration (IC50) value in
16HBE (a kind of immortalized epithelial cell from human
respiratory tract) cells was higher than those in NSCLC cells
(Figures 1A,B). Concomitantly, the proliferation of NSCLC
cells was obviously inhibited under GYZ treatment, as
evidenced by reduced colony numbers (Figure 1C).
Furthermore, we performed EdU labeling assay and found
that in comparison to controls, a significantly lower rate of
EdU-positive cells was observed in GYZ-treated cells (Figures
1D,E). LDH release assay revealed that GYZ treatment showed
marked cytotoxicity in A549 and H1975 cells (Figure 1F).
Collectively, these results demonstrate that GYZ inhibits the
growth of NSCLC cells in vitro.

GYZ Triggers Apoptosis in NSCLC Cells In
Vitro
To examine whether GYZ induces apoptosis in NSCLC cells, we
evaluated the apoptotic rate in GYZ-treated cells and control cells
through flow cytometry assays. As shown in Figure 2A, GYZ
treatment for 48 h showed significantly apoptosis induction in
A549 and H1975 cells. Concomitantly, this was further evidented
by the increased level of cleaved-caspase 3 and cleaved-PARP in
GYZ-treated NSCLC cells (Figure 2B). Furthermore, GYZ
treatment accompanied with a well-known pan caspase
inhibitor Z-VAD-FMK was performed. The combinatorial
treatment restored GYZ-induced growth suppression, as
evidenced by restored cell growth in combinatorial treatment
cells (Figures 2C,D). Anoikis is kind of apoptotic cell death which
is induced by detachment condition. Integrins played the central
role in suppressing anoikis by promoting survival signals and
eliciting anti-apoptotic from the ECM (Giancotti and Ruoslahti,
1999). Many studies have also reported that Caveolin-1 and anti-
apoptosis Bcl-2 family proteins including Bcl-2 are associated
with anoikis (Ravid et al., 2005; Pongrakhananon et al., 2010). To
test whether GYZ induces anoikis in NSCLC cells, we found that
the protein level of Integrin β3, Bcl-2 and Caveloin-1 were
obviously decreased after GYZ treatment in A549 and H1975
cells (Figure 2E). This was further supported by CCK8 assay
during which A549 and H1975 cells were in non-adherent
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circumstance. As shown in Figure 2F, after GYZ treatment at the
indicated concentrations, the reduction of cell survival was
detected. Together, our data suggest that treatment of GYZ
displays an obvious antiproliferative effect on NSCLC cells
partially by induction of anoikis.

ROS Accumulation Are Responsible for
Anti-NSCLC Effects of GYZ
Increasing papers have shown that reactive oxygen species (ROS)
is a critical mediator for the regulation of cell death of cancer cells

(Zhou et al., 2014; Jiang et al., 2015). To detect whether GYZ
induces NSCLC cell death via increasing cellular ROS levels, we
performed flow cytometry assay by DCFH-DA staining via a
fluorescence microplate reader in GYZ-treated cells and control
cells. As shown in Figure 3A, GYZ treatment dramatically
increased cellular ROS levels. As the mitochondrial respiratory
chain is one of the main cellular sources of ROS (Sarniak et al.,
2016), we thus measured the function of mitochondrial in GYZ-
treated NSCLC cells. In line with the accumulation of ROS levels,
the mitochondrial function was aberrant under GYZ treatment as
evidenced by decreased ATP level (Figure 3B). In addition, we

FIGURE 1 |GYZ inhibits the growth of NSCLC cells in vitro. (A) Chemical structure of GYZ. (B) NSCLC cells were treated with GYZ at the indicated concentrations
for 48 h, and cell growth was measured by MTT assay. (C–E) A549 cells and H1975 cells were treated with GYZ at the indicated concentrations (the tested doses of
guaiazulene were determined by the IC50 values). Cell proliferation was performed by colony formation (C) and EdU incorporation (D,E) assays. (F)Cells were subjected
to GYZ for 48 h, and cytotoxicity was examined by the release of LDH.
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FIGURE 2 | GYZ triggers apoptosis in NSCLC cells. (A) annexin V–FITC/PI staining was used to detect the apoptotic effects induced by GYZ in NSCLC cells. (B)
Immunoblot analysis of Cleaved PARP, PARP, Cleaved Caspase3, Caspase3 expression in NSCLC cells treated with the indicated concentrations of GYZ for 48 h. (C,D)
The MTT assay determined cell growth of NSCLC cells treated with GYZ (150 μM) in the absence or presence of 10 μM Z-VAD for 48 h. (E) Immunoblot analysis of
Integrin β3, Caveolin-1, Bcl2 expression in NSCLC cells treated with the indicated concentrations of GYZ for 48 h. (F)GYZ at the indicated concentrations induced
anoikis in NSCLC cells that were cultured under detachment environment for 24 h. All data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3 | ROS accumulation are responsible for anti-NSCLC effects of GYZ in vitro. (A) ROS level was measured by DCFH-DA staining through a fluorescence
microplate Reader in NSCLC cells treated with the indicated concentrations of GYZ. (B)Mitochondrial mass analyzed by ATP content measurement in A549 and H1975
cells treated with the indicated concentrations of GYZ. (C) Mitochondrial ROS accumulation was detected using MitoSOX Red in NSCLC cells treated with or without
GYZ. (D) TheMTT assay determined cell viability of NSCLC cells treated with GYZ (100 μM) in the absence or presence of 2 mMNAC for 48 h. (E)Colony formation
assay of NSCLC cells treated with the indicated concentrations of GYZ in the absence or presence of 2 mMNAC. (F) Annexin V–FITC/PI staining was used to detect the
apoptotic effects induced by GYZ (150 μM) in the absence or presence of 2 mM NAC for 48 h in NSCLC cells. Scale bars, 25 μm. All data are means ± SD. *p < 0.05,
**p < 0.01, ***p < 0.001.
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FIGURE 4 | GYZ stimulates autophagy in NSCLC cells. (A) Immunoblot analysis of LC3 turnover expression in NSCLC cells treated with vehicle or GYZ for 24 h.
(B,C) Immunofluorescent analysis of the accumulation of endogenous LC3 puncta in the absence or presence of GYZ (A549 150 μM, H1975 100 μM) for 24 h. Scale
bars, 10 μm. (D) NSCLC cells were treated with vehicle, GYZ (A549 150 μM, H1975 100 μM), 3-MA (10 mM), or in combination for 24 h. Immunoblot analysis was used
to examine LC3 turnover. (E)NSCLC cells were treated with GYZ (A549 150 μM, H1975 100 μM) with or without CQ (5 μM) for 24 h. LC3 turnover was detected by
immunoblotting. (F,G) The colocalization of endogenous LC3 with LAMP2 was quantitated by immunofluorescent analysis in the treatment of GYZ (A549 150 μM,
H1975 100 μM) with or without CQ (5 μM) for 24 h. Scale bars, 10 μm.
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also measured mitochondrial ROS generation to indicate the
functional alterations. Collectively, we found that
mitochondria in GYZ-treated cells produced more superoxide
than control cells (Figure 3C). Next, to identify the role of ROS in
GYZ-induced growth suppression, GYZ treatment accompanied
with ROS scavenger N-Acetyl-cysteine (NAC) was performed.
The combinatorial treatment restored GYZ-induced growth
suppression, as evidenced by restored cell viability and colony
formation in combinatorial treatment cells (Figures 3D,E).
Moreover, to further demonstrate the involvement of ROS in
apoptosis, we evaluated the apoptotic rate after the combinatorial
treatment of NAC through flow cytometry assays. As shown in
Figure 3F, NAC could attenuate guaiazulene-induced apoptosis
in A549 and H1975 cells. Together, these results demonstrate that
GYZ induces cellular ROS accumulation, thereby inducing
NSCLC cell apoptosis.

GYZ Stimulates Autophagy in NSCLC Cells
As accumulating reports have emphasized the potential
application of drug-induced autophagy in antitumor therapies
(Dou et al., 2016; Chen et al., 2019; Jiang et al., 2020), we
investigated whether GYZ regulated autophagy in NSCLC
cells. To verify this hypothesis, we first evaluated the protein
expression levels of autophagy-related genes in GYZ-treated
NSCLC cells. GYZ treatment resulted in significant autophagy
induction as evidenced by increased conversion of LC3-I to
lipidated LC3-II and the degradation of p62, the classical
markers of autophagy, in a time- and dose-dependent manner
in various NSCLC cells (Figure 4A and Supplementary Figures
S1A,E). In agreement with this, the effect of GYZ on the
formation of autophagosome membrane was further evidenced
by the accumulation of endogenous LC3 puncta in GYZ-treated
cells compared with control cells by immunofluorescent staining
(Figures 4B,C). Moreover, treatment with 3MA, an inhibitor of
class III PI3K, could restore the elevation of LC3-II levels in GYZ-
treated cells (Figure 3D and Supplementary Figure S1B).
Together, these findings indicate that GYZ promotes the
initiation process of autophagy in NSCLC cells.

To figure out whether GYZ promotes complete autophagic
flux, GYZ treatment accompanied with autolysosome inhibitor
CQ was performed. The combinatorial treatment resulted in
accumulation of LC3-II and enhanced endogenous LC3 puncta
(Figures 4E–G and Supplementary Figure S1C). To further
ascertain the fusion of lysosome with autophagosome in GYZ-
treated NSCLC cells, we evaluated the colocalization of LC3 with
the lysosome marker, LAMP2. GYZ treatment induced marked
colocalization of LC3 with LAMP2, indicating the fusion of
lysosome with autophagosome (Figures 4F,G and
Supplementary Figures S2A,B). In agreement, we transfected
a tandem mRFP-GFP tagged LC3 plasmid and found that
combinatorial treatment of CQ with GYZ resulted in increased
formation of yellow fluorescent autophagosomes (GFP+RFP+

signal), while GYZ-treated NSCLC cells displayed
accumulation of red fluorescent autolysosomes (GFP−RFP+

signal) (Supplementary Figures S2C,D). Taken together, these
data reveal that GYZ stimulates complete autophagic flux in
NSCLC cells.

Inhibition of Autophagy Augments the
Antitumor Activity of GYZ in NSCLC Cells
To identify whether autophagy was involved in the anti-NSCLC
effect of GYZ, combinational use of 3MA, CQ (both autophagy
inhibitors) with GYZ were treated in NSCLC cells. As shown in
Figure 5A and supplementary Figure S3A, an obvious decrease
in cell proliferation was observed in GYZ-treated NSCLC cells in
either combination with CQ or 3MA. Consistently, similar results
were found by EdU labeling and colony formation analysis
(Figures 5B–D and Supplementary Figures S3B–D). We also
performed LDH release assay and found that either
combinational use of 3MA or CQ with GYZ boosted GYZ-
induced cytotoxicity in A549 and H1975 cells (Figures 5E,F
and Supplementary Figures S3E,F). In conclusion, these data
suggest that inhibition of autophagy augments the antitumor
activity of GYZ in NSCLC cells.

Inhibition of Akt/mTOR Signaling Is
Responsible for GYZ-Induced Autophagy
It has previously been shown that Akt/mTOR acts as a classical
negative modulator of autophagy induced by antitumor drugs
(Green and Levine, 2014; Dou et al., 2016; Zhou L. et al., 2019), we
thus evaluate whether the Akt/mTOR pathway was inhibited in
GYZ-treated NSCLC cells. As shown in Figure 6A, GYZ
treatment obviously inhibited the Akt/mTOR pathway, as
examined by decreased phosphorylation levels of mTOR, Akt,
4EBP1 and p70S6K. To further examine whether the Akt/mTOR
pathway is involved in GYZ-induced autophagy, we transfected
CA-Akt (a constitutively active form of Akt) plasmids into
NSCLC cells in order to restore GYZ-induced Akt/mTOR
inhibition. As shown in Figures 6B–D, LC3-II conversion and
LC3 puncta accumulation were marked reduced within Akt
reactivation in GYZ-treated cells. Furthermore, to figure out
whether cytoprotective autophagy has strongly been linked to
ROS, GYZ treatment accompanied with NAC was performed. As
shown in Supplementary Figure S1D, we found that NAC
attenuated guaiazulene-induced autophagy. Taken together,
these findings suggest that the Akt/mTOR pathway is a key
mediator of GYZ-induced autophagy in NSCLC cells.

GYZ Exhibits Antitumor Effect Against
NSCLC In Vivo
To further prove the biologic effects of GYZ in vivo, we then
generated a mouse xenograft model by subcutaneously
inoculating the human NSCLC A549 cell line into nude mice.
Consistent with in vitro study, xenografts treated with GYZ grew
slower than the control group, as well the combinatorial
treatment of GYZ with CQ compared with that of GYZ
treatment alone (Figure 7A). As shown in Figures 7B,C, the
anti-NSCLC effects of GYZ in vivo were also evidenced by the
smaller size and lighter weight of tumors compared with those of
the vehicle group. Notably, the combinatorial treatment of GYZ
with CQ displayed a further decline in xenograft tumor weight
and size compared with that of GYZ treatment alone. Moreover,
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immunohistochemical staining of Ki67 was performed to
determine whether the proliferation status of tumor cells was
changed. We found that xenografts treated with placebo
displayed stronger Ki67 intensity than those treated with GYZ,
and the combinatorial treatment of GYZ with CQ showed a
further reduction of Ki67 staining than GYZ treatment alone
(Figure 7D). Furthermore, obvious apoptosis was detected in
tumors from GYZ-treated mice as evidenced by increased
cleaved-caspase 3 staining, and the combinatorial treatment of
GYZ with CQ showed a further increase of cleaved-caspase 3
intensity (Figure 7E). These data suggest that GYZ significantly
inhibits the growth of NSCLC cells in vivo and combinatorial use
of autophagy inhibitor further enhances the anti-NSCLC effect of
GYZ. In addition, as shown in Figures 7E,F, the mice weight and
pathologic features of major organs under GYZ treatment

displayed no significant changes, indicating that GYZ has no
obvious adverse effect or toxic in mice under the tested
concentration. Furthermore, we also detected the expression
levels of LC3 and p-Akt in tumor tissues from xenografts.
Consistently, xenografts treated with GYZ performed stronger
LC3 staining intensity and decreased phosphorylation levels of
Akt (Figures 7H,I). Collectively, these results demonstrate that
GYZ-induced autophagy is indeed through the suppression of
Akt/mTOR pathway in vivo.

GYZ Synergizes With PTX to Suppress the
Growth of NSCLC Cells
Paclitaxel (PTX), one of the most commonly chemotherapeutic
drugs employed in clinical NSCLC treatment, has previously been

FIGURE 5 | Inhibition of autophagy augments the antitumor activity of GYZ in NSCLC cells. (A) A549 cells were treated with 3-MA (10 mM) or CQ (5 μM) in the
absence or presence of GYZ (100 μM) for 48 h. Cell growth was evaluated by MTT assay. (B, C) A549 Cells were treated with the indicated concentrations of GYZ in the
absence or presence of 3-MA (10 mM) or CQ (5 μM). Cell proliferation was detected by EdU incorporation assay. (D) A549 cells were treated with CQ (5 μM) or 3-MA
(10 mM) in the absence or presence of GYZ (150 μM) for 2 weeks. Cell proliferation was performed by colony-formation assay. E, F) A549 cells were treated with
3-MA (10 mM) or CQ (5 μM) in the absence or presence of GYZ (150 μM) for 48 h. The cytotoxicity was examined by the release of LDH. All data are means ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6 | Inhibition of Akt/mTOR signaling is responsible for GYZ-induced autophagy. (A) Immunoblot analysis of phosphorylation of mTOR, Akt, 4EBP1 and
p70S6K expression in NSCLC cells treated with the indicated concentrations of GYZ for 24 h. Total mTOR, Akt, 4EBP1, and p70S6K expression was examined as the
internal control, respectively. (B) Cells were transfected with empty vectors (pECE) or with constitutively active CA-Akt plasmids for about 36 h, and then cells were
treated with GYZ (150 μM) for another 24 h. Akt phosphorylation, and LC3 turnover were detected by immunoblotting. (C,D) H1975 cells (C) and A549 cells (D)
were transfected with constitutively active CA-Akt plasmids or with empty vectors (pECE) for about 36 h in the absence or presence of GYZ (A549 150 μM, H1975
100 μM) for 24 h. Scale bars, 10 μm. All data are means ± SD. ***p < 0.001.
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FIGURE 7 | GYZ exhibits antitumor effect against NSCLC in vivo. (A) The volume of tumors from vehicle-, GYZ-, CQ-, or GYZ + CQ-treated mice (five mice per
group) bearing A549 subcutaneous tumor xenografts was examined at the indicated time points. (B) The images of isolated tumors were shown. The isolated tumors
were A549 subcutaneous tumor xenografts from vehicle-, GYZ-, CQ-, or GYZ+CQ-treatedmice. Scale bars, 1 cm. (C) Theweight of tumors from vehicle-, GYZ-, CQ-, or
GYZ+CQ-treated group. (D) Immunohistochemistry analysis for Ki67 expression in tumor tissues from A549 xenografts treated with vehicle, GYZ (25 mg/kg/day),
CQ (15 mg/kg/day), or GYZ+CQ. Scale bars, 50 μm. (E) Immunohistochemistry analysis for cleaved-caspase 3 expression in tumor tissues from A549 xenografts
treated with vehicle, GYZ (25 mg/kg/day), CQ (15 mg/kg/day), or GYZ+CQ. Scale bars, 50 μm. F) Hematoxylin and eosin staining of the lung, liver, heart, spleen and

(Continued )
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reported to display acquired drug resistance partially due to the
stimulation of autophagy (Chen and Shi, 2016; Lu et al., 2018;
Zhan et al., 2018). Based on this situation, we determined the
combined antitumor effects of GYZ and paclitaxel on the
response of NSCLC cells. As shown in Figures 8A,B,
combinational treatment of GYZ with paclitaxel obviously
inhibited the cell proliferation compared with monotherapy.

Through analyzing the combination index (CI) of the two drugs
using Compusyn software, we found that co-treatment of 80 nM
PTX with 100 μM GYZ shows the lowest CI value in both A549
andH1975 cells, indicating a better synergic effect of PTX andGYZ
under this concentration. In addition, the NSCLC cell growth was
markedly decreased in response to co-treatment GYZ with
paclitaxel compared with monotherapy (Figures 8C,D). In

FIGURE 8 | GYZ synergizes with PTX to suppress the growth of NSCLC cells. (A,B) A549 cells (A) and H1975 cells (B) were treated with paclitaxel (PTX) as the
indicated doses in the absence or presence of GYZ (100 μM) for 48 h. Cell growth was evaluated by MTT assay. The combination index (CI) of two drugs was listed.
(C,D) A549 cells (C) and H1975 cells (D) were treated with PTX as the indicated doses in the absence or presence of GYZ (100 μM) for 2 weeks. Cell proliferation was
performed by colony-formation assay. All data are means ± SD. *p < 0.05, ***p < 0.001.

FIGURE 7 | kidney in mice treated with vehicle, GYZ (25 mg/kg/day), CQ (15 mg/kg/day), or GYZ+CQ. Scale bars, 100 μm. G) The weight of mice from vehicle-, GYZ-,
CQ-, or GYZ + CQ-treated group. (H,I) Tumor tissues from A549 xenografts treated with vehicle or GYZ were assessed by immunohistochemistry analysis for LC3, and
p-Akt expression. Scale bars, 50 μm. All data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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conclusion, these results demonstrate that GYZ can effectively
enhance paclitaxel sensitivity to NSCLC cells.

DISCUSSION

GYZ, extracted from the oil of various plants, has been
extended to multiple disease models (Vinholes et al., 2014a;
Vinholes et al., 2014b). Increasing reports have proposed GYZ
as a potential antitumor agent due to its remarkable effect on
inhibition of various tumor growth (Yanagisawa et al., 1990;
Kourounakis et al., 1997a; Guarrera et al., 2001; Wang et al.,
2003). However, the efficacy of GYZ in the treatment of
NSCLC and the underline molecular mechanisms are still
elusive. In this study, our results first revealed that GYZ
induced mitochondrial dysfunction, and thereby triggered
anoikis in NSCLC. Meanwhile, GYZ suppressed Akt/mTOR
signaling pathway, and thus activated cytoprotective
autophagy. Accompanied with autophagy inhibitors would
markedly enhance the anticancer effect of GYZ (Figure 9).

Over the several decades, GYZ was regarded as a strong
antioxidant. For example, GYZ inhibited the metabolic
activation of paracetamol by preventing cytochrome P450
activity due to its ability as a chain-breaking antioxidant
(Kourounakis et al., 1997b). Furthermore, combinational use
of 1 mM tert-BuOOH (one oxidant) with 1 mM GYZ could
restore the cytotoxicity effect of tert-BuOOH on Caco-2 cells
(Vinholes et al., 2014a). However, in recent years, studies have
found that GYZ statistically enhanced total oxidative stress at
concentrations nearly 100 μM comparing with control group in
rat neuron cell line (Togar et al., 2015). In line with this, our
present results demonstrate that GYZ increases cellular ROS
levels and decreases ATP levels produced from mitochondria,
leading to NSCLC anoikis. Thus, the precise role of GYZ on
cellular redox homeostasis is context-dependent and the detailed
mechanisms need further investigation.

In recent years, ROS-mediated signaling and oxidative
stress have attracted much attention. It is important for
cancer cells to obtain an optimal ROS level. On the one
hand, cancer cells dependent on the ROS signaling for
survival, proliferation and cell migration. On the other
hand, if the levels of ROS exceed the threshold, ROS can
induce various forms of cell death (Zhang et al., 2019c). For
example, it has been shown that receptor-interacting protein
kinase 3 (RIP3) activates the pyruvate dehydrogenase complex
(PDC) to enhance aerobic respiration and induce
mitochondrial ROS production. The accumulation of ROS
then positively feeds back on tumor necrosis factor (TNF)-
induced necroptosis (Yang et al., 2018). Another study
revealed that in melanoma cells, iron stimulated ROS
signaling initiated by carbonyl cyanide m-chlorophenyl
hydrazone (CCCP). The accumulation of ROS results in the
oxidation and oligomerization of Tom20, one of the
mitochondrial outer membrane proteins. Then oxidized
Tom20 recruited Bax to mitochondria, which facilitates the
activation of caspase3 through cytochrome c release to cytosol,
eventually triggering pyroptotic death by inducing gasdermin
D (GSDMD) cleavage (Zhou et al., 2018). In this study, we
found that GYZ stimulated mitochondrial ROS production
and induced mitochondrial dysfunction, leading to anoikic cell
death in NSCLC cells. Further studies are needed to investigate
the mechanism of GYZ-induced ROS accumulation in
NSCLC cells.

Anoikis is originally regarded as a physiologically relevant
process in epithelial and endothelial cells which maintains
development and tissue homeostasis (Frisch and Francis,
1994). Failure to regulate the anoikis program could lead to
adherent cells proliferating at ectopic sites or surviving under
suspension conditions. The deregulation of anoikis contributes to
the formation of cancer and metastasis in distant organs (Frisch
and Screaton, 2001; Gilmore, 2005). To date, lots of studies
indicate that different types of integrins protect cells from

FIGURE 9 | Schematic illustrating the mechanism of GYZ treatment accompanied with autophagy inhibition in NSCLC. On the one hand, GYZ induced
mitochondrial dysfunction and increased the ROS level, thereby triggering anoikis in NSCLC; On the other hand, GYZ induced the formation of autophagosome and the
fusion and degradation of autolysosome by blocking Akt/mTOR axis, resulting in cytoprotective autophagy and impaired anti-tumor effects of GYZ. Therefore,
co-treatment with autophagy inhibitors could enhance the anti-tumor effects of GYZ in NSCLC.
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anoikis and apoptosis via diverse signaling pathways. Their
downstream molecules or pathways include FAK (Haun et al.,
2018), Src kinase (Alanko et al., 2015), PI3K/Akt (Goundiam
et al., 2012), mitogen activated protein kinase (MAPK) (Saranya
et al., 2017) and integrin-linked kinase (ILK) (Attwell et al., 2000).
FAK, one of the most classical integrin signaling molecules, is
phosphorylated following integrin-mediated adhesion. Thus,
activated FAK recruits and activates Src, consequently
initialing the downstream cell survival signaling (Haun et al.,
2018). Furthermore, PI3K is also one of the FAK-activated
signaling proteins. Phosphorylated PI3K could recruit and
activate its downstream molecule protein kinase B (PKB/Akt),
therefore contributing to cell survival via several independent
mechanisms (Paoli et al., 2013). In our study, we demonstrate that
the protein level of Integrinβ3 and the phosphorylation level of
Akt were obviously decreased after GYZ treatment in A549 and
H1975 cells. But further studies are needed to explore the
potential links between integrins and PI3K signaling in
regulating GYZ-induced anoikis in NSCLC cells.

Autophagy is an essential catabolic process, which captures
dysfunctional or damaged cellular components to fuse with
lysosomes for degradation (Levine and Kroemer, 2019).
Autophagy activation has been identified as a consequence of
radiotherapy or chemotherapy according to studies on cancer
treatment. However, the function of autophagy in tumor
progression still remains controversial (Galluzzi et al., 2017).
Throughout the past decade, our understanding of autophagy
was to support tumor progression, which has nurtured distinct
experimental approaches aimed at the improvement of
autophagy inhibitors for tumor therapy (Zhou J. et al., 2019;
Zhang et al., 2019b). However, over the past several years,
intensive experimental efforts indicate that stimulation of
autophagy might support the efficacy of anticancer regimens
in malignant cells (Dou et al., 2016; Chen et al., 2019; Jiang et al.,
2020). In this study, we found that GYZ promoted
autophagosome formation and the fusion of autophagosomes
and autolysosomes, leading to complete autophagic flux in
NSCLC cells. We also first demonstrated that GYZ-induced
autophagy displayed cytoprotective roles against GYZ-induced
anoikis. It seems to be of particular interest to figure out the
crosstalk between autophagy and the nature of anoikis in future
cancer treatment.

Another key issue which should be addressed before the use of
GYZ in clinic is the cytotoxic activity against human normal cells.
Previous studies have demonstrated that guaiazulene and azulene
derivatives were somewhat cytotoxic against normal human cells
and displayed photomutagenic properties on bacterial strains
(Fiori et al., 2011). Therefore, further efforts are needed to
define the appropriate dose of guaiazulene for pursuing the
balance between better anticancer efficacy and less side effects

or new derivatives can also be developed to alleviate the side
effects.

In summary, our study revealed that GYZ induced
mitochondrial dysfunction and cellular ROS accumulation,
thereby promoting anoikic cell death in NSCLC cells.
Simultaneously, GYZ stimulated cytoprotective autophagy
in NSCLC cells through suppression of the Akt/mTOR
signaling pathway and co-treatment with autophagy
inhibitors obviously enhanced the anti-NSCLC effects of
GYZ. These findings provide profound insights into the
antitumor efficacy of GYZ, which may provide a novel
strategy for the treatment of NSCLC.
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